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Topological materials are a recently discovered electronic class which exhibits electronic band 

structures that deviate from the behavior of conventional electronic materials. These topological 

materials exhibit conical bands and host unique band elements such as Dirac and Weyl nodes 

through which phenomena such as the quantum Hall effect, quantum anomalous Hall effect, and 

the quantum spin Hall effect may be realized. These effects are protected against the destabilizing 

effects of thermal fluctuations through crystal symmetry-derived protection. The topological 



  

semimetal Cd3As2 is an excellent candidate for the realization of novel devices through magnetic 

alloying because of its demonstrated high electron mobility (>10,000 cm2/V•s). This dissertation 

details the molecular beam epitaxy growth and characterization of topological semimetal Cd3As2 

thin films that are lattice-matched to ternary III-V alloy virtual substrates and optimized for high 

crystalline quality. 

This dissertation will first review the deposition of Cd3As2 and the relevant calculations 

made to determine the suitability of virtual substrates for its lattice matched-growth. Therefore, 

the stability of ternary III-V alloy buffers and their interfaces with Cd3As2 are discussed. Thermal 

and spinodal decomposition ranges for the ternary III-V alloys are also determined to fully 

understand them as virtual substrates for Cd3As2. Cd3As2 thin films are grown with thicknesses 

targeting 30-100 nm. Three ternary III-V alloy systems GaInSb, AlInSb, and InAsSb are grown 

on both GaAs and AlAs buffers, using GaAs (001) as a substrate. The structural properties of 

these high-quality, epitaxially grown single crystals are characterized using in situ pyrometry, 

reflection high-energy electron diffraction, high-resolution X-ray diffraction, X-ray reflectivity, 

atomic force microscopy, cross-sectional scanning electron microscopy, and tunneling electron 

microscopy. The optimal processing parameters for producing these Cd3As2 thin films and their 

virtual substrates are described in detail for easy application in future molecular beam epitaxy. 

Assessment of the electronic properties of Cd3As2 are conducted using Van der Pauw 

geometry Hall measurements at 2K with external magnetic fields ranging up to 14 T. The 

electronic attributes of resistivity, carrier density and mobility, and the presence of the quantum 

Hall effect are probed and reported. The potential epitaxy of different magnetic Cd3As2 alloys and 

proximal magnetic films are explored through calculations of Gibbs free energy. Sm is chosen as 

the candidate for future work seeking the quantum anomalous Hall effect in magnetic Cd3As2. 
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Chapter 1: Topological Materials and the Role of Magnetism 

 

1.1 Description of topological band structure 

Unique physical phenomena such as quantized electronic behavior and non-trivial 

magnetoelectric responses have become a major focus of electronic materials research in the past 

few decades. Within the scope of this effort lies the discovery and subsequent investigation of a 

new set of electronic classes belonging to what are now recognized as topological materials (1). 

Topology generally refers to the study of properties which remain constant during the smooth, 

continuous deformation of shapes, such as electronic bands. 

The designation of non-trivial is shorthand for an electronic phase which does not belong 

to the same electronic structure as the trivial (normal) insulating phase of materials, which includes 

semiconductors. In other words, the electronic bands of these topological materials cannot be 

smoothly deformed to produce a trivial insulating phase, and vice-versa. These topological classes 

of electronic band structures are defined by mathematical quantities known as topological 

invariants. These values remain invariant in describing a band structure so long as only smooth, 

continuous transformations are applied to it. As such, if any topological invariant is nonzero then 

the material is considered topologically non-trivial. Topological invariants are descriptors of 

specific behavior, so there are separate invariants for different phenomena. 

