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Chapter 1. Topological Materials and the Role of Magnetism

1.1 Description of topological band structure

Unique physical phenomensuch as quantized electronic behavior and -tnieral
magnetoelectricesponselave become a major focus of electronic materials research in the past
few decades. Within thecopeof this effort lies the discovery and subsequent investigation of a
new setof electronic classes belonging to what are now recognizeapakgicalmaterials(l).
Topology generally refers to the study of properties which remain constant during the smooth,
continuous deformation of shapes, such as electronic bands.

The desigation of nonttrivial is shorthand foan electronic phaserhich does not belong
to the same electronic structure asttheal (normal)insulatingphaseof materialswhich includes
semiconductorsln other words, the electronic bands of these topological materials cannot be
smoothly deformed to produce a trivial insulating phase, aneveisa.These topological classes
of electronic band structures are defined rhgthematical quantities known aspological
invariants These values remain invariantdescribinga band structure so long as oslyooth,
continuoudransformations are applied it. As such, if any topological invariant is nonzero then
the material is considered topologically riivial. Topologicalinvariants are descriptors of
specificbehavior sothere are separate invariants differentphenomena

Becausdrivial and nontrivial topologicalphasesave at least one dissimilar topological
invariant, a discontinuous band structure operatisnrequired to move between thefror
example,a topological insulator imn insulating atmosphere must necessarily have conducting

surface/edgego account for the electronic phase transition.



The source oftopologicaly nontrivial electronic behavior is the inversion of the
conduction and valence bands kspace owing to the effect of high Sginbit Coupling (SOC)
(2). These inversions produce a néaear band dispersion in close proximity to the siog
where infinitecurvature demands a massless electronic state. This intersection, the Dirac node, has
an associated set of Dirac cones which emanate from the croBse@irac nodeonesarethe
overlap of two spirmomentumlocked Weyl nodésones with opposing chirality. Spin
momentum locking derived from SOC requires that the electron spin and momentum vectors
remain perpendiculaEach Weyl node is at the centerhaflical conic trajectaes supporting the

movement of a single electron spinthe same endggas the corresponding Diraone

a.) b.) g.) Type I
Trivial Insulator Topological Insulator

d.) Type 11
Topological Semimetal

Topological Semimetal

N#0v=t+N—1
No QHE OHyall = (V ez/h)

Ey avoids bands E; crosses bands

Figurel.1l: Band structures of common electronic phases. a.) repréetrigsial insulator phase
and b.) representbetopological insulatophase c.) and d.) represent the bulk bands of Type |

and Il topological semimetals.



The diagram inFigure 1.1 illustrates the distinction between triviedsulators Three
Dimensional 8D) Topologicallnsulators (T$), and3D TopologicalSemimetalsS9. Energy is
shown with respect to an arbitrarysgace axisikwhich is usually along a high symmetry axis in
the Brillouin zoneBulk material band#or a.)trivial and b.topological insulatorare represented
by shaded region3hesurface bandior a.) andb.) appear aknesin this E-ki planar perspective
Tls are fully gapped in their bulk band structure and exhibit band invessi¢imat their surface
bands host Dirac coneBhe Fermi engy level lies within the bulk band gap, hence the use of the
insulator terminology despite the presence of conducting surface Stagesurface bands in b.)
correspond to thBirac cone(s) in th&@l thatallow for surfaceconduction in what istherwise a
bulk insulator.In a magnetic field, the Tl surface Density of States (DOS) is composed of
discretized distributions known as Landau lev&le quantized Hall conductance in TI€ | Q
is a function of boththe ThoulessKkohmotoNightingale-den Nijs(TKNN) invariant0 andthe
Diophantine equation solutian outlined in the originating wor{3). A nonzera) for the surface
states of thesé&ls is a result of them beirtgpologically distinct fromatrivial insulator

In contrastto a Tl a3D TS such as Gés: exhibits Dirac/Weyl nodesin its bulk band
structure with the Fermi energy level crossing at least one oftdrsectios (2,4). This produces
both conductive surface and bulk bands which may transportdreers with no energy gap.)
and d.) contragiwvo similar topologicalstructureknown asType | and Type IWeyl TSs(2,5).
Their distinction lies in the behavior of their surface bands with respect to the Fermi energy level.
In the less commoiype IWeyl TS (e.g. CdAsz) the Fermi level crosses between the conduction
and valence bandss it intersects the Weyl nodda the nore commornType Il Weyl TS (e.g.
WTez) the Fermi level crosses from the area within one band to the other. This classification is

importantbecause it gives insight inthe minimum required number of Wegbdesfor the



topological phas¢o exist, as well as the energy andgace movements necessary for carrier
movement

Surface transporbetween Weyl nodess done throughopologically protectedspin
polarizedchannels known as Fermi ar@hey connect the circular Weyl copmjections on the
Weyl TS surfacd6). Dirac TSsmayalso exhibit Fermi arcthat connect two Dirac nodes. They
are mirrored becausesone connects the positive chirality Weyl cone of the first Dirac cone to the
negative chirality Weyl cone of the sexbDirac cone, and vieeersa.Fermi arcs in Dirac TSs
arenot topologically proteetdand may be closed off into Fermi contours which do not connect

separat®irac nodeg?).

- :
y £~ Fermi arc
¢ °

i

Weyl node

/surfé B 8 —

7 >
N~ Fernri arc

Figure 1.2: a.) lllustration of spirlocked transporin a Weyl Topological Semimetal (TS)B).
Carriers move across the TS surface through Fermi arc chafeets arcs in a Diratopological
semimetalwhere b.)they provide a pathdiween two separate Dirac nsdd c.)where they
form a Fermi contour and do not provide a g@h The connected Dirac nodes exist at the same

energy in the kkz plane.



Regarding the experimental system, two topologieatiytected Dirac nodes appear with
the inversion of the 5s and 4p bands alongithgis ofthe CcsAsz unit cell(8). This is the Zii-Z
axis in the Brillouin zone, and the Dirac nodes are symmetnicard  {inomirfaltyéegenerate
Weyl conessomposinghe Dirac nodeare separated ingpace when certain crystal symmetries,
such adnversion P) andTime-Reversal T) symmetries, are broken causing them to lose their
degeneracy. Both Dirac and Weyl cones existing within the surface band structure of topological
materials lead to unique modes of carrier transport which sugpantized versions of the Hall
effect

In the absence of a magnetic field, the surface statesain@l TS are protected against
gapping byT-symmetry within the system, and therefore remain condudingWhen T-
symmetry is broken either throughither an external magnetic fieldr an internal magnetic
momentthe surface conduction istill maintained through themergencef Fermi arcswhich
demand spirdependent carrier transfer. These edge channels also host unique effects4ike spin
momentum lockingvhich may be useful in future spintronic devi¢@y The wide versatility of
these topological classes through the use ahd T-breaking operations leads to the desire for
material systems with the prerequisite electronic propertieseflized, practical topological
electronics.

Topological electronic phasesecapable of hosting thQuantum Hall Effec{QHE) and
the Quantum Anomalous Hall EffecQAHE). Both of these phenomena are variations of the
classic Hall effect, wherein a lortigdinal current along the-axis is subjected to an orthogonal,
external magnetic field®along the yaxis. A Lorentz force acts on a charge carrier in the direction
of the mutuallyorthogonal zaxis causing an accumulation of charge that producesisvaese

z-axis electric field. The quantum nature of this effect appears when the energies of the carriers
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become quantizeith groupsdue to a functionally discref2OS. The DOSof a topological phase
produca a series of equally spaced and shaped simggéLandaudistributions. As these Landau
levels are completely filled or emptied with the Fermi energy level lying between them, the Hall
conductivityis necessarily quantized in proportion #heThe number of filled Landau levels is
defined as the filling factot. The filling factor is the scalar coefficient multiplied B§h to
represent the total Landau level contribution to the Hall effect, in accordance with the quantized
number of carrier§illing a certain number afiearly-discrete leved The QHE relies on the filling

of electronic states following cyclotron orbits with variable, discretized enetgiégse presence

of an internal magnetic field (that is, through some magnetizatiprthis effect becomes the
QAHE. It is designated as anomalous because the internal field takes the place of the normally
applied external magnetic field in the classical and quantum Hall effects.

The crystalline symmetries present within the member crystals of this group produce band
structures thamay host unique states such as massless Dirac eleatnagsietic skyrmionsand
potentially, the elusive Majorana fermidd0i 12). The selection of potential topological mategial
is surprisingly largandthe acquisition of topological band structuiefurther eased by alloying
compounds for more desirable behavitWell-documented3D stoichiometric topological
compoundsnclude binary tetradymitegBi2Ses, Biz2Tes, SkeTes), ternary tetradymitesBj2TezS,

Bi2TexSe, Bi2SeTe), and the focus of this dissertatiorihe Dirac TSCdAs2 (131 15). 3D

topological doys such aBi1xShk andBi:TexSesx,and even some pure- mater |
Sncan also be tuned texhibit desirabletopological behaviof16i 18). Two-Dimensional (2D)

topological systems such as graphene and HgTe/CdTe quantum wells are also of considerable

interest due to the appaace of th&Quantum Spin Hall EffectSHE within them(10,19,20)



The appearance of theeew materialdeads to a wealth of potential topological devices
both from the incorporation of topological materials into traditional schemes and from the
achievement of novel effects only made available thrdbgh uniqueelectronicbehavior The
realization of these potential deviceshiowever, requires that the topological materials that
comprise them first be synthesized with such high crystalline quality and material purity that they
may even achieve the very effeatlsich are so desired’he lreaking of hnate crystal symmetries
such as mirror symmetry (2D systems) and rotational symmetries (3D systdireliminate the
topological protection of otherwise unstable effects such aQktteand QAHE Therefore, even
the minor presence of defects and impig# within a host crystal has a severe diminishing or
guenching effect on what would otherwlsedevicewor t hy mat eri al . As such
primary focus is on the growth of the topological semimetah&€dusing the UltraHigh Vacuum
(UHV) process oMolecular Beam EpitaxyMBE) to achieve the highest possible quality material

for future device incorporation.



1.2 The history and current state of topological materials

The exploration of these novel topological electronic classes began with the works of
Kosterlitz and Thoulesdefining topological longrange order an@houless et aldescriling the
QHEi n t er ms oTKNN ihvariard(y,&L) Fermaclsindividuatlectron band below the
Fermi level the Berry curvature may be integrated over the entirety of the Brillouinazwibe
solutiors are invariant Chern numberBhe TKNN invariant is the summation dall Chern
numbes, which are equal to either zero or one in the case of either totally filled or uh&lhethu
levels(22). The TKNN invariant $ important indefining these topological materials because it
describestheintegermultiplicity of the Hall conductivityin the QHE In other words, the TKNN
invariant is equal to the filling factdr for materials exhibiting the integ€JHE. The invariance
of the TKNN valuds innately linked to the structural symmetries and electronic properties of the
solid-state systemghat host the effectExpanding on this phenomenomet QAHE was first
demonstrated ithetopological system d€r-doped (Bi,Sk)Tes by Chang et alin 2013, and is of
particular interest for practical devices based on tA&lB) which may function without the need
for an external magnetic fiel@3). More recentlyanother topological invariaiit Zo was created
to describeQSHE in 2D topologicalsystems like those found on the surface of topological
insulators(24,25) As the QHE is desired for use in conventional electronic devices, so too is the
QSHE desired for novel spintronic device architecturég. use othe Z: invariant is analogous
to the TKNN in that a nonzero valseparates topological materidrom thetrivial insulating
class Like the QHE the conductivity of QSHE is quantized, only this time with respect to spin
current instead of electron current.

As this sukfield has progressethe potential for its applicability has become significantly

wider. These quantum effects are the basis for many exg@timgosedievice architectures, such



as qubitswith topological protectiontopological memory, topological transistors, and n{@6é

28). Before these devices may be realizedferial of sufficient gality and stability must first be
produced consistently and casftectively. Thar production therefore begins with the
development of their functi@topological materialdVlany theoretical topological materials have
already been grown, characterized, and catalogued following the initial work of their classification
(1,29) In addition, ab initio methods such as DensiBunctional Theory (DFT) have further
expanded the saiBon of potential topological device materidts give muchneeded direction

regardingfurther synthesis effortS80).



1.3 Cadmium arsenide and its suitability as a topological semimetal

CdsAsz hosts Dirac nodeat the Fermi levein its bulk electronic bandtructure,and is
therefore a Dirac TSThis distinction is important as a Dirac T&ust haveT-symmetry The
presence of these Dirac nodeghe bulkbandsrequires that the crystal adheres totéteagonal
space groupti/acd(#142)and thait exceeds a thicknes$ 60-70 nm(31). This topological phase

features two Dirac nodes qiZaxisioo theBfilloanrzone n d

a.) b.)
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Figurel.3: a) Theoretical band structuretbecentrosymmetric I4acd CdAs2 unit cell calculated
via density functional theory with the inclusion of spirbit coupling(15). The Dirac node at the
band inversion crossing along thdi axis is circled. b) The physicali#acd CdAs: unit cell axes

corresponding to the labeled Brillouin zone axes in reciprocal space.
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Below the thicknesdimit the bulk bands lose their characteristic Dirac nodes and the conduction
and valence bands become gapped. This has the eftd@mfingCkAs: from a TS with mixed
2D and 3Dcarrier transport into a Tl with 2Bominated transport through the maaésurface.
The I41/acdspacegroup provide®oth P-symmetryand fourfold rotational symmetry along tée
axis which is theZ-i-Z axis is reciprocal spachkn thisphasat is composed of 16 sutells which
follow orderinglike thatof an antifluorite unit cell with As on theFaceCentered CubicHCC)
lattice and Cd in the tetrahedral interstiddswever, theeompound must allow two Cd vacancies
per antifluoritelike sulcell in order to maintain charge neutral#gcording to itstoichiometry
These Cd vacancies are ordered following actew axis along the unit celiaxis, pulling the
existing atoms ofbf their cubiclike site coordinatesand producinga tetragonall60-atom unit
cell. Theresultantunitc e | Gllaftise parameter is 12.633 A and diattice parameter is 25.82
A (15). ChAs; is a Dirac TSbecause it haa centrosymmetric unit cell, although itggowth
parameters may easily be tuned to prodslightly non-centrosymmetric atomic positioas in

Figurel.4. This break$-symmetryandcauseshelifting of its Weyl nodedegeneracyl15,32)