Because trivial and non-trivial topological phases have at least one dissimilar topological 

invariant, a discontinuous band structure operation is required to move between them. For 

example, a topological insulator in an insulating atmosphere must necessarily have conducting 

surfaces/edges to account for the electronic phase transition. 
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The source of topologically non-trivial electronic behavior is the inversion of the 

conduction and valence bands in k-space owing to the effect of high Spin-Orbit Coupling (SOC) 

(2). These inversions produce a near-linear band dispersion in close proximity to the crossing 

where infinite curvature demands a massless electronic state. This intersection, the Dirac node, has 

an associated set of Dirac cones which emanate from the crossing. The Dirac node/cones are the 

overlap of two spin-momentum locked Weyl nodes/cones with opposing chirality. Spin-

momentum locking derived from SOC requires that the electron spin and momentum vectors 

remain perpendicular. Each Weyl node is at the center of helical conic trajectories supporting the 

movement of a single electron spin at the same energies as the corresponding Dirac cone. 

 

Figure 1.1: Band structures of common electronic phases. a.) represents the trivial insulator phase 

and b.) represents the topological insulator phase. c.) and d.) represent the bulk bands of Type I 

and II topological semimetals. 
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The diagram in Figure 1.1 illustrates the distinction between trivial insulators, Three-

Dimensional (3D) Topological Insulators (TIs), and 3D Topological Semimetals (TSs). Energy is 

shown with respect to an arbitrary k-space axis ki, which is usually along a high symmetry axis in 

the Brillouin zone. Bulk material bands for a.) trivial and b.) topological insulators are represented 

by shaded regions. The surface bands for a.) and b.) appear as lines in this E-ki planar perspective. 

TIs are fully gapped in their bulk band structure and exhibit band inversion so that their surface 

bands host Dirac cones. The Fermi energy level lies within the bulk band gap, hence the use of the 

insulator terminology despite the presence of conducting surface states. The surface bands in b.) 

correspond to the Dirac cone(s) in the TI that allow for surface conduction in what is otherwise a 

bulk insulator. In a magnetic field, the TI surface Density of States (DOS) is composed of 𝑁 

discretized distributions known as Landau levels. The quantized Hall conductance in TIs, 𝜈𝑒2 ℎ⁄ , 

is a function of both the Thouless-Kohmoto-Nightingale-den Nijs (TKNN) invariant 𝑁 and the 

Diophantine equation solution 𝑡𝑟 outlined in the originating work (3). A nonzero 𝑁 for the surface 

states of these TIs is a result of them being topologically distinct from a trivial insulator. 

In contrast to a TI, a 3D TS such as Cd3As2 exhibits Dirac/Weyl nodes in its bulk band 

structure with the Fermi energy level crossing at least one of the intersections (2,4). This produces 

both conductive surface and bulk bands which may transport free carriers with no energy gap. c.) 

and d.) contrast two similar topological structures known as Type I and Type II Weyl TSs (2,5). 

Their distinction lies in the behavior of their surface bands with respect to the Fermi energy level. 

In the less common Type I Weyl TS (e.g. Cd3As2) the Fermi level crosses between the conduction 

and valence bands as it intersects the Weyl nodes. In the more common Type II Weyl TS (e.g. 

WTe2) the Fermi level crosses from the area within one band to the other. This classification is 

important because it gives insight into the minimum required number of Weyl nodes for the 
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topological phase to exist, as well as the energy and k-space movements necessary for carrier 

movement. 

Surface transport between Weyl nodes is done through topologically protected spin-

polarized channels known as Fermi arcs. They connect the circular Weyl cone projections on the 

Weyl TS surface (6). Dirac TSs may also exhibit Fermi arcs that connect two Dirac nodes. They 

are mirrored because as one connects the positive chirality Weyl cone of the first Dirac cone to the 

negative chirality Weyl cone of the second Dirac cone, and vice-versa. Fermi arcs in Dirac TSs 

are not topologically protected and may be closed off into Fermi contours which do not connect 

separate Dirac nodes (7). 

 

Figure 1.2: a.) Illustration of spin-locked transport in a Weyl Topological Semimetal (TS) (6). 