20 p

Figure 1.4: Centrosymmetrid41/acd unit cell for the Dirac topological semimetals&sb. It is
composed o$ixteen antifluoritdike subcells with two ordered Cd vacancies e&g88).
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The electronic properties of ek, are weltsuitedfor conventional device purposdor
examplepulk CAs; crystalsarereportedto haveanelectronmobility exceedingtx10fc?/ V A's
at 130K with the potential to achiev&®® cn?/ VA's  a(B4,38) THis isdarge compared to
traditional singlecrystal semiconductors such as(S1,400 cnf/ V)Aasdlll-Vs such aszaAs
(~8,500 cnt/ V)Atroom temperaturalthough it does not approach the highest vatutise tens
of millions belonging to 20electrongasedike those hosted within GaAs/AlGaAs heterostructures
(4.7x10 cn?/  V A36,B7) It has ahigh carrier density relative toaditionalsemiconductorswith
literature valuegn the10'-10'° cm® range(33,35,38,39)

MBE of CdAs: thus far has targeted its epitaxial growth on batht pand p p ptype
cubic substrates with crystals being latticemismatched withtheir substrates(40,41) This
produces thirCdAs: films with basalplane 1t T andpseudohexagonap p @rientationswith
respect to the substrate normiaterfacial strain due to lattice mismaticbtweena topological
material and its substrate will lead to differéaindbehavior as opposed to thalk topological
material caseDFT of basalplane CdAs: suggests that even a small increase in thglane®
lattice parameter, such as through biaxial stress due to interfacial mismatch, will cause a crystalline
phase change which removesymmetryfrom the unit cel(32). Thetopologicalphasechange
effect of strainis well illustratedint he caSe b$tdnined where i
purposefullyapplied to engineer topological behavior in what is otherwisiial material(18).
Thechoice of thin film orientation has implications beyond lattice matching as well. For example,
the pseudohexagonap p qorientationof CasAs: allows for the separate measurement of either
of the twoGaxis Dirac nods, such as through the techniqueanfyle-resolvedphoto-electron
spectroscopy(33). The Tt 1T porientation is the focus of this dissertation, ama@ty be lattice

matched in plane with art 1t poriented cubic substrate to avasttaininducedsurface band
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structure modification. In contrast, the p § p p pepitaxial heterostructure schermannot be
lattice matched at the interiabecause the¥dratio of the tetragonal Gas: cell is notexactly
equal totwo and tlereforethe atomic positionsdo not exactlyfollow hexagonaksymmetry In
addition, the Cd atoms are pulled off what would be-feagtion coordinates due to the presence
of the ordered Cd vacancies, which further increases the shape mismatch with the pegrfect
hexagonal arrangemenAs such, he basalplane growthof pure CkAs: is the key tothe

characterization of its inherent topological properties in the absemnuedacederivedstrain.

Yot O
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Figure1.5: Cd atoms (blue) andsfatoms (silver) within the.) basaplane 1 1 ptype and b.)
pseudohexagonap p etype orientations ahe Diractopological semimetaldAsz. The labeled

axes correspond those ofthe cubic substrate.
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14 Motivation for topological materials

The ultimate purposef the research presented in this dissertation is to pradievaee
worthy CaAs: thin films, both in their pure stag@and with a magnetic component derived either
from magnetic alloying or throughe magnetic proximity effectApplicable devices include but
are not limited to Magnetic Topological Memory (MTM), Topological Magnetoelectric
Transistors (TMETS), antbpological qubitg42i 45). These proposed architectures seek to solve
conventional problems such as data storage and current/voltage regulation using novel topological
physics but have so far been limited by the availability of experimentally realized topological
systems Specificdly, these proposals rely on the use of magnetieafligcted TIs and/or TSs
which exhibit the QAHEas a result dbrokenT symmetry.

For example ite propose®TM architecturen Figurel.6 usesachange in the permanent
magnetization vector of thenagnetictopological layer or magnetiproximal kyer in its
heterostructure to augment its quantized Hall measutgeraad thereforethe memory state
readout(42). High SOC in TIs promotes large coupling between the magnetization and surface
stateof the topological materiallhis scheme also requires good control of the Fermi Vetein
the Dirac node rangso that the eanductivity readingremain quantizedith electronic conduction

being dominated byI/TS surface states.

14



Figure 1.6: Proposed architecture for magnetic topological memory. A magnetically alloyed
topological layer or ferromagnetic layer in close proximity ismagnetized to modify the
interaction with thdopological semimetadurface states. This allows for the tréinsi between

low and high Hall conductivity states which may be read as binary memory(d@es

Simulated TMET architectures alsgly on the QAHE, but more generally as the transition
between a constant (quantized) low conductivity state anduch greater variable high
conductivity statg28,43) This is achievednce agairthroughthe manipulaon of the Fermi

energy level via an applied gate voltage.
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Figurel.7: Desired electronic response for a proposed topological magnetoelectric transistor. The
management of the Fermi energy level between the Dirac node range and the valence/conduction

bands allows for the transition between low and high conductivity $¢ggs
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When the Fermi energy lies within the Dirac c@mel between the bulk bana®nduction will
necessarily be both low due to the conduction mechanics sfitfeeeband structure and constant
due to the QAHE so long as the internal magnetizationtishanged. The high conductivity state
is achieved when the Fermi energy crosses into the valence/conductiofioande of TSs over
Tls here is an important distinction, as the choice dictates the electronic response of the low
conductivity TMET state

High-quality topological materialsare particularly desirable for the application of
topological protection to qubgpecific criteria likdonger coherence timesigher fault tolerance
and the minimization of leakag€44,45) The acquisition of topological superconductors may
indeed allow for the realization of topological qubits founded on the manipulation and readout of
inherent Majorana bound states within the topological superconducting system.

To acquire Dirac TS Gész worthy of incorporation ito these proposed devices, the research

in this dissertation followaseries of steps to build a heterostructheg hosts the desired material
as a thin film The research goals therefore follow this heterostructure layéyey until the

topological platform is completas illustratedn Figurel.8. Theyare:

1. To produceabrupt, metamorphiernary II}FV buffers capable of being lattice matched
with a CdsAsz overlayer

2. To produce CghAs: thin films with electronic properties suitable for device incorporation

16



GaAs(001) Substrate

Figurel.8: General experimental heterostructure designed for the fatatehed growth of Dirac

topological semimetalAs: layers.

With respect to the first goainly three alloygomposed of the available elements Al, Ga,
In, As, and Share capable of beingakticematched with pure Gész. They are Ad73Ins27Sh,
Gawo.7Ins0.3Sbh, and InAsy.1Shs2.0. They are grown otwo potential binary buffer&GaAs and AlAs
to provide six unique heterostructures for comparidmese alloys argrownusingMBE and are
characterizedn situ via infrared pyrometry and reflection high-energy electron diffraction. In
addition, they are characterized situvia high-resolution Xray diffraction including reciprocal
spacemapping X-ray reflectivity, atomic force microscopy crosssectional scanningelectron
microscopy andtransmissiorelectronmicroscopy The material in this dissertation regarding this
step is a summary of work which has already been publigtd

With respect to the second goal,38sb is deposited on nearly lattiseatched AllnSb,
GalnSb, and InAsSbharacterized using the same noethapplied to the initial ternary buffer
layers.The unalloyed materias additionally measured for its magnetoelectric respansethe

QHE via Van der PauvgeometryHall measurements.
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1.5 Requirements for thin films

Control over thanterfacial strain between a &4k, overlayer and its virtual substrate is a
necessity due to its effect on the topological band structure. The presence of strain here is not
actually prohibitive in acquiring the TS state as demonstrated in the growgp ag-oriented
CdsAs thin films in the literaturg8,32,40,41) However, the topological nature of strdiee
CdsAse thin films has yet to be demonstrated as it requires the growth oftthegtype basal
plane on a latticenatched virtual substrat€he lattice spacing of the ASCC lattice alonghe 6>
andc> unit cell axes both adhere to the lattice paramétandso can be latticenatched with a
cubic substrateNaturally, thezinc-blendeternarylll -V alloy systems are directly applied in the
growth of CdAs: films to accomplish this goal. Their natural semiconducting properties, wide
lattice-tuning ranges, and nedemonstrated stability at roetemperature after growth are all
conducive tahehigh-quality growth of CdAs: overlayersThe square atomic arramgent of the
ternary buffer surfacmterfaces with the Hatom antifluoritelike subcell of the 16@tom CdAs:
unit cell. The latticematched condition here is that the Grodglement lattice parameter in the
ternary systenshould equal that of the A<CIE sublatticewhich is® /2 =6.3167 A This
idealized heterostructurg illustrated inFigure1.9. Thedata used to define these atomic positions
is made available througheliterature(15,47) The XRD characterization of subsequent&xd

growth confirms that is indeed bagaane growth oriented along & 1 gtype axis.
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Figure 1.9: Depiction of equivalent site distances betweenASd (above) and Gedno.ssSh
(below). Arsenid(silver) and antimony (grey) atoms share the same average spacing. Cadmium
(blue)and Ga/ln (gold/purple) atoms sit in tetrahedral interstices. Note that this is not a diagram
of the actuakxperimentalnterface betweethese layersonly an idealizatioomeant to illustrate

the latticematched condition.

In addition to the engineering of ternary layer quality and composition targeting, the low
growth temperature of TE®AS: requires some consideration of overpressure dynamics and
interlayer interactionas the substrate temperature is decreased. The shift in growth temperature
between the ternary films and £d: is substantial, going from 44805 °C to a range d0-

200°C. Because the change in temperamesbelow the desorptive range for th@roupV
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elements (As, Sb) and into their adsorptive range, it is paramount that the overpressures applied to
grow the ternary buffers and maintain their stoichiometry be removed as close as possible to the
point of desorptivetdsorptive transition. Removing the pressure at too high a temperature will
cause the surface to roughen as the GMwugementsdesorbfaster than they are replaced
Removing the pressure at too low a temperature will cause metallic -Gral@ments to
agdomerate on the ternary buffer surface, preventingASdepitaxy or at the very least reducing

its crystalline quality. In these following @Als2 growths it has become standard practice to
transition from Group V overpressure to vacuum at 425 °C, althengke earlier growtutilized

a transition temperature of 400 °C.

The primary concerns during the growth of these films are twofold: firstly, that the high
vapor pressure of Cd will prevent faasitive deposition above a certain temperature threshold
and secondly, that there will be a diffusion interaction at the interface between depositad Cd
and its chosen ternary buffer systédote that a molecular GAs2 sourceis used to deposit the
CdAs films in these experiments. For context, the vapor messifielemental source materials at
commonexperimental temperature setpoints (base/bulk wherefithrakents cells are used) are
listed inFigure1.10 (48). The vapor pressure of Cd at 350 °C is 28 times that phAg at least

six decades larger than the Grdlipsources.
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Figure 1.10: Vapor pressuresf elements within the range 10o 1@ Torr for temperatures

acquirable using experimentahudsensource cell$48).

To satisfy the first concermpencell MBE regarding CgAs: in the literatureacted as an
excellent starting poirfor the initial experimental parametgr#,41) Over the course of many
growths, it was found that the lower growth rates applied using a valved effusion cell required a
narrower range dd0-145 °C to produce thinlfns. Naturally, larger growth rates should allow for
a higher temperature growth as the net deposition rate increases, but the effegAsofi©dith
under the heightened overpressure of its own desorbing film are still unkmbemmal transfer
fromthemolecular CdAs: flux was also considered using the effusion cell temperatures as process

variables. However, once growttorthy fluxes corresponding to BEP values in the i® 10°
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mbar range werachievedonly CasAs: cell valve position angdubstrategrowth temperatureas
used to modify the GAsz growth environment

The second concern was satisfied through the applicati@ibbt free energy calculations
regardinghe diffusion of Groug/ elements betweeheirappliedoverpressureshe three ternary
buffer layers and CdAsz. In particular, hesecalculationsconsiderthe spontaneity of layer
intermixing between Cdsz and the three potential ternary bufférsth with and withouthe
presence ofsroupV overpressureThe reactions arstrongly endothermic, and no evidence of

alloying across the GAsz-ternary interfaces Isdeen foundn this experimentatian
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Chapter 2: Experimental Procedures and Their Refinement

2.1 Molecular beamepitaxy

2.1.1 Fundamentals of MBE

MBE is a technique designédl useUHYV for thin-film deposition otraditionalelectronic
materials with minimal crystal defecand impuritiesThere is an extreme focus witlthe MBE
community on the epitaxial growth of crystal thin films due ®glkeneral goals abovBeginning
with notable published work in the 1960s, its major feats include the acquisition of the highest
magnitude Il -V semiconductorcarrier mobilities as in AlGaAsGaAs InGaAs/InAs, and
AlGaSh/InAs2D electron gaseterostructure@87,49 51). Certain devices such aptoelectronic
heterostructure®r lasershigh-electronmobility transistordike those in modern cell phonesd
metaloxide-semiconductor field-effect transistos require a high minimum semiconductor
mobility andgoodlayer thickness contrah order to be considered practical, awdre therefore
popular commercial applications of what is otherwise a very reséarabedhin film deposition
technique

MBE is founded on the use of source material evaporation through strict temperature
control in lowpressureconditions. Solid source materiataust behigh purity (SN7N+) to reap
the full benefit ofUHV to produce lowcontaminatiorfilms. Source evaporatioaf metals and
metalloidswith sufficiently high vapor pressures in UH)énerally follow the use of a Knudsen

type cell
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Valve Travel

a.)

\
\ OpenCell 7 \ Valved Cell

\ / N\
VRV U
Figure2.1: Representation of source matee#flusion cells used fomolecular beam epitaxin
these experiments. The effusion path followsdashedlue lines in both caseBashed redines
connect thermocouple connection posts to their approximate reading positions at their respective
filaments.TheKnudsercell effusion rate is controlled at a minimum through a) a-beass heater
element (filament)Duakfilamentcells also featur®.) a tiplevel flament.Valved cells control
effusion rate through both c.) a buikaterial filament and d.) a poropsBN valve. e.)Where

applicable, a higltemperaturghermal cracking sectioconvertsmolecular source fluxes into a

more reactive sjuges.

Here,a central crucible is heated fifamentsmonitored by some type of temperature
control, such aaproportionatintegratderivative thermal control loo-he use of a pyrolytically

grownboron-nitride crucible is standarr IlI-Vsd u e t o t hhigh temgpéragureistability s
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and itslow reactivitywith Group lllandV elementsA heatedsourcecell forms a steady beam of
evaporated material which follows a shape basesbgeometries such as cell dimensions, nozzle
dimensionsanddistance to the substrate. This beam ftax bemonitored byBeamEquivalent
Pressure (BEP) measuremeatsiductedusingan lon Gauge (IG) whicintersectshe effused
beam path and outputs a pressure correspgrid the actual source material flu8uch BEP
measurements are taken over a range of filament temperatures to detecorires@ondinglata
setwhich can be easily interpolated for fine controllayer growth rate and thickness, alloy
composition, and ultimakg film crystallinity. BEP measurements conducted within this
dissertatiorfollow polynomial fittingsfor valve-position setpointand Arrheniugype logfitting

for open celltemperature setpoint8IBE effusion cells may either be single or déiliment
according to the specific requirements of their held source material.