Carriers move across the TS surface through Fermi arc channels. Fermi arcs in a Dirac topological 

semimetal where b.) they provide a path between two separate Dirac nodes and c.) where they 

form a Fermi contour and do not provide a path (7). The connected Dirac nodes exist at the same 

energy in the ky-kz plane. 
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Regarding the experimental system, two topologically-protected Dirac nodes appear with 

the inversion of the 5s and 4p bands along the 𝑐-axis of the Cd3As2 unit cell (8). This is the Z-Γ-Z 

axis in the Brillouin zone, and the Dirac nodes are symmetric around Γ. The nominally degenerate 

Weyl cones composing the Dirac nodes are separated in k-space when certain crystal symmetries, 

such as Inversion (P) and Time-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 support quantized versions of the Hall 

effect. 

In the absence of a magnetic field, the surface states of TIs and TSs are protected against 

gapping by T-symmetry within the system, and therefore remain conducting (1). When T-

symmetry is broken either through either an external magnetic field or an internal magnetic 

moment the surface conduction is still maintained through the emergence of Fermi arcs which 

demand spin-dependent carrier transfer. These edge channels also host unique effects like spin-

momentum locking which may be useful in future spintronic devices (9). The wide versatility of 

these topological classes through the use of P and T-breaking operations leads to the desire for 

material systems with the prerequisite electronic properties for realized, practical topological 

electronics. 

Topological electronic phases are capable of hosting the Quantum Hall Effect (QHE) and 

the Quantum Anomalous Hall Effect (QAHE). Both of these phenomena are variations of the 

classic Hall effect, wherein a longitudinal current along the x-axis is subjected to an orthogonal, 

external magnetic field 𝐵𝑍
⃗⃗⃗⃗  along the y-axis. A Lorentz force acts on a charge carrier in the direction 

of the mutually-orthogonal z-axis causing an accumulation of charge that produces a transverse, 

z-axis electric field. The quantum nature of this effect appears when the energies of the carriers 
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become quantized in groups due to a functionally discrete DOS. The DOS of a topological phase 

produces a series of equally spaced and shaped single-peak Landau distributions. As these Landau 

levels are completely filled or emptied with the Fermi energy level lying between them, the Hall 

conductivity is necessarily quantized in proportion to e2/h. The number of filled Landau levels is 

defined as the filling factor 𝜐. The filling factor is the scalar coefficient multiplied by e2/h to 

represent the total Landau level contribution to the Hall effect, in accordance with the quantized 

number of carriers filling a certain number of nearly-discrete levels. The QHE relies on the filling 

of electronic states following cyclotron orbits with variable, discretized energies. In the presence 

of an internal magnetic field (that is, through some magnetization 𝑀⃗⃗ ), this 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 that may host unique states such as massless Dirac electrons, magnetic skyrmions, and 

potentially, the elusive Majorana fermion (10–12). The selection of potential topological materials 

is surprisingly large and the acquisition of topological band structures is further eased by alloying 

compounds for more desirable behavior. Well-documented 3D stoichiometric topological 

compounds include binary tetradymites (Bi2Se3, Bi2Te3, Sb2Te3), ternary tetradymites (Bi2Te2S, 

Bi2Te2Se, Bi2Se2Te), and the focus of this dissertation: the Dirac TS Cd3As2 (13–15). 3D 

topological alloys such as Bi1-xSbx and Bi2TexSe3-x, and even some pure materials like strained α-

Sn can also be tuned to exhibit desirable topological behavior (16–18). Two-Dimensional (2D) 

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

interest due to the appearance of the Quantum Spin Hall Effect (QSHE) within them (10,19,20). 
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The appearance of these new materials leads 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 through their unique electronic behavior. The 

realization of these potential devices, however, 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 effects which are so desired. The breaking of innate crystal symmetries 

such as mirror symmetry (2D systems) and rotational symmetries (3D systems) will eliminate the 

topological protection of otherwise unstable effects such as the QHE and QAHE. Therefore, even 

the minor presence of defects and impurities within a host crystal has a severe diminishing or 

quenching effect on what would otherwise be device-worthy material. As such, this dissertation’s 

primary focus is on the growth of the topological semimetal Cd3As2 using the Ultra-High Vacuum 