Source material withianopen effusion cell may beeated using duatfilamentsetupto
keepthecell tip temperature 16Q00 °C hotter thathecell base, a feat ontpadepossible through
loweredthermaltransferwithin the UHV environment. This prevents the accumulation of source
material on th&a and Ireffusion cell tis over timeto eliminate spittig of cooled droplets, which
otherwise contact the substrate during growth and create nanaszeerfilm defectsThe Al
effusion cell is singldilament with a cold tip as the Al source material tends to migrate beyond
the cell openingnce the temperature has exceeded the melting point of 8BOlBis migration
of liquid Al may cause premature cell failure if ppeventedClosed, valved cell types like those
belonging to As, Sh, and @Als2 are duaffilament toprevent the accumulation of material around
their very narrow valve openingghe bulk filament temperature provides coarse beam flux control
according tothe exponential increase in effusion rate with respect to absolute temperature.

Changes invalve opening (positiveposition) allow for finer control of source fluxvith a
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relationship that is well approximated by a polynomiabfiBEP vs. positionin addition, the
duakHilamentsetupis a necessity for the As and Sb cells which useeker section to split their
nominally effused tetramg(4-atom) into dimes (2-atom)before the sourclkeeans makecontact
with the substrateéThese cracker zones operate at much higher temperature8590C) than
the bulk filament setpoints required for significant effusion (820 °C).

A general schematic of the reacsmurce positions and the correspondingfocoal atomic
beam setups shown below in Figure 2.Zhe angles of the source beams range from nearly
horizontal to a 22° rotation from vertical. The angle of the source cell is an important consideration
in determining the maximum allowable charge befspillage due to gravity. This is a particular
danger in the case of the open effusion cells used for Al, Ga, In, and initially CdAs, which is why

their steeper angle configuration is favorable.

Cell Shutter
Substrate
Source

Pyrometer

Figure2.2: a) Schematic ofhemolecular beam epitaxgactorsourcelange withcell orientatiors

and b) their confocal paths meeting at the substrate manipulator.
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MBE is athin film growth techniquelimited by sourceevaporation rate and thermal
processes on the substraMany variables are considerei ensurethat source materials
sufficiently interact with a given substrate for proper crystal growtrese includereactor
geometry,substrate temperaturgubstraterotation speedsource temperatures atfeir BEP
values, reactor pressutgHV contamination, and mor&he reactor used here is an Applied EPI
1040hostingten source material ports with beams that meet at a confocal point on the substrate
surface.The reactopossessea substrate manipulatevhich can holdcustom2 6 and 30 waf
uniblocks.While MBE substratesiaybe conductively heated through an inteimedting element
and metal contacts (such as tantalum), this reactor and many modern counterparts utilizeea radiat
heating element which applies a higitensityinfrared flux to the substrate to manage heating and
cooling during thin film growthSampé rotation speed is controlled by an external, magnetically
coupled motor which may reach rotational speeds of 60 RPM. This rotation is an important part of
keeping MBEgrown films even across the substrate surface with respectraatonalangle,
although films still tend to be thicker at their cestey a few percenivhen compared with their
edgesThe use of a valved cell for the MBE of £2d: is relatively new. Such a valved molecular
source cell was employed to overcome initial difficulties in depositingA€dusing an open
effusion cell. With an open Knudsen cell setup, lilgh vapor pressure of Cd causedsz8sb
source material to effuse a rate suitable for MBE even as low as 300W8ich provided less
flux control during temperature setpoint changes.

The kinetic and thermodynamic interactions betweemtanic/molecubr source beam
and acrystalline substratefollow a general pathway ith each step corresponding to some
probability of further interaction (and necessaridy probability ofremoval from the interacting

system)During this process an atom/molec(ile., a specieshay engage in weak van der Waals
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interaction with the substrate (physisorption), chemical bonding with the substrate
(chemisorption),and incorporation into the substrate crystal according to its symmetry/charge

neutrality-defined site ordering

vapor
molecule desorption

reflection - T

&
/.
ST /\,

= n\/,

substrate 8ﬂ8A8 6\@“@“@_‘"\ I ]

surface
T".
-
| a
TS - L |
- -
physisorption chemisorption  incorporation utilization

Figure 2.3: Diagram of local thin film growth using a molecular beam such asTA® steps of

physisorption, chemisorption, and incorporation are illustrated on one crystal (&2ace

The steps are generally as follows: 1.) An impindiegmspeciexontacts the substrate agither
reflects back into the chamber pinysisorbs 2.) the specie®ither thermally desorbs from the
surface orchemisorbs onto the substrate, and 3.) the spetiger thermally desorbs from the
surface (now after chemisorption instead of physisorption} ancorporatednto the correct
atomic site(s) following the lowest Gibbs free energy atomic ordering as a function of its epitaxy
on a specific crystgb2). Each of these steps has at least one quantifiable probability associated

with further interaction, all of which contribute to the final fraction of atoms taken from the
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impinging beam flux and incorporated duritian film growth. Figure 2.3 shows a diagram of
these steps in order from left to righthis picture is accurate in the case that the rate of
incorporation exceeds the rate of desorbing, incorporated atberat& ofdesorptions mediated
by the vapor pressufe of the substrate crystahdthe absolute temperatuf®of the substrate

according to the ClausiuSlapeyron equatian

’Q 7 (+)"O 8
Y Vo o =1

Other terms includéhe enthalpy of vaporizatiog™©  and the molar volumes of the gasand
liquid/solid sourcew. If ® | w, the vapor acts as an ideal gasthis casandif 30 changs

negligibly with respect toY the relationship may be further reduced to the famelprationused

for BEP setpoint changes in these experiments

I 7 oo e I~ TV ,p. [ Y \
Y QQQQSS#%S Géei BOE O (2.2)

Amongst these growth probabilitiesthe sticking coefficientwhich is the probability of
a chemisorbed species incorporating into a thin.fitas an extremely important consideration for
alloy targeting anddeterminingspecific growth conditions such dke sufficient Group-V
overpressuréor good semiconductor growth is a factor in heterostructure layer growth times
and calculatingrelative beam fluxes for alloy targeting. For example, differences in sticking
coefficients amongst the Growp elements will cause a ternary alloy to drift from its target
composition if not accounted for. The same would be true for the Gloelpments if not for the

fact that their sticking coefficients are near unity at the experimental growth tempeeatdres
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GroupV overpressuresMany factors influence the sticking coefficient of a material beam
including the crucibletemperature, thatomic flux magnitude, andhe effused atom/molecule
Note that Group/ fluxes (As & Sb) adsorb asraolecubr speciedbefore bonding to the host
crystal, further complicating sticking probability considerations.

Pure As and Slsublimateas the tetrames Ass and Sh at temperatures sufficient for
reasonable MBE growth rates (390 °C and 610 °C respectifélg3e tetramers, however, possess
approximately half thesticking coefficient of their dimerAs and Sh at temperatures used in
thesegrowths(53i 56). Forexamplethe sticking coefficient of Slis approximatelypnehalfwhen
interacting with a GaAsrt 1t substrateabove375°C. In contrastthe sticking coefficient of Sb
is unity above325°C, even when growing under twanncurrentGroupV overpressures (SI&
As). This sticking coefficient doubling effeds attributed tadhe surface interaction between the
Group-V flux and the substrate requiring thetramers split into dimers before chemisorbamgo
opensites.As such, material crackers are heated to much higher temperatures @0@&8£and
950°C for Shy) to provide source beasnvith more desirable surface interactiofe lower bulk

zone tempeature setpoints ensure that sourgerialis not effusedut at arunnecessarsate.

The arrival of atoms at the substrate surfa®y be quantied through the use of BEP
measurementsWhile more accurate in the case of Grdlipelement competition, these
calculations are necessary for all three experimental ternary alloy systénes asomic fluxes
must be tuned between sangiie preciselyacquire thecompositios which are latticenatched
to thein-plane CkAs: lattice mrameter® 12.633 A Linearly interpolating theternary
systemlattice parameters using e g a r d,dhe colrespondindatticematched allog with

Cw = 12.633A are Als73Ins27Sh, Gawo.7Inse.sSh, and INAg7.1Sks2.9 (57). The Grouplll

source beams are generated by open effusion eellsglative flux tuning isdone through
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modification ofindividual temperature setpointehe BEP measurements for these calsused

to determinethe atomic flux ratia) j U required to adleve a specific compositiai®8).

(2.3)

C-| c
C4q C2

However, the sensitivity of the IGs usaBEP measurements varies with the ionization efficiency
—, temperature’Y and molecular weight of the speciesof source atom or molecul@he
ionization efficiencyis defined in reference to the knavionization efficiency of M which is
— U and the atomic number of the source material spéties

— T[a)w

-0 P T

(2.4)

The ionization efficiency ratio scales linearly with atonmaember so that significantly more In
flux is required for the same BEP measurement as a corresponding Gabddikewise for Ga
flux compared to Al flux.

During theseexperiments &£ dAs2 open cell setpointange of 225350 °C was found to
cover BEPvalues up to 1.14x10mbar. For comparison, MBE recipes for In, Ga, and Al targeting
equivalent BEP values require a much higher base cell filament setpoint{35C0C) to even
achieve values on the order of®ifbar. In addition, the fast rise in thpen CdAs: cell effusion
rate with respect to temperature is such that the BEP remains within the desk®@°I@bar
range only over base filament setpoints of approximately3500C. Because even a fraction of
a °C here has such a large effecteimts of final CdAs: layer growth rate, an-Science 50 ULT

Titan valved effusion cell with graphite cruciblevas installedor greater control of atomic flux.
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Higher filament setpoints are employed with the base temperature set to 400 °C and the tip

temperature set to 500 °C. The flux associated with a valve position is unique to the cell geometry

and so is not generally applicable, but for this particular setup a good rangeAse Qawth is

a valve opening of 16025 mils for a BEP on the order dimbar.
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Figure 2.4. Comparison ofbeamequivalent pressureneasurements for.)athe open CeAs:

effusion cell with respect to temperature andtlbe valved CgAs: effusion cell with respect to

valve position. The data in)as plotted according tthe Arrhenius relatioshipwhich is well fit

by a linear trendline. The data in) Its fit with alinear polynomial used to practically estimate

CdsAs2 beamequivalent pessures a function of valve position.
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2.1.2 General MBE process

The general process for MBE conducted in this research follows the series oisliepd
in Figure 2.5: substrate heating and Asverpressure switchover, native GaAs substrate oxide
desorption, homomorphigseudomorphic binary buffer growth, ternary layer grov@igAs:
growth whereapplicable, substrate coolingnd UHV switchoverThe substrate temperature is
measuredvia in situ pyrometry for all steps except, Mhich uses the substrate manipulator

thermocouple for reference.
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Binary Ill-V Buffer

GaAs-Oxide

GaAs (001) Substrate

Figure 2.5: General growth flow for experimental samples. The substrate tempenatane
progresseshroughsubstrate preparation ahéterostructurgrowth Steps 14 in b) follow the
initial heat up, GaAs oxide desorption, and coald to the binary IHV growth temperature. Steps
5-6 in c) follow the growth of the binary HV and cooldown ta lowerternary Il+V starting
growthtemperature. Steps&in d) follow the nucleation angrowth of theternarybuffer. Steps

9-10 in e) follow cooldown to 66200°C and subsequefidsAs2 growth.
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The native GaAs oxide desorption occmrsacucat a maximum literature value of 583
(59). Regarding deoxidation xperimental GaA4001) substrateare heldat 583 °Cunder A3
overpressuréor ten minutes before an additionEn-minute soak around 598 °C to ensure that
the native oxide has been completely eliminated. Higher soak temperatures risk roughening the
GaAs Tt 1t psurface duego net As desorptiorat the sameAs: overpressureand so longer
desorptive soaks at lower temperass are preferredsaAs and AlAs binary buffers are grown at
560°C targeting thicknesses of 300 nm. Their primary function is to reduce the number of
threading dislocations at the interface with a ternary l#dllloy overlayetby burying contaminants
anddefects on the substrate surfatle ternarylll -V alloy buffersare grown over a lower range
of temperatures from 44 to 500°C. The thicknesses of these layers target 2 um so to further
minimize the threading dislocation density at their surfatlesre is a general jump in pyrometer
temperature during ternary I nucleationas illustrated by step 7. This is due to an increase in
radiative heating efficiency from the substrate manipulator heater as the optical band gaps of all
threelatticeematchedernaryalloysare lower than either of the binary-WMarsenide bufferdEat
of thesegrowth steps are prprogrammed an@ctivatedthrough the process control software
i Mol | yowBeeeid Bpecific temperatures, times, and step activation criteria are defined to
better automate the growth proceBsmperatures used to contpbcessstepsabove 400 °Gre
measured via pyrometer set to monitor tisebstrate manipulator in its growth posititiwer
setpoints use the substrate manipulator thermocouple reading.

Because the commercial GaAs Tt 2 0 a wafersdiged fogrowth are cleaned before
packaging they are considered epitaggdy and are not further treated befsaenplegrowth.
Before MBE can occur at higher temperatuthe GaAssubstrate must b&abilizedunderAs:

overpressuréo ensurggoodepitaxial overlayer growthlrhere is a specifitansitiontemperature
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range where exposure to Asoverpressurewill change from causing a net accumulation
(adsorptionpf metallic As on the substrate surfaceallowing for the stabilization of the sulzsti
with excess surface As desorbing from hio¢ substrateBecausexide desorption andl -V layer
growth occurs within thedesorptiverange this transition ranges only crossed twice per sample
during initial heaihg and final cooldown before any Xk, growth It is generally 80-450°C for

the experimental growths. A lower Asverpressure introduction setpoint of 350 °C is applied

during initial heating since excess As is desorbed once the transition range is.crossed
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2.1.3 Reflection high energy electron diffraction

ReflectionHigh EnergyElectronDiffraction (RHEED)is conductedn situto monitor the
surfacequality of layes duringgrowth andin between steps. The UHV environmeénisuitable
for electron beandiffraction, makingin situRHEEDapplicable Specific growth step failures can
be identifiedthrough compason of RHEED patterns itandemwith reactor pressure data aind
situpyrometry. Inthe experimentadetup, a electron beans generatedrom al.5-1.6 Atungsten
filament current under &5 kV acceleration voltage. The beaneets the substrate at a glancing

angle with the diffracted beam projecting onto a phosphor screen.
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Figure2.6: GaAs Tt 1t surface reconstructions during homomorphic groddhand(d) are Ga

rich growth conditions and the rest are-dgh conditiong60).
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The spacing of the reciprocal lattice rods produced bgittgge crystaline topmostatomic
layersallows for an excellent measure of surface crystal quality during growth. The surface
reconstruction of atoms with respect to layer rotation are also derived from these RHEED images,
providing further data for considerationtbedeviation from the ideapitaxial growth condition
For example, the GaAs buffers grown in these experiments reliably produce RHEED patterns with
(2x4)multiplicity corresponding to surface atoms which are twice and four times the normal lattice
spacing aparfThis is in line wih literaturethats uggest s t hat the b2 (214
energetically favorable structure for growths nimseexperimental temperatures and Grodp
overpressure@l). Diagonal linesn these imageare Kikuchi lines, which araseful in aligning
the substrate with t hRHEERHmBaGddf 0fand9dsmmmelrotationsr o n b ¢
are of particular interest due to the fourfolgplane symmetry of the cubic N and tetragonal
CdsAs: layers produced as part of this reaska These higlsymmetry angles can be identified by
the presencef reciprocal lattice rods (i.e. streaks) with consistent multiplitityrFigure 2.7, the

red and blue markers indicate major and minor streaks. Note that the major marker spacing is the

samefor both rotationsas it corresponds to the-plane atomic spacingccfor bothdp mGtype

high-symmetry directions.
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Figure 2.7: Representativeeflection high energy electron diffraction imagelsGaAs grown
homomorphically on a GaAs (001) substr&abplots a) an®d) show 90° rotations ahe high

symmetryd pGtype directiorpatternsor the zinc blende structure
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2.14 Infrared pyrometry

Pyrometry is a fast optical measurement which may be used tcacmreatelydetermine
the temperature of an MBE film/substrate during groimttomparison to the substrate heater
thermocouple readg As such, thisn situtechnique is applied constantly during all experimental
growths and provides a process varialddg which certain growth steps aeetivated and
deactivatedrollowing common practice, the pyrometer is calibrated according to the GaAs oxide
desorption temgrature of 583 °CThe oxide desorption causes a clelaange in RHEEDmage

contrast within seconds of reaching the correct temperature

Figure 2.8: Representativeeflection high energy electron diffraction imageGaAs a) before
and b) after its native oxide has desorbed at a pyrometer temperature of 583 °C. These images

correspond to the same sample rotation.

The emissivity coefficient of the pyrometry modideadjusted so that its reading equals 583 °C at

the point where the Ga Asurface recorstiustionrtoeappetwadyl ¢ a u s

The current pyrometeas onlyaccuraten the midto-hi gh t emper at 0@),andsocan g e
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the substrie heatethermocouplés still used for low temperature transitions like the addition of
Asz overpressure at 350 °C during the initial GaAs substrate deoxidation step.

Despitet h e p y r utilityecer&ain éossiderationsiust be taken into account when
analyzing pyrometry data and when using it for automaiitie. emissivity of the substrate is a
pyrometry parameter calibrated for smoothMIlayers in the experimental temperature ranges.

As a result significantincreags in surface roughness withisethe pyrometer reading dke
emissivity scales proportionally to the increase in emissive surface area. High surface roughening
occursin the case of InSb melting and subsequent phase separation during improper GalnSb,
AlInSb, and InAsSb alloy growttecause it creat@sany new phase domains which preferentially
nucleate near the sample surface where minimal pdegsaration driven stress exig¢é2). This
removeghe pyrometeas an accurate measure of temperature and disrupts any further automated
recipe steps which rely on this accuracy to transition between growthastepescific substrate
temperature setpointSonstructive/destructive interferenainfrared wavelengthsaused byhe

thin film over initial growth thicknesseslso producespyrometer temperature oscillatigres
reported previously in the literatu¢@3). This has, so fahasoccurred ta lesser extersuch that

it has notrequired midgrowth substratethermocouple setpoint modification to maintain the
desired pyrometer temperatuighese growth-interferenceoscillations are most pronounced in
AlInSb, followed by GalnSb anithen INAsSb.

Several equipmentontributionsalsohad to beconsidered during pyrometer calibration
and usage: mainly those which produce significant deviations in the signal. These factors generally
fall into the categories of infraresmitting parts and substratmissivitymodifying parts.
Amongst the first category lies every component which esigsificant infraredradiation in

accordancevith hightemperaturesetpoints such as the substraaedsubstrate manipulator (the
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intended target for measurement), the sourtis, ¢tke growth chambethegrowth BEPIGs, and

the pyrometerviewport heaterThe opening and closing of sourahuttershave generallynot
corresponddwith immediatechanges in pyrometer signal during these experim&htsgrowth
chambelGs generally do not interfere with substrate pyrometry, which may be attributed to their
geometries with respect to the substrate manipul@to. distant, offset position of the growth
chamber IG is contrasted by the growth BEP IG Whséclowered in line with the confocal source
beams during its operatiowWhen active, its effect on the pyrometer is something like a positive
150-200 °C jump in readout. Fortunately, this effeldes not impact system operatias
calibration andgrowth procedures are conducted separat€he final emitting component, the
pyrometer viewport heater, was found to significantly alter the pyrometer reading during normal
growth operations. Its direct path to the substrate manipulator may be the souraecodaised
contribution. The power supplied to the viewport heater therefore had to be limited to 15 W
(approx. 308850 °C window temperaturgjuring growthin order to prevent an inaccurate
pyrometer calibration leading to consistent growth failures.

The ®cond category of pyrometarodifying conditions considers the positi@amgle, and
rotation speeaf the substrate manipulatorhe substrate manipulator position has moved very
rarely over the course of these experiments, but certain maintenance activities such as the
replacement othe heater element have moved both the position of the substrate holder and the
angle of the heateassembly cylinder. These small deviations are accounted for through re
calibration of the pyrometer, as they affect the geometry seen bgdlaionemitted by a hot
substrateAs the substrate is rotated during growth it lowers the pyrometer sigrdidoy 5 °C.

This could be a result ofmoreevenheatingtooling of the substrater variations in the infrared
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signal from hot effusion cell®yrometercalibration is daewith substrate rotatioset to 60 RPM
to account fothese variationduringnormal growth.

The final contribution, sample emissivitys a materials property whichffects the
blackbody radiation spectrum of a sample as it is heaitdth substrate manipulator. The GaAs
wafers used in these experiments are either semiconductihgp&d (earlier experiments) or
semtinsulating undoped (later experiments). An interesting efigbtregard tole dopingevel
is that is that the bulk properties of the GaAs wafer appgaiirtarily mediate the emissivity of
the wafer.In practice both wafer typeshave been interchanged under the sarsenissivity
calibrationwithout causing growth setpoint issudhe major consequence of using undoped
wafers in later experiments is that the substrate heater output had to be increased to achieve the
same pyrometer temperatures, an effect attributeéldetdoss of free carrier heating causedaby

significantimpurity level decreaséom that ofthe Si-doped substrates.
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2.2 X-ray methods

2.2.1 High-resolution X-ray diffraction

X-Ray Diffraction (XRD) wascondu¢ ed wusing a PANalytical
The general setup of a diffraction experiment is showigare2.9. This system is configured to
emita Cuk U b #romra 45 kV, 40 mA sourcehich is passed through a febounce hybrid
Ge ¢ ¢ mmonochromatorTheangular cutoff ofncident beam is narrowed vidl&° acceptance
angleincidentslit before contacting the sample surfatke diffracted intensities were measured
using either driple-axis detectoor a256 channel PANalytical PI1Xcel3D unit with over 65,000
(256) solid-state pixels The PIXcel3D detector is capable of using all channels at once to
simultaneously detect points over a 2.51° angle analyzer crystal dhe triple-axis detector
reduces the #l-Width at HalfMaximum (FAVHM) of measured XR[Ppeakstherebyallowing for
a better horizontal peak resolutigé4). The triple axis detectdras a minimum resolutioof 12

arcsecandPlXcel3D detector @rcsec

w,,
O
Y b [
cam [

I
w‘ s
o e

‘b ',‘. . .

Bragg
plane

Figure 2.9: GeneralX-ray diffraction setup with definednhcident/diffracted beam angles and
sample stage rotatiori5).
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The primary peaks of interefstr these MBEgrownlll -V crystalsbelong tathe 1T 11 Tand
¢¢T planesNote that the overbar terminology corresponds to negative vector components, while
underbars distinguish vector components with more than one Begausethe experimental
GaAs T Tt psubstratesire orientecalonga ¢p mGtype direction the Tt 11 tpeak issymmetric
around the sampl e n ooptimzdtionsmaldetdcteed kb contadt, thete qui r e
plare is asymmetric with respect to the sample normal and so reduioggimization over a
minimum90°range in accordance withe fourfoldcrystd symmetry aroundrt 1t pTo generalize
these definitions further,ymmetric peaks are those where the plane normal is parallel to the
scattering vector while asymmetric peaks are all otAdrs. -2—scans conducted here generally
target symmetric 1t 11 T peaksfor detection of ll-V crystals CAs: scans follow similar
reasoning, but they targéte much higher order indicest g @and t11p @becaus®f themuch
larger large unit cell ¢ 12.633 A,® 25.48 A). This correspondso similar interplanar
scattering distanceasn a c c or d a n ¢ & sovhattalhpedks o igterastamay ba captured
over a relatively smal—+ange.

¢Q OEB (2.5)

This equation relates the incidentay wavelength_to themiller indices "CQdof theinterplanar
distancéQ and thediffracted angle—The_ used for these measurenistthe average of the
Cu KU douhared QLEKEAUThe data shown here is measure.6° steps
over a 555° range, and in fined.005°steps over a 234° range which encompasses all peaks
of interest.

Because Cdhs: belongs to the tetragonal space grougaked (#42), its XRD should

theoretically produce more pea&slesser multiplicitythanin the case of aubic system. For
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example, itst 1 Tand 1t T Tpeaks corresponding toft = 3.158A should have slightlyarger
—values than thett 1t Tpeak corresponding ta¥y = 3.1 A. In the case of an undesired
polycrystalline sample, this could causeerlap which makes peak analysis difficult from a

FWHM determination standpoinin any case, it is important to ensure that the plane reflections

selected for XRD are of high enough relative intensity that they may be consistently identified

beyond the noise floor of the measurem&he fundamentadquation for the structure factof a

unit cell,

0 — "Q—A ade "o KON o h (2.6)

2.7)

are therefore applied to determinghié followingplane reflections should be forbidden for the TS
CdsAs: crystal(that is, the diffracted beam destructively interferes to become zero inteasity)
well as therelative intensitie®f nonzero reflectiondHere,whb iy are the fractional coordinates
of the atoniln terms of its unit cell positioM.he atomicscattering fact@ Qareelementspecific,
e.0."Q and’Q, and are used for relative intensity comparisons since their viadgage more
complicated electron density computation for quantificatidtoms belonging to the same
Wyckoff position will have the samepntribution to'O — as a result of crystallensymmetry.
Therefore, it is only required th&®for every Wyckoff position be calculated and then scaled by
their multiplicity within the unit cell for the total contributioni® —.

Using the symmetry associated with the Wyckoff positionseatbms in the Gés: unit

cell (As: 32¢g, 16d ,16e; Cd: 329, 329, 32he solutions forthet Tttt U T T T T Yand
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T @ @ planeshave been calculateab shown inTable2.1 (15). These solutions show that the

1t 1T Tplane reflection is virtually nonexistent in comparison to those oftha Tand Mt T
planes with the same lattice parametefhis effect is further compoundéy the fact that the
XRD signal isproportional to the square of the structure facitre expectation is therefore that
the 1 1t yoeak, the T m_@ peak andthecombined t 1 & 1t T 1peak(according to thequal®

andwparametes) should be visible in an experimental XRD spectrum.

Table2.1: Calculatedstructure factors for relevantifdcd CdAs: X-ray diffraction peaks in terms
of the atomic scattering factoiQ andQ."O — compares the considered planetha-ray
diffractionintensity is proportional tthis value. The theoreticRelativelntensitiegRIs) of these

peaksarealso reported.

Plane 0 — 0 — RI (%)

TTT o@&@oypQ — IgixuvpmQ — vv ep MQ —Q — 21.58
WK o Q — g pup TQ —

T T O & wIrQ — OBT oPpTMQ — LVHPTTPpp TQ —Q — 21.58
va muy'Q — X&UL Pp MQ —

MMT|oPYCTPTZQ — [pBlpopTT ™ Q — CHROQUPTQ —Q — 0.00
TP wgpmzQ — P L XPTTQ —

T o&uvPQ — I XPTTQ — LvHCTPpTQ —Q — 9.80
PpPrx xQ — XEvxpmQ —

THEQ 0& M¥XQ — I CmMpmQ — T&MNMCEPpMTQ —Q — 5.85
@ 9YQ — dwop mQ —

To test the accuracy of these calculati@ifieoretical XRD spectrum fquolycrystalline
CdsAsz was simulated to determine the relative intensity of the considered peaks. The open access

Python packag&RayUtilities was used for determining these val(@&s).
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Figure 2.10: Simulation of X-ray diffraction peaks for polycrystalline Macd CdAs.. Peaks
visible duringX-ray diffractionof the 1t 1T poriented single crystal are specifically labeled with

their simulated 2d posi tiamalsoliseThei r Rel ati ve

Only the peaks visible for that 1t goriented crystal are labeled because the others should not
appear in thee symmetric scansThe intensities fort 1 mand 1t 1 TCorrespond to the same,
combined peak with intensity 21.58 %he 1 11 tpeakintensityis essentially zero according to
the simulation, agreeing with the structure factor calculationaddition, its multiplestt @ ¢,

m g 1, and 1T g T have negligible intensds. The substantially smaller intensity of the 1t T

peak therefore reasonably allows tiddattice parameter reflectiong 1 mand 1 1 Tt0 be
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analyzedfor polycrystallinefilms without concern for the close peak grouping issue proposed
before.The othemajor conclusion from these calculations is that thegs ¢ peak should have a
similar relative intensitycompared tdhe alternative fobasalplane singlecrystal identification

Tt 11 @t is therefore used for identification purposes inghalysis 0o)XRD characterizatiosince

it is closest to the HV 1T 1T Tpeaks identified from the buffer and substrate layers of the
experimentaheterostructure.

In addition tofundamental crystal phase identification, these meagaredrylll -V alloy

T Tt Tpeak positions provide datar theapproximaion of alloy composition which has been of
great use in targeting latticeatched buffers for GAsz overlayer depositionThis involves the
linear interpolation of binary constituent peak positibtmsletermine the alloy compositiain
which is a function of theubic binary constituentattice parameterand their alloyfractionsw

and p w,according to t hé¢7).ukisalloyffactivhasgakan dsithe tefnaryw
alloy composition in MBE recipe modification for specific alloy targetimbe use of a bowing
parameter and its related quadratic term is available for more accurate approximattienadtioy
parameters, such &snd gapO, where thesalloy systems deviatsignificantlyf r om Vegar d 6
law in practice The fullinterpolation relation for a general compositdependent alloy parameter

0 ¢ with addition of asystemspecific bowing parametes is:

0w G P @O

€

wp W (2.8)

Extensive work on the deviation térnaryGroup 11V systemd r om Vegar doés | aw
elsewhereespecially fothe arsenideg67). Individual ternary I}V system parameters are well

documented in the literatufé?).
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2.2.2 Reciprocal spacemapping

ReciprocalSpaceMapping (RSM) is essentially a series of adjacenr2—XRD scans
swept over a line to produce a 2D image colored/contoured in accordance with individual pixel
intensity. TheseabsoluteRSM scans cover an area defined by specific centrand 2—
coordinates and fully swept/2—anges.The RSM setupses the same equipment as|thé—
scansRSM wasonly conducted using thelXcel3D detectorwith all channels activdue to the
greatly increased time requirements for thieeeeaseedimensionalitymaps In the case of the
widely spacd peaks shown ifater chapters, the PIXcel3D resolution is sufficient to acclyrate
detect and resolve individual peaks which are clepebitioned, such as GaAs 1 tand AlAs

m 11 T RSM data is also automatically converted by the PANall8oftware into reciprocal
space coordinateshere'Y is theradius of theEwald sphere, which is set pp ¢ in the analysis

software produced by PANalyticalhis produces the vectors:

® YATYO AT ©Of 5 dh (2.9)

and:

® 20BI OEJ[ 5 ¢8 (210

RawRSM data is taken using Cartesian coordinates defined by unit vegtoi-hspace
As a consequence, tfRe and® vectorsderivedfrom] and2—do not lie inCartesian space, but
rather according to a curved grithe effect is shown below iRigure2.11. Becausef this data
contortion, plotting real data with respect to a line drawn along the major and minor ellipsoidal

axes is also convoluted. Rather than plotting a curve using integhofaliees from the curved
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grid, real data points of closest fit to the ellipse lines are selected and fit with a Gaussian function
to determine FWHM. This eliminates the error of interpolation (which should not be linear in this
case anyways), while also@ping a fitting curve which adheres to the RSM spot theory of a

Gaussian intensity distribution.
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Figure 2.11: lllustration of conversion from ,2—to 0 ,0 coordinates for both the symmetric
T T Tand asymmetric¢¢t reciprocal spacecan areasThese grids are centered according to
reflections for a cubic unit cell wheta= 6317 A. The square grid from a.) a symmetric 1T T

1 -2—scan with uniform measurement points becomes b.) the curved grid for the sanme
reflection ind -0 space. Likewisethe square grid from c.) an asymmetqgt 1 -2—scan with

uniform measurement points becomes d.) the curved grid for the ggmereflection.
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An importantfunctionof RSM is the ability to determine the-plane latticeparametenpf
a heterostructure layer. This requires the measurement of an asymmetwbercethe reciprocal
spacevector magnituded is not zero (ornot centeredclose to zero due to error in real
measurementsThe asymmetridll -V ¢qt andCdsAs2 ttp @ peaks are therefore used in the
case of these measuremenfthese peaks were chosen due do their easy identifiability, close
proximity in reciprocal space, and practical acquisition according to tool limd&es such as
C¢CT containingnegative vectocomponents were chosen because the goniometer geometry for
diffraction is at a lower ,2—for the 1t T psample orientation thaior all-positive index cases
like ¢ ¢ T A more glancing diffraction angle aligns thery interaction volume to diffract in
the shallower heterostructure layers. The thin film crystals generally require greater counting times
due to their nanoscale thicknesses, as opposed to the bulk sub$ieaise of shallower geometry
peaks therefore has the benefit of reducing the scan time necessary to identify the ternary and
CdsAs: crystal peaks

For a particular diffraction peakhé inplane lattice parameteis derived using the
fundamental equations relatingsgacing(Q )tot h e pMikemirgiées ((XQpandthe unit
cell parameters (lattice spacings and cell anglesy.the horizontal vector component which is
parallel to thed axis. Forturately, the use of cubic HV ternaries and a tetragonal functional
layer excludes the need f@omplexconsideration of unit cell angles they are all 90The d

spacing for cubic materials is:

8 (2.11)
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The dspacing for tetragonal materials is:

c‘18 2.12
) (212

For a tetragonal unit cedls well asominally cubic structures which experieracbiaxial
in-plane strain(making them effectively tetragonaljhe inplane and oubf-plane lattice

parameters ar@and Symmetric scans readily measure the@iplane dspacingbutthe in

plane dspacings can only be determined from@ecomponent of an asymmetric RSKbr the
asymmetric peak¢¢t measured in these experimeristh the inplaneand the oubf-plane

lattice parametemaybe computedrom the horizontal component where

® ® ®and® Q P Q , (213
and for andheasymmetric ¢¢t peak

P 0 Q h® 0 Q. (2.14)

The elastic tensay  is a fourthorder tensor relating the secearler tensors of stress

, and strain

., 6 - (2.15)

It is also know as the stiffness tensor, and its inverse is the compliance t&nsor

-y, (2.16)
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Theapplication of these equations requires a linearly elastic response from the considered crystal,
and so does not hold for films which have a significant level of relaxafttm degree of lattice
matching may be calculated bgmparing the irplane latticgparameters of GAsz and isternary

buffers according to thebiaxial, internal strain felt due to lattice mismatchingJsing the

conventional Voigt notation the symmetry fororthorhombic systemsnables the matrix

representation:
. . 0 0 O m T T[l,h: X
¥ o o
o 1 6 6 8 m m mnp '
't o | - 1l n
1’ A IQ 0 0 mn n mn Pl o (2 17)
LA Tt T mT O Tt T o1 o )
L ym m m om0 ol
U YV uyn n nm m m 6 WU
Theelastic tensor may Herther reduced using tteymmetryfor tetragonal systems
0 0 0O T T T ..
noa o . . r- -
o Il 0 0 O m T m e 1l
:: 9 6 06 T T ool
S O |G | e RS | RS | R (2.18)
11 Y]
I, n n m O T ,IH ¥

For systems witltubicsymmetrysuch aghe zinc blende Vs, symmetryproduceghestiffness

matrix

Tt T[l’lr; .
o
v b 6 non mihn
N . Ry
’ 2 O O T[ T[ T[ > 7 2
| I Y |(p . vl D (219)
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Consideringthatbiaxial stresbetweenCdsAsz and its ternary buffens exclusively irplane the
geometry dictates thgt , andthatall other stresses are zetn.addition,- - - and
all shear strains are zero. Matrix multiplication yields a series of equations for the vector

components of stress, For £d. they are:

L, 8- 8- B -, (2.20)
L 8- B8 - b - (2.21)
L, 8- 8- 8- . (2.22)

Solving theseequations for oubdf-plane stress yields:

o -
- (2.23)
Similarly for the cubic zinc blende materials:
o -
- 5 (2.29)

Thein-plane biaxialstrain in the nominalkcubic zinc blende ternary HV alloys are of
particular interest because these buffers shioaNgapproximately zeri-planestressf they are
truly metamorphicallygrown. For materials with known bulk lattice constants suchiaary IlI-

V compounds and GAs, the outof-plane lattice constant is directigeasured by symmetric
XRD scans Three lattice parameters are therefore consideredetagedcubic crystal lattice
parameter , the strained iplane latticeparameterd @ and the strained owff-plane lattice

parametet They are related to the-plane ( ) and outof-plane ¢ ) strains The literature valug
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for the materiakpecific stiffness tensor components atdized to solve for- knowing the

literature value ofd and the experimental value'’@f (47). For cubic materials:

Q : <6 - h (2.25)
& P :
and for CdAs::
Q : o - 8 (2.26)
% P — :
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2.23 X-ray reflectivity

X-Ray Reflectivity (XRR) is a glancing angle measurement using the same geometry as XRD
where extremely small /2—ranges are scanned to produce an interference pattern. In ctmtrast
XRD, XRR measurementaeasure the signal ofraflected beanandnot a diffracted beant.he
periodicity of oscillations in the interference pattern scales inversely filmththickness as

illustrated by threeXRayUTtilities simulationsof CcsAsz on 2pum AllnSb/GaAs 1t 1t p

—_ 15 mnm

— 30 nm
—_— B0 nm
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Figure 2.12 X-ray reflectivity simulations for CGés: films of varying thicknesss on 2um

AllInSb/GaAs 1t 11 p



Herethe simulatedXRR curves are shown foCdsAs: thicknesses 0t5 nm, 30 nm, and60 nm.

Note that thespectraare staggered into a waterfall pkat compare the oscillation periodicity
between them, so int@lot intensities cannot be comparéd theCdsAs: thicknessncreaseghe
spacing becomes fine enough to make peak identification difficuiddition, the oscillation
amplitude with respect to the XRR background decreagds increasing film thickness
Fortunately, the ~30 nm GAs: films measured in these experiments have wide enough

oscillationsof sufficient amplituddor easy peak iddification and thickness determination.
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2.3 Atomic force microscopy

Atomic Force Microscopy (AFMis an excellent pogirocess technique foharacterizing
the surface character of these MBEwn layerslt is conducted here using a Bruker ICON AFM
system placed within an isolation hood to reduce noise. All simeasurementare conducted
using a standard Si AFM tip in tapping mode with its drive frequency automatically tuned through
the instrument softwaréFM is usefulin determining the extent of surface roughening during

each heterostructure growth stapglits charactazation of the ternary HV systems isiecessary

for the objective of latticenatching these buffers with a €2 overlayer.

Figure2.13: Examples of a.) raw (no change), b.) pHitteng, c.) flattenng, and d.) combined
planefitting/flattening operations applied 80500 nm x 500 nnatomic force microscopynage
of Alag.dnso.2Sbh/AIAs/GaAs(001). All operations arérst-order. The same order of operations is

applied toa 10 um x 10 umimageof the same sample over e.) through h.).
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AFM done here shows that the variance in ternary layer surface roughness is highly
dependent on growth temperature, with more variance exigithin the same HV systems than
between them. In generddr all three experimental systems the surface of the epitaxially grown
CdsAs2 hasfollowedthe same topography of its ternary buffer. Image analysis is supplemented by
1storder planditting and flattening operations, both of which are commonly usteiiterature.
Bruker s Nanoscope Analysis softfiskorderplare used
fitting applies a polynomial adjustment to the data set to account forrdmyg chages in
topography not based on local surface conditions, such as substrate curvature-orter1st
flattening operation accounts for sample tilt owing to the nonzero angle between the probed surface

normal and the AFM tip-axis.
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2.4 Scanningelectron microscopy

CrossSectionalScanningElectron Microscopy (XS-SEM) is employed to measutbe

approximatdayer thicknesssof ternary buffersn the cross sections of key samples.

EHT= 3.00kV Signal A= SE2 Date: 2 Nov 2021 w EHT= 3.00kV Signal A= InLens Date: 12 Feb 2021

WD = 10.3 mm Photo No. = 9988 Time: 14:19:24 WD= 7.1mm Photo No. = 5987 Time: 15:46:13

Figure 2.14: Crosssectionalscanning electron microcomf a) Alio.dnso.2Sb/AIAs/GaAs Tt 1T p
and b) CasAsz/ Alszg.dnei.dSb/AIAs/GaAs 1t T p These images were taken using areims

detector at a relatively low accelerating voltage (3.00 kV)

The imagingsystem is a Zeiss GeminiSEM 300 higgsolution fieldemission SEMXS-SEM
conducted here utilizes cleaved wafer sections without the need for any additional sample
preparation This is becauséhé semmetallic and semiconducting natuseof the layer materia
provide sufficient conduction to prevent charging from thetedadoeamThe high magnification

and good elemental contradkow for thickness measuremeittst have an accuraepproaching

tens of nanometers’hese measurements have consistebdgn used for initial growth rate

calculations.
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2.5 Transmissionelectron microscopy

Transmission Electron MicroscogyEM) was conductedn representativéernarylil -V
samples by collaboratoEsdwin Suppleand Dr. Brian Gorman at the Colorado School of Mines.
The transmission of electrons througdry thin foil (lamella)made from thoseample allows for
crystalline defects such as dislocatitmbe identifiecthrough contrastaused by beam scattering
The primary objective in conducting these measurements is to estimate Threading Dislocation
Density (TDD) which is generally a measure of crystalline quality as it pertains to electronic
properties. Naturally, lower TDDs are associated with higher electron mobi&spite some
deviation in lamella thickness, heterostructures covering all experimervtatdtharies and their
buffer material variations produced consistent, reasonable resuhieifofDDs.These results are
analyzed for their correlation withe processing parameters of their respective samples.

The methodology for determining TDD foll@the counting of threading dislocations in a
gi ven | amsttibonakineving theovgdth of the considered section, the depth of the film
is calculated geometrically from the known layer thickness and sample tilt with respect to the
incident electrobeam. The TDD is the threading dislocation count divided by the product of the

considered section width and the calculated layer depth.
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26 Van der Pauwmeasurements

The electronic properties of &Ab: films were measured via Van der Pauw measurements
according to thgeometry inFigure2.15. This measurement applies a current along a longitudinal
axis wand an external magnetic fied@ so that a mutually orthogonal, transverse Hall voltage is

generated along theaxis (68).

Wi Vi |

H 1

V2

I1

Figure2.15: Van der Pauw Hall measurement geometry watbvant parameters.

Here, four contacts are attached in a square geometry and a dsirrantalong orthogonal
directions() and) ) to determine the voltage dropsand6, and subsequently t

law 2 6] ). The contact pairs used for the two directional -hail measurements are
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(1,2)/(3,4) and (1,4)/(2,32 is taken as the larger value so tAat 2 . These values are used

to solve the Van der Pauw equation for the ideal sheet resiSYance u n isquare of q/

“Y “Y
AzaY— A@aY— p8 (2.27)

The contactshould be on the sample corners and the coataetshould be less than 10% of the
sample area for these measurements to be valid. While the longitudinal resistances should be the
same for a perfect sample, in reality they vary dueoiesquare contacdnd samplgeometies
(69).Solongap YjY p fmmmgeometric factoiOmay besolved to account for this effect:

Y Y o o]
I OEB®ZQwi—= 8 (2.29)

Y Y

rr
rr

S|
g

The product™QY is a more accurate estimation of the sheet resistance and is used for further
calculations.The bulkresistivity”  "Q'Yz 0 where 0 is the conductive film thicknessvhich

should be less than 1 mm fortto be accuratélhe Hall measurement is conducted by applying a
longitudinal curren) between either contact pair 1,3 or 2Mhen a current is applied across
contacts 1,3 a Hall voltage is measured across contacts 2,4, anengaeA reverse current
measuremensialso conducted and thaur voltage drops are averagadthe final Hall voltage

6 . This eliminates error due to asymmetry in the sample and contact geomeHigsyvoltage
is measuredor every change i g as it moves toits sepoints in linear incrementsThe Hall
resistance’Y is the Hall voltage6 divided by the applied longitudinal current . A

representative Van der Pauw measurement is showRigare 2.16. Shubnikovde Haas
oscillations in the longitudinal buliesistivity correspond with transitions lietween the Landau

levels. Plateaus itY correspond to specific Landélling factors 1.
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Figure2.16: Van der Pauw Hall data for a neatittice matched G s2/AlInSb heterostructure.

Real measurement curves are asymmetric due tmittieg of thelongitudinal’Y  signal
with the transvers& data. Thiscan be caused bghomogeneity in the applied-feld. Other
external Bfields may alsocontribute to the Hall effecAsymmetrization andymmetrizatiorof

the'Y O data ae used to isolate the transverse sigfiaf and the longitudinal signat

Y 6 Y 0 .
Yo : f (2.29)

and:

Y 8§ Y 6 (2.30)
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All zero-field bulk resistivity measurements are averaged for a mean bulk resistivity Value

The Hallcoefficient'Y is the slope o linearfit of thelinear region ofY j vs.6B generally

within the bounds od P Cc4:

8 (2.31)

The utilized’Y is the mean average of tpesitivesweep slop€0 to +14 T -14 T to 0)andthe
negativesweepslope(-14 T to +14 T) This value along with the charge of an electr@ns used

to calculateahe sheet carrier density

‘ P (232
© v a
the bulk carrier density
: P = (2.33
¢ Yo
and the carrier mobility :
‘ P Al 8 2.34
g Qo (2:39
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Chapter 3: Ternary Il -V Alloys for Virtual Substrate Engineering

3.1 Selection of lll-V alloy systems

3.1.1 Considerations for latticeematched cadmium arsenide

A virtual substrate is #in film buffer layer or heterostructudd such filmsdesignedo
achieve or improve a certain quality afunctional overlayer. The development of these virtual
substrates allows for material growth that would otherwise be economically prohdsitexesn
impossble dueto the inaccessibility of an equivalent substrate wafer with thickness on the order
of hundreds of microns. For exampieyerse linedy graded SiGe buffers aasily accessibl8i

Tt Tt pvafersact as virtual substrates for higlality Sio.2Gen.s growth with low TDDs on the
order of 4x108cm? (70). There are many more examples of them@positionallygraded buffers

in the literaturelinear and nodinearalike. They may be step graded or continuously graded based
on the necessity of reducing the TDD &mdother considerationslhe potential for a virtual
substrate here, howevés,in its usefor lattice-matching with a CgAsz overlayer to preserve the
surface electronic band structw@that its TS properties are maintairiBae electronic properties
of the buffer layer are not critically linked to overlayer growth outside of the requirement that it
not be conducting (for dése incorporation) The use of a graded buffés forgone with a
compositionally constant buffer being used instead.

The epitaxial processconsidered here adivided into the categories of homomorphic,

pseudomorphic, and metamorphic growth paradigtiis Homomorphic growth is defined as the
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growth of a thin film with the same crystal as its substrate. This type of growth is essentially the
extension of the substrate material, e.g. GaAs homomorphically grown on Bedause the
grown crystaimatches the substrateere is no irplane biaxiaktrain due to interfacial mismatch
The initial omomorphic growth o 300 nm GaAs buffeacts to reduce the roughness of the
substratesurface ando bury surface contaminan{g2). The other two modesvolve the growth
of a different crystal than the substrate and are distinguished by the nature of the interface between
the two phasesespecially the similaritiesegardingin-plane lattice geometrie®seudomorphic
growth occurs when the lattice misttlais small enough that that the thin film mayekestically
strained to match theplane lattice parameter(s) of the substrate at the intetfacass where
the interfacial lattice mismatch is great enough, asrdered array of edge dislocations
spataneously forms during film nucleati¢n3,74) This metamorphic interface is created in lieu
of extreme biaxial strajrand so the subsequent metamorphic film is ideally totally relaxed.

The metamorphic growth of ternary-M alloys, like thatshown in this dissertatiomay
still facilitate the highquality epitaxial growth one might expect from the use of a graded
steppedbuffer while also providing excellent and relatively facile compositional tunability for

acquiring a latticanatched CgAsz overlayer.
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3.1.2 Use of metamorphicbuffers for virtual substrates

Neither homomorphic nor pseudomorphic buffers sugable here @no IIl-V binary
substrates, includinGaAs Tt 1T ppossess lattice parameters which are closely lattice matched
with CsAs2 (15,47) More specifically, the FCC sublattice of the As positions withenCdAs:
unit cell has anblattice parameter of 6.31A which is dissimilar fromthat ofany zinc blende
binary 1lI-V compound The ternary IHV systems GalnSb, AlinSb, and InAsSb al®senfor
metamorphiogrowth on GaAs 1 1t psubstratedecause they can be lattice matched to the As
sublatticeinteratomic distancdemarcatedn Figure3.1. InPSbcanalsobe latticeematched with

CdsAsz, but aP source is not available in this experimental setumB&bwasnot explored.
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Figure3.1: Direct (blue), sixfold symmetric indirect (red), and eightfold symmetric indirect (green)
band gaps of IlV compounds and their alloys. Si, Ge and their alloys are also included for
reference. Alackdashedine is added to the original figure to indieaheinteratomic distance

of the CdsAs2 As facecentered cubisublattie. It can be seen that the four ternaryVlalloy

systems GalnSb, AlinSb, InAsSb, and InPSb may all be lattice matchiad valug71).
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There is acritical thicknessQ where the Gibbs free energy of misfit dislocation formation

becomes equal to the elastic strain energy of a growing tatimmatched thin film:

’ ® o)
Qe 2 P_© Piyix s (3.1)
P povc @ Qw

It is possible that nphysicalsolution(positive and not complex@xists forthe critical thickness

In these cases, there is no overlayer thickness where pseudomorphic growth is preferred over its
metamorphic counterparRegarding this strain energy laace only, lhe three experimental
systems GalnSb, AlInSb, and InAsSb all possesegative critical thickness when grown on

GaAs(001) and will therefore form a metamorphic interf§¢8). Here Gis the Burgers vector
which is-8 pGtype for these zinc blende syste(i@§,76) The Poisson ratib, the film lattice

parametery andthelattice mismatchic(alsocalled misfi) are also factors.
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3.1.3 Temperature control during MBE

For the three ternary alloy systems explored here, a significant incrggsenmetersignal
was observed during film nucleationaatonstant substrate temperataetpoint A cause for this
discrepancy may be the change in radiative heating efficiengggdternary nucleatigras it
would raise the sample temperature from the initial setpmititout any change in heater output
power. Figure 3.2 reportsin situ pyrometry which illustrates this radiative heating effect well.
Here, a representative samiem each of the experimental systems shows how the recorded

substrate temperature increases with respect to the initially chosen getpdint
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Figure3.2: Representativen situ pyrometry showing the growth of AlinSb, GalnSb, and InAsSb
over the firshundred minutesf molecular beam epitaxyhey-axis is adjusted to report themp

in pyrometer signal-Tgrowth.
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The theoretical optical band ga@s of these sysimsare calculated usingquation2.8,

which takes th@arabolicbowing parametaiinto accountand are listech Table 3.1

Table3.1: Calculated direct optical band gaps for selected experimental samples covering all six

ternary/binary heterostructure permutations.

Experimental Alloy | Theoretical Band GafeV)
Gasz dnse.1Sb/GaAs 0.309
Gau1.dnss.iSb/AIAS 0.300
Als1.dn485Sb/GaAs 1.145
Al 49 dNnso.2Sb/AIAS 1.108
INAS40.7Shso.dGaAs 0.102
INAS39.0Sks1.0AIAS 0.101

These calculate® valuesare substantially differerietweenthe ternary systemsyith lattice-
matched compositioimAsSb alloys possessii®® 1@ 1™ (0GalnSb possessii@@ 1@ ™ @

and AlinSbpossessin@ P81 XQ uf47). The temperature junsgduring film nucleationare
inversely proportional to the direct optical bandg@ithe ternary allog. The shift in temperature

is greatest when nucleating InAsSb layers, followed by Gaka8bthen AliInSbOscillations are

clearly visible in the AlinSb curve, representing d temperature effect which occurs as the initial
layer thickness interferes constructively and deconstructively with the wavelengths absorbed by
the pyrometer(77). The temperature jump during nucleation explains wh@AsSb growths
required lower starting temperatures between 440 °C and 480 p@event phase separation

caused bynSb constituent melting
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Furthermorethetheoretical spinodal decomposition rarigelnAsShis thelargestfor all
three systems as shown later in this chafike control software used in these experiments is
capable of mediating substrate heater output with respect to pyrometer temp@&tasucentrol
was applied in later samplés keep the pyrometer temperature at a set taajetying for film
nucleation and growthkloser to the InSb melting poimtithout causing thermal decomposition

over longer growth periods
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3.2 Spinodal decomposition of ternary III-V alloys

These filmswvereinitially investigated for their stability during and after grov@@me mode
of instability is spinodal decompositiogrwhich occurswhenthe Gibbs freeenergy™O w of a

multi-constituent systepa function ofcompositionwof constituentQcontains at least orset of

points where— 1t The calculation of the Gibbs free enenggis completed using tHeelta

Lattice ParameteiDLP) model where the internal strain effects of the ternary constituent lattices
are takennto accoun{78). This strain effect is encompassed byvthdablemthat isadded to the

standardsibbs free energgquation

W@ p ®FO Y amg YYol b p wllp . (3.2

Here,3*Ois thet e r n enthalpyos formation “Yis the system temperature; Yis the change in
entropy, andY is the combined gas constamhermodynamic data faBroup Il arsenides and
antimonides are readily available within the literai{i®,80) The arsenide enthalpy and entropy
values here are static within the same phase, buepwtedantimonide values are temperature
dependent in 100 °Gncrementswithin the same phaseagiving their Gibbs free energy
contributions greater accuracyhe myterm is a function of the difference between constituent

lattice parametersand the average constituent lattice paramter

. 30
M 1& X058 (3.3)

The constanfQ 1.527x16 J / ( mo Thé thgoretical spinodal decomposition cunss

calculated according twhere— T, for all three ternary systems.
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Figure 3.3: Theoretical spinodal decomposition ranges for the experimental ternary systems
GalnSh, AlInSb, and InAsSbThe experimental growth range for these alloys is denoted by the

crosshatching between 440 °C and 505 °C.

According to these calculations, the minimum regugeowth temperatuseto prevent spinodal
decompositiorat the most susceptiblompositions ard41 °C for Als2.dna7.4Sh), 250 °C for
Gas3.1n46.6Sh, and367 °C for InAss3.4Shis.e These arenetastale alloysthatrely on the kinetic
limiting of diffusion at low temperaturégo remain singleohase The InAsSb alloys are in the
greatest danger of spinodal decomposition when samples are cooled from their growth

temperatures to room temperatureMBE chamberemoval.
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3.3 Thermal decomposition of ternary IlI-V alloys

During the initial growth of thesestnarysystemsjt was found that common form of
failure was thermal decomposition. This effect occurred during growths as monitored by both
pyrometry and RHEED, where upon passing a cettéanperaturéghresholdhecrystalline quality
would rapidly degradeThis effect corresponds tosagnificant increase ipyrometer signal with
no corresponding heater outpat well as the vanishing of aRHEED patternThis threshold
was later identified as the melting point of the common constituent InSb &5&rowths which

pas&dthis thresbld consistentlyroducel XRD spectrawith decomposed constituents.

~ 620 ' r
580 -

540 + InSb Melting Point (527 °C)

Temperature (°C

0 20 40 60 80 100
Time (min)

GaSb | GaAs |

104,

Intensity (arbitrary units)

27 28 29 30 31 32 33 34
Theta (°)

Figure3.4: a.) in situ pyrometer signals of two InAsSb samples showing the behavior of thermal
decomposition (red) and thermal stability (blue) during growth The correspondingX-ray
diffraction 1l1-V (004) peaks showing clear thermal decompositanling to phase separatin

the case that the melting point of InSb has been exceeded
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Thecontinung pyrometetemperaturéncreaseafter passing the InSb melting poisin part due

to roughening of the sample surfaBecause the real sample temperature juquyiskly during

ternary nucleation, these films are in danger of passing the thermal decomposition threshold if
their initial growth temperature is too close to the InSb melting pohis extraordinary signal
behavior acts as a good indicator that a tgrlager growth process has faileshdit hastherefore
facilitated the determination dhe maximum initial growth temperatures for the three ternary

systems.
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3.4 Optimization of MBE parameters

The optimization of growth parameters during these tgrteyer growtls began with
setting limits on the minimum and maximwrowth temperaturegdowever,norruniformity in
substrate heating and pyrometer error both contribute to the danger of exceeding the thermal
decomposition threshold when growth temperatures begin too close t@i22stC buffer was
instituted to prevengxceeding the InSb melting mi In early experimentshe radiative heating
efficiency effectwasthe most common source of upper temperature limit ovetshbis required
the further lowering of the maximal growth temperature for the alloys GalnSb and InAsSb to
500°C and 460 °C rgeectively.Later growths also made use of pyrometemrected growth to
lower substrate heater temperature in tandem with the rise in pyrometer signal dunicgetise
in radiative heating efficiency. This allows for a raised maximal growth tempermaser to
505°C once the substrate heater power has been lowered to account for gféaiency.

The minimum growth temperatures for these alloys followed current group recipes and
literature IIFV MBE growth ranges for binary constituerf&li 84). It should be noted that InSb
is usually grown in the range of 3@0Q0 °C, and so the quality of these InAd8imariesnay be
in part affected by the compromise between ideal InAs and InSb growth ranigber
temperatures are preferred for theximization of final crystalline quality as seen in these
experiments, so the primary mode of growth optimization became finding the maximum possible
initial growth temperatures which would not facilitate thermal decomposition of the ternary alloys

TheV:1ll flux ratio is an important consideration for the growth of these alloys, although
it is made simpler by the fact that they are grown in the desorptive range o tred/Sh source
fluxes.A V1l flux ratio greater than unity is therefore applied in all of these growths to ensure

that no metallicGroup-ll structures are formed. In practiceeti:lll BEPratio (as a proxy for
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flux ratio) has ranged frors-7 for early samplet 20 in later growthsNo significant change in
structural quality could be linked to these increaseBER ratio beyond the minimum applied
value For comparisonsomesuccessfuV:lll BEP ratiogn the literatureare 3.4 for GaShnd 2.7

for InAs (85).
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3.5 Structural characterization

3.5.1 Alloy composition and source parameters

The primary mode of ternary alloy compositestimations through XRDanalysis|Initial
flux staring points for these ternarieserechoserfor GroupV rich growth conditionsFollowing
theseattempts the Grouplll fluxeswerereadjuséd until the target compositionsith desired
lattice constantsvere achieved.The primary sample set acquired and characterized in this way
contains seventeen ternary films and their four bir@mstituents Each system shows the
combined data of several ternary films which are distinguished by their plot color, ashuedirsts
films for each ofthe four alloying constituents.All plots are laterally shifted so thahe
experimental GaAstt 1t tpeak matchess literaturevalue. This corresponds with a maximum

horizontalaxiserror of 14 arcsec.
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Figure3.5: High-resolution Xray diffraction 1t 11 peak plots for samples in the GalnSb, AlinSb,
and InAsSb ternary alloy systeni$e gray dashed line marks the literature valug-ef 33.026°

forGaAs mmt

Here, multiple curves show the shifting of the ternary layarm t peaks with respect to
compositionThese peaks are all within the bounddsgthe 1t t 1peak positions of their relevant
binary constituentsThe crystalline quality of these ternariesTable 3.2, including the binary

constituentsis measured through the FWHMSsthéir m it tpeaks
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Table3.2: Ternary alloy parameters including those derived fXenay diffractionconducted after

growth. The compositions listed here are calculated usiedinear interpolation of binary

constituent zinc blend®@lattice parameter$ ol | owi ng Vegardoés | aw.

Experimental Buffer Alloy Growth Alloy (004) Peak
Alloy (2 pm) (300 nm) Temperaturg°C) FWHM (arcsec)
Gase.dN43.4Sb GaAs 473 227
Gaps.dn74.55b GaAs 473 227
Gas1.dn4s.4Sb GaAs 473 205
Gaus.1dns4.98Sb GaAs 473 227
Gasr.dnss.aSb AlAs 460 228
Gauz.dnse.1Sb GaAs 460 207
Aleo.2n39.6Sb AlAs 460 243
Al46.dNns3.2Sh AlAs 460 290
Ala9.dnso.2Sb AlAs 500 255
Als1.5n4855b GaAs 500 279
INAs26.5Shrs 7 AlAs 460 225
INAS44.55k65 5 AlAs 460 249
INAS38.3Shs1.7 AlAs 460 240
INAS40.1Sks9.9 AlAs 440 247
INAS39.0Sks1.0 AlAs 440 270
INAs38.55k61.5 GaAs 440 332
INAS40.7Sks9.3 GaAs 440 325

Gasb GaAs 505 173

AlSb AlAs 500 169

InAs AlAs 440 259

InSb GaAs 505 220

The MBE-grown AISb and GaShkims are ofhigher quality than their InAs and InSb
counterpartsWhile the InSb shown here is grown at a higher temperatureviti@in thecommon
360-400°C range, it is more representative of the higleemperature growth that occurs when it

is grown as &onstituenbf the experimental ternary allays
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Figure 3.6: Full-widths at haHmaximaof ternary bufferdisted in Table 3.2 plottedwith respect

to botha.) composition andb.) growth temperature.

Theseresultsdo not appear to show strongtrend matchingrystalline quality (FWHM) with
composition growth temperatur@or choice of binary buffeihere is, however, a small reduction

in AlinSb FWHM content with increasing AISb alloy fraction. In addition, the InAsSb ternaries
grownon AlAs areof higher qualitythose grown on GaAsyith FWHMs averaging 24@&nd329
arcseclt should be noted, however, that the InNAsSb ternaries suffered from variation in quality in
general over the course of these experimemtd thathis is a relatively small sanhp set Still,

the consistency of quality across the range of ternary compositions hedlesspecially for the

use of GalnSb and AlInSb ternary layevdéh average FWHMs 0220 and 267 arcsec These
systems show no evidence of spinodal decompositiomglwooldown as theternary Tt

peaks remain singular with no emergent binary constifpegitsor off-composition satellites.

82



3.5.2 Defect analysis through reciprocal space mapping

The RSMs inFigure3.7 andFigure3.8 showGaAs, AlAs, and ternary alloygc¢t peaks
scannedrom a singleheterostructureThe dashed diagonal line in a.) is traced from the origin to
the asymmetric GaAs(¢T peak, demarcating the line of relaxation. The Galnfx peak

almost perfectly intersects this line, demonstrating the fully relaxed nature of the ternary layer.
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Figure3.7: a.)Reciprocal space map Gkus.dnse1Sbgrown on a GaAs homomorphic buffer/GaAs
Tt 1t pb.) and c.) show magnified maps of the Galn&x and GaAsc¢qt peaks, respectively.

The major (black) and minor (red) axes of the Galn@jx spot are marked in b.).
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Figure 3.8 shows the full RSMs of all six ternary/binary heterostructures. All dashed
diagonal lineof relaxationtrace from the origin tthe GaAs substrate ¢t peak. In the case of
AlAs pseudomorphic binary buffers there is a distisctaller AlAs ¢t peak whichs vertically
offset ( 0 direction) from the bulk substrate GaAxt peak. Th&d and0 coordinatesf
all dataareshifted so that the experimental Ga&g1 peak corresponds the reciprocal lattice
coordinates of theubiccrystal with a literture-value latticelyparametepf 5.65368A.
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Figure 3.8: Asymmetric reciprocal space maps of all six ternary/binary permutations a.)
GalnSb/GaAs, b.) AlinSb/GaAs, c.) InAsSb/GaAs, @3InSb/AlAs, e.) AlinSb/AlAs, and f.)

INAsSb/AlAs.
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Figure3.9 shows a magnified image of a heterostructure a featuring both Atxs and
GaAs cct (Figure3.8e). The scan areia U -spaces relatively smallaszinc blende GaAs and

AlAs have verysimilar lattice parameters
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Figure 3.9: Magnified reciprocal spacenap of AlinSBAIAs/GaAs 1t 1t g(Figure3.8e) showing

theAlAs ¢¢t and GaAs substratet peaks.
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RSM is used to assess the degree of staaid therefor¢herelaxation in these filmdhe
in-plane and oudbf-plane lattice parameters shouldrmarlyidenticalfor relaxed films and can
be assessed fonese cubidernares without knowing the bulk lattice constarst As shown in
Table 3.3, the lattice parameters and the correspondinglane strais are catalogued.The
stiffness matrixconstantsakenarefrom Vurgaftmaret al and are linearly interpolat€86). There
is a slight mismatch between ttidattice parameters of the zinc blende GaAs and AlAs crystals,
which are 5.65330 A and 5.661394V). Following the pseudomorphic growthafAlAs binary
on GaAs 1t 1t ponly thed coordinate should show disparity as the buffer will be strained in
plane to match theéparameter of the GaAs substrate. This is indeed the case as sHeigurin
3.9 where the) coordinates of the peaks are extremely cloBee AlAs ¢ct peaks exist at a
smaller, positivéd coordinate in reciprocalpace corresponding to their larger, realafyplane

lattice parameter.

Table 3.3: Reciprocal space magerived lattice parameters for ternary alloy samples grown on

both GaAs and AlAs binary buffer§he inplane strain i€alculatedrom these values

Experimental In-Plane Lattice Out-of-Plane In-Plane
Heterostructure | Paramete(A) |Lattice Parametgid)|  Strain
Gaus.dnse.1SHiGaAs 6.2967 6.3109 -1.1261E-03
Gau.dnss iSHAIAS 6.2916 6.3185 -2.129(E-03
Als1dn48sSHGaAs 6.2690 6.3022 -2.5984E-03
Al 49.8lns0.2SHAIAS 6.2728 6.3081 -2.7584E-03
INAS40.7Sks9 4GaAs 6.2690 6.3081 -2.976&-03
INAS39.0Sks1.0/AIAS 6.2753 6.3152 -3.034%&-03
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These RSM pealkoffer morein terms ofternary filmdefect analysi$ollowing the work

of Kaganer et al.which mathematically links the ratio of the FWHMs of the Gaussian RSM peaks

to the densities of pure edge and mixed dislocations in their cryglsThere is a minimum
ellipticity associated with the formation afmetamorphic interfaceomposecentirely of misfit
dislocations The deviation in experimental spot ellipticity from tmenimum ellipticity of the
idealized modeis an indicator of sample qualjtss it pertains to the increase in dislocatiath
screwlike characterThe Gaussiain-planewidth parameter

@
' Q

CA

h (3.4)

<

is determined by the FWHNhkenparallel to® for a 1t 11 tsymmetricRSM. Similarly, the

Gaussiarout-of-plane width parameter,

0 9 (35)
T

is determined by thEWHM taken parallel taP . The linear density of misfit dislocatiofsalong
the ternary/binary IHV interface and the metamorphic ternary thickr@gsoduce the parameter
" ‘Quhich correlates with the level of straWhen” Q p, asin these completely relaxed ternary

films, the theoretical shape of their RSdotsmay be accurately approximatesing this theory.

Thein-plane Burgers vectad is @ pGtypefor thesezinc blende systems. It equal todj V¢

(87). Theratio of theGaussian widtlparameters

—— h (3.6)
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is independent of thickness and misfit dislocation densityontrast to the parameters of the pure

misfit dislocation casahe Gaussiawidth parametergor an array ofnixed dislocations are:

0

®  L®
) & R (3.7)
U h LU( 'Q
and
) " 6 (’;) (I)
e 8 3.8
U h p ) TH ’Q ( )
The ratio ofthe Gaussian with parameters now becomes
- QL ’
i WP g (3.9)
h w W ng’

Thefirst termin the ratiocontaining the Burgers vectassequalto or greater thaanity in
all casesThis ausesthe ratiov JO j to alwaysbe equal to omgreater than the ideal
caseratiob  JU  .RSMsof the symmetric Tt T Tpeals for these ternary samples are
therefore takeno determinghe FWHMs of the their major and minor 2D cressctions.Their
ratio"Ow "0O0] "Ow 00, which is equal to jU f , iscompared to the theoretiddkal
ratio0 5 O y . The RSMsof six experimentaheterostructuresovering the permutations

of three ternary alloys and two binary buffaresubjected to this analysis
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Figure 3.10. Symmetric reciprocal space ngmpf all six ternary/binary permutations a.)
GalnSb/GaAs, b.) AlinSb/GaAs, c.) InAsSb/GaAs, d.) GalnSb/AlAs, e.) AliInSb/AlAs, and f.)
InNAsSb/AIAs. The major and minor axes of these ellipses are represented dnydteal lines,

respectively.

Crosssectiors of the major and minor axes of these heterostructures further illustrate the
ellipticity of theseRSM peaksThemethod of FWHM determination through 1D Gaussian fitting
is also showrn Figure3.11. The cross sections are centered at zero alomgréievantd -space

axes for easier comparison by eye.
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Figure3.11: Cross sections ahajor fed) and minor {eal) reciprocal space map spot axes. These
plots represent a.) GalnSh/GaAs, b.) AliInSb/GaAs, c.) InAsSb/GaAs, d.) GalnSb/AlAs, e.)
AllInSb/AlAs, and f.) InAsSb/AlAs.The fullwidths at hamaxima of these crossections are

used tocalculate the experimentall -width at halfmaximumratiosin Table3.4.
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Table 3.4 containsthe experimentabndtheoreticaFWHM ratios, which are equal to the
Gaussian width parameteatios, andthe percent deviatiof the experimentdrom the ideal is
calculatedWhile the percent deviation cannot be directly tiedspecificcrystal defect type such
as threading dislotians, stacking faultsyr decomposition, it istill a valuable process variable
in terms of sample growth condition refinement. For example, the AliInSb samples here are clearly
most in line with their theoretical ideatisfit dislocationvalue followed by GalnSb and then

InAsSSDb.

Table 3.4: Theoretical irplane/outof-plane Gaussiafrull-Width at HalfMaximum FEWHM)
ratios for the metamorphicaligrown ternary heterostructures in the ideal pure imesdge
dislocation scenario arttletabulation ofcorrespondingxperimental FWHM ratiosChe gercent

differencebetweerthe theoreticahndexperimental casas also calculated.

Experimental Theoretical Idea Experimental Percent

Heterostructure FWHM Ratio FWHM Ratio | Difference(%)
Gauz dnse.1Sh/GaAs 1.418 3.660 158.1
Gau1.dnsg 1Sb/AIAs 1.413 2.687 90.16
Als1.dn4s5Sb/GaAs 1.376 2.131 54.87
Al 49 dns0.2Sb/AIAS 1.374 2.517 83.19
INAss0.7Shse.dGaAs 1.314 4.255 223.8
INAs39.6Shs1.0AIAS 1.315 3.217 144.6
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3.5.3 Surface character of virtual substrates

Both RHEED and AFM provide data on the ultimate surface character ofténeagylll -
V alloys as they pertain to growth temperature, binary buffer selection, anddgREd
crystalline quality throughFWHM). RHEED is primarily analyzed for the surface reconstructions
of these ternary alloys for comparison with the literapatternsof their primary constituents.
Figure 3.12 shows three representative RHEED patterns derived from GalnSb, AlinSb, and

INAsSb which have jusirfished depositioand are still at the growth temperature

GalnSb
3X VvvVv vV XV vV VY

AllnSb
3Xx VvvVvvV 2X VvV VvV

InAsSb
3X VvvVvvVY

Figure 3.12 ab.) Ga.asdnosiSb, cd.) AlosdnoszSb, and d.) Ino3sAsoeSb surface
reconstructions. Ae 2x patterns are taken 80° rotations from thei3x counterpartsPrimary

(red), clear secondary (blue), and faint secondary (white) diffrastieaks are marked.
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These surface reconstructions are doubly useful in thatabséncerovides evidence of
poor growth conditionsand that their nature is a consideration for the epitaxial growth of an
overlayerAll threeternaryalloys exhibit §2x3) surface reconstructiaso long as neithespinodal
nor thermal decomposition occudowever, he binary constituents$saSb andAISb are reported
to exhibit (1x3) reconstructions over similar temperatared pressureanges as the ternagjloy
growths (88,89) InAs deviates even more from its ternary alloy, as it is nominal{x&)
reconstructior(89). These ternary surface reconstructiomsy be altered by their common InSb
constituent, whichexhibits a pseud@lx3) reconstruction generated by tlseperstructure
combination ofts (2x4) phase$90,91) However, the ternary reconstructideatured hereo not
show the same pseughatternbehavioras InSbwhere the streaks are not equally spatrestead,
the 3 streaks are clear and equidistant in all cases. ¥s&@aks are a bit more diverse, as GalnSb
an AlinSb do not show the same intensgityheir minor streals as with InAsSb. Still, the full (23)
pattern is visible in all three casddo discernmenin surface reconstructionould be made
between layeref the same ternary systegrown on either homomorphic GaAs or pseudomorphic

AlAs buffers.

93



Figure3.13 shows three representative AFM imagéthe GalnSb, AlinSh, and InAsSb

ternary alloy systems.

-10 nm

Figure 3.13. 10x10 pm atomic force microscopyimages ofthe ternary IIFV alloys a)
Gan.4dnos7Sb, h) Alo.adnoszSb, and 9 INAso.3eShy.ea Root mean square roughness valus)(

for each sample are listed in their respective figures.

In all casesmounded 3D growth iapparent and there are no visible islands or step edges even
over smaller scan areddie rootmeansquare roughness’Y in Table3.5 vary quite significantly

even across samples in the same ternary sy#teappears as though growth conditions have a
strongeffect on the final roughessandthatthe current recipes are not fully optimizd&the most

variation exists across the sangaéthe InAsSb systenThegrowthtemperatures for thisystem

are the lowest amongtte three, which necessarily lowers the diffusion rate of atoms across the
samplesurface during growth. It would be prudent to grow a selection of INAsSb alloys at higher
temperatures to see if the surface roughnesses produced there are on the order of those found in

theGalnSb and AlInSb samples.
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Table3.5: Atomic force microscopgerivedRootMean Square (RMSY valuesof ternary alloys

in comparison t@omposition, binary buffer system, and growth temperature.

Experimental Buffer Alloy Growth RMS Roughness
Alloy (2 pm) (300 nm) Temperaturg®°C) | (10x10 unt, Y, M)
Gass.dNna3.4Sb GaAs 473 1.85
Gas.dn74.55b GaAs 473 3.47
Gas1.dn4s.4Sb GaAs 473 1.32
Gaus.dns4.9Sb GaAs 473 1.54
Gau1.dnsg.1Sb AlAs 460 5.07
Gauz.dnse.1Sb GaAs 460 1.55
Ale0.2Nn39.6Sb AlAs 460 3.26
Als6.dns3.2Sh AlAs 460 6.89
Al 49.dns0.2Sb AlAs 500 2.67
Als1.9n48.55b GaAs 500 3.33
INAS26.5Skr3.7 AlAs 460 6.40
INAS44.55k65.5 AlAs 460 5.62
INAS38.3Shs1.7 AlAs 460 2.12
INAS40.1Shs9.9 AlAs 440 3.89
INAS39.0Sks1.0 AlAs 440 5.50
INAs38.55k61.5 GaAs 440 6.27
INAS40.7Shs9.3 GaAs 440 11.6
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3.5.4 Analysis of electron micrographs

TEM was conducted on three representative ternary alloy samples: GalnSb, AlinSb, and
InNAsSb on homomorphic GaAs buffers. Thesierographs andhe calculations oftheir defect
densities were produced by Edwin Supaiel Brian P. Gormaat Colorado School of Mines.
Samplesunderwenfocused ion beam millinfpllowed by lift-outto produce TEMworthy lamella
with thicknesses of 251 nm (@alnse.1Sb), 1681m (Als1.9n4s.sSb), and 207 nm (InAs7Skso.3).

Gas injection was used to coat the lamella in conducting Pt to prevent charging during imaging.
The Pt appears dark in contr&sthe heterostructure layers in the TEM micrografhsations in

the lamella are parallel to the planermal, and are mechanically derived from the sample
preparation proces$hethicknesgange allows fof DD counting through the entire ternary layer

as the electron beam is capable of passing through the sample while enough thickness is left to
give consistent and reasonable densikes images per sample produdddD counts athelayer
midpoint (50% termry thickness) and near the heterostructuméace (95% ternary thickness)

for a total of thirty total density counts. The averages of eachkirfiage set are divided by the

respectivecrosssectionalin-plane)area to give an estimate of TDBs show in Table3.6.

Table 3.6: Threading dislocation densities and their standard deviatiphsddrived from
transmission electron microscopf/GalnSh. AlinSb,and InAsSb films approximating 25 um

in thickness

Experimenta) TDD at 50% » at 50% TDD at 95% ,» at95%
Alloy thickness (cd) | thickness (cd) | thickness (crd) | thickness (crd)
Gasz.dnse.1Sh 4.27 x 16 8.58 x 18 3.26 x 16 6.98 x 18
Als1.dnagsSh 7.16 x 16 1.92 x 10 2.20 x 16 8.04 x 16
INAS40.7Shs9.3 3.57 x 16 1.06 x 18 2.97 x 16 1.28 x 18
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This crosssectional area is the image width multiplied by a depth determined geometrically from
the film thickness and the angle of the sample with respect to the imaging Thenstandard
deviations made available through the use of muliipéges are also included, and are significant
with respect to their TDD#\ greater number afnages would produce a more refined rewitih
smaller deviationsbut the generalonclusion would remain the same: that these measured TDDs
are much larger timtypical TDDs in therange ofL0°-10" cm? (78,92)

The crystalline mistilts with respect to the substrate normal afng gowards 1T p
were alsaleterminedThey are 10°, 4°, and 0° towardsp for Gasz.dnse.1Sb, Ak1.dn4ssSb, and
InAs40.7Shse.3 The TEM images do not show evidence of phase separation indnesgessven
though they are below thetheoreticalspinodal decomposition temperatures. Regions with
significant atomic (Z) contrast in the images would suggesptiage separation hascured but
the lamellaare homogenous. There are regions wilaippear brighter than the matrix along the
surface normaltt 1t pbut this effect is due to the milling process and is known as curtaining.
Contrast distortion near clusters dislocations is visible particularly in theAls1.dn4ssSh
micrograph.Two consistent dislocation directionalities are identifiadthese imagesThose
parallel to the surface normal are necessdplytGtype. Threading dislocations run along the
p p prlanes of the zinc blende ternary alloys, so they appear at a 45° angle from the surface

normal.

97



Gaysglnse 1 Sb

Figure 3.14: High-magnificationtransmission electron micrographGauss.dinss.1Sb deposited on

GaAs/GaAs 1t 1t pThreading dislocations appear as thin, dark lines in the ternary layer.
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Figure3.15: High-magnificationtransmission electron micrograph Als1.dn4s.sSh deposited on

GaAs/GaAs 1t 1t pThreading dislocations appear as dark grooves in the ternary layer.
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INAS4075b5g 3

Figure3.16: High-magnificationtransmission electron micrograph InAsso.7Shse.3 deposited on
GaAs/GaAs 1t T pThreading dislocations ppar as darknes which are somewhat occludeyl

contrast in theéernary layer.
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Chapter 4: Growth of Topological Semimetal Cadmium Arsenide

4.1 Gibbs free energy considerations

The potential interaction between as8¢b layerits ternary 11}V buffer, as well aR\s2
and Sh overpressui® werecalculated via Gibbs free energguationdollowing the DLP model
overa rangel00-600°C. The motivation for these calculations is the avoidance of intermixing at
the interface which may lead to the formation of threading dislocations. Ternary alloy atoms which
substitute into the GéAs: overlayer may also quench its topological charalsyemodifying its
crystal structurgparticularly through the breaking of rotational symmetitye thermodynamic
data forthe consideredeactions ar¢éaken from literature sources on the enthalpies and entropies
of arsenides and antimonidég9,80) The arsenide data is temperatinelependentbut the
antimonide data is given in 100 °C incrensalbng with points at relevant phase changéese
calculations are conducted for the lattroatched ternary compositions oAHno.ssSb,
Ga.44no.:Sbh, and hAs.:Shy.e1. Variance in thespecific compositiosiof these ternariewvill have
an effect on the final Gibbs free energies tbéir proposed reactionsTherefore,the full
composition window areconsidered for reactions which have exothermic energi@sdingthe
lattice match& compositions.

Chemical interactions at the €2-AlinSb interface are considered firgiere, the low
temperatureinteraction between anfs: overpressure and the ternary AlInSb alloy must be

considered as in

O 60¢ YO pjcdi OO0t 01 pjcYeB 4.1)
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This reaction iselevant as addition&sz overpressure is applied during one of theA3agrowth
series.The danger ishe formationof AlinAs at the interfacevhich would no longer be lattice

matched with the intended &Xk. overlayer.The reactions:

O 00¢ YO 6 DI pjediOdd0E 61 6 Wig Y (4.2

and

O 60 YO 6 MO dd0E 0i 6'QOi YD X, (4.3)

considerdiffusion between the GAsz and AlinSb layerdoth with and without the presence of
latent A overpressureThesereactionsare highly unfavorablever the considered temperature
range,boding well for the use AlInSb as a stable buffer for @&ls; overlayer growthDiscrete
jumps in the curves appear most noticeabRligure4.1a. These are due to changes in the enthalpy

of compound formation when one of its constituents under@gpésise change.
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30 Al Iny_,Sb+ %Asz — Al Ini_,.As + %Sbg

a.) r =047

25

20 1 1 1
— AIH-IT?.L...J-SEJ + Cd;;ASQ + %}ASQ - AIJ-I?‘?,I.....,-AS + CdgASll;;:;Sb
(_j 300 ..................... . — S i - Bt

b.) z = 0.47
=
—
=
'
Y
<1 100 | '
AJ_,- I?Il_.;-s{) + Cd;gASg - AE_,-Iﬂl—.;-AS + Cdz;ASSb + Cd(}‘.;

c.) T =047

100 = ! ! -
100 200 300 400 500 600

T (°C)

Figure 4.1: The Gibbs free energyf formation Y'O for Reactions4.1-4.3 considering a.)

Alo.47dnos3sSbunder Ag overpressuras well aghe interaction between a €2 overlayer and a
latticematched Ad.aAnossSb buffer bothb.) in the presence of latent Asverpressurandc.) in

vacuum
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GalnShis similarly considered foits reaction with both the Gés: layer and any latent

Asz overpressureRegarding thé\s: overpressure

"O0E "Y& pjgdi O "OG0E 61 pj¢ YD (4.4)

is actually exothermic over a sma#mperaturevindow, but well into the range of thermal
decomposition for the alloy which begins at the InSb melting point of 52TH€likelihood &

GroupV exchange with and without As are considered through:
"OW0E YO 6'Di piediO OG0t d6i 6 Wig YR (4.5)

and

"OG0E Yoo 6D i 0 OOt 61 6 QYOI YD Q. (4.6)

Since CdAs:2 growth is conducted over temperatures frorrl88 °C, it follows that none of

these reactions are prohibitive for the use of GalnSb as a-atéttdred buffer for the overlayer.
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Ga,Iny_,.Sb+ %As;g — GayIng_,As + %Sbg

8
a.) z =0.42
4 [ —
0 _______________________________
4
250 GayIng_.Sb+ CdyAsy + %A&ig — GazIng_.As + CdsAsy 335D

Ga,Iny_.Sb+ CdyAss — GazIny_,As + Cds 5 AsSb+ Cdy 5

50 - - | - |
10 200 300 400 500 600

T (°C)

Figure 4.2: The Gibbs freeenergy of formationY'O for Reactions4.4-4.6 considering a.)
Gav.4dnossSbunder Ag overpressuras well aghe interaction between a €2 overlayer and a
lattice-matched Gasdno.ssSb buffer bothb.) in the presence of latent Asverpressurand c.) in
vacuum The reddashedine in a.) demarcates the transition betwerreadothermic andn

exothermic (spontaneous) reaction betweesu@® ssSb and Asat a temperature of 560 °C.
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A contour plot ofthe Gibbs free eneygof formation forreaction4.4 shows that it will

occur spontaneously within a certain temperature window at the lattadehed ternary

conditions.
- GaxInI_Sb - %As GazIny_,As + %sz 6
4
500
2
400 g
& 02
- o_
300 <
1-2
200 4
100 -6

0.01 0.2 0.4 0.6 0.8 0.99
Composition (x)

Figure4.3: The Gibbs free energy of formatidfiO for Reactiord.4 between GdnixSb and As

overpressure as a function of both temperature and ternary alloy composition.

These energy calculatiorsse explored across a larger ternary composition range® @O 00 . 9 9

to determine if offstoichiometry layers are in danger of allowiRgaction 4 to occur over the
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experimental CeAs: growth temperature3.he spontaneity of the reaction is far more dependent
on temperature than composition and thusly may be avoided through the same controls devised for
the latticematched ternary alloys. There algarp changes in Gibbs free energy at temperatures
of 157 °C and 527 °C which correspond to phase changes in the common InSb constituent.
Reactiond.4between Gdni1-xSb and Asis not expected to occur so long as compositions are kept
away from Garich conditions likew> 0.8

InNAsSb has the greatest number of potential reactsng contains both arsenic and
antimony Thereforejt must be also be considered for reactithat produce pure InSthrough
GroupV exchangeThis includes the reaction with latent®werpressure both with and without
the presence of GAsz. A reaction were the CgAsz layer decomposes into CdAsSb and Cd is

notconsideredThe results of this analysshowthat

"'0¢ Y

pc o1i©° Osonpc YGh (4.7)

and

08 YD  -"YQO 0% Y& ih (4.8)

possess avindow of spontaneous reactiofror Reaction4.7 it becomes clear that any As
overpressuravailableduring CasAsz growth at low temperaturewill interact with thelInAsSb
layer, redutg overlayer quality and potentially preventing epitakg.achieve quality growth of
CdAs2/InAsSb the wait period between InNAsSb andAxd growth steps must be extended to
allow for sufficient ventingof any latent As: overpressurdrom the ternary layer deposition
Likewise, in Reactiod.8a pure Sboverpressure willirive the ternary InAsSbowardsits binary

constituent InSpwhich is not latticematched with a C#\sz overlayer Even if the surface is not
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fully converted, the localized reactigoresentsthe danger of producing additianthreading
dislocations during G#s2 growth. This reaction is already avoided simply by removing the As
and Sh overpressures used for growth at the same ditttee transitiontemperatur@and growing
CdsAsz with stoichiometric fluxes The full composition contour plot is produced for both

reactions.

I’n,Asbel_;,; =} I_TxASQ — InAs + 1_—$Sb2
600 30
2
500 2
10
400 A
& 0 =2
— O
300 <
1-10
200 20
() Mee— \\\\\ -30
0.01 0.2 0.4 0.6 0.8 0.99

Composition (x)

Figure4.4: The Gibbs free energy of formatidfO for Reactiond.7 between InAsShix and As

overpressure as a function of both temperature and ternary alloy composition.
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Figure4.5: The Gibbs free energy of formatidfiO for Reactiord.8 between InAsShi.x and Sh

overpressure as a function of both temperature and ternary alloy composition.

The occurrence dReactiord.7 between InAsShix and pure Asoverpressure is not a danger so
long as the InAs component is kept small.s&en inFigure4.4, the Gibbs free enerdyecomes
more exothermicfor all temperaturesbove 157 °Casthe InAs component becomes greater,
changing substantially starting at compositions like0.6. Likewise,in Figure4.5 Reaction 4.8

between InAsShix and pure Shoverpressuréecomes more exothermas the InAs component
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