(UHV) process of Molecular Beam Epitaxy (MBE) to achieve the highest possible quality material 

for future device incorporation. 
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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 Thouless defining topological long-range order and Thouless et al. describing the 

QHE in terms of the system’s TKNN invariant (3,21). For each individual electron band below the 

Fermi level the Berry curvature may be integrated over the entirety of the Brillouin zone, and the 

solutions are invariant Chern numbers. The TKNN invariant is the summation of all Chern 

numbers, which are equal to either zero or one in the case of either totally filled or unfilled Landau 

levels (22). The TKNN invariant is important in defining these topological materials because it 

describes the integer multiplicity of the Hall conductivity in the QHE. In other words, the TKNN 

invariant is equal to the filling factor 𝜐 for materials exhibiting the integer-QHE. The invariance 

of the TKNN value is innately linked to the structural symmetries and electronic properties of the 

solid-state systems that host the effect. Expanding on this phenomenon, the QAHE was first 

demonstrated in the topological system of Cr-doped (Bi,Sb)2Te3 by Chang et al. in 2013, and is of 

particular interest for practical devices based on the QAHE which may function without the need 

for an external magnetic field (23). More recently, another topological invariant “Z2” was created 

to describe QSHE in 2D topological systems 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 architectures. The use of the Z2 invariant is analogous 

to the TKNN in that a nonzero value separates a topological material from the trivial 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 sub-field has progressed, the potential for its applicability has become significantly 

wider. These quantum effects are the basis for many exciting proposed device architectures, such 



  

9 
 

as qubits with topological protection, topological memory, topological transistors, and more (26–

28). Before these devices may be realized, material of sufficient quality and stability must first be 

produced consistently and cost-effectively. Their production therefore begins with the 

development of their functional topological materials. Many 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 Density-Functional Theory (DFT) have further 

expanded the selection of potential topological device materials to give much-needed direction 

regarding further synthesis efforts (30).  
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1.3 Cadmium arsenide and its suitability as a topological semimetal 

Cd3As2 hosts Dirac nodes at the Fermi level in its bulk electronic band structure, and is 

therefore a Dirac TS. This distinction is important as a Dirac TS must have T-symmetry. The 

presence of these Dirac nodes in the bulk bands requires that the crystal adheres to the tetragonal 

space group I41/acd (#142) and that it exceeds a thickness of 60-70 nm (31). This topological phase 

features two Dirac nodes mirrored around the Γ point on the Z-Γ-Z axis in the Brillouin zone. 

 

Figure 1.3: a) Theoretical band structure of the centrosymmetric I41/acd Cd3As2 unit cell calculated 

via density functional theory with the inclusion of spin-orbit coupling (15). The Dirac node at the 

band inversion crossing along the Z-Γ axis is circled. b) The physical I41/acd Cd3As2 unit cell axes 

corresponding to the labeled Brillouin zone axes in reciprocal space. 
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Below the thickness limit the bulk bands lose their characteristic Dirac nodes and the conduction 

and valence bands become gapped. This has the effect of changing Cd3As2 from a TS with mixed 

2D and 3D carrier transport into a TI with 2D-dominated transport through the material surface. 

The I41/acd space group provides both P-symmetry and fourfold rotational symmetry along the 𝑐-

axis, which is the Z-Γ-Z axis is reciprocal space. In this phase it is composed of 16 sub-cells which 

follow ordering like that of an antifluorite unit cell with As on the Face-Centered Cubic (FCC) 

lattice and Cd in the tetrahedral interstices. However, the compound must allow two Cd vacancies 

per antifluorite-like sub-cell in order to maintain charge neutrality according to its stoichiometry. 

These Cd vacancies are ordered following a 41 screw axis along the unit cell 𝑐-axis, pulling the 

existing atoms off of their cubic-like site coordinates and producing a tetragonal 160-atom unit 

cell. The resultant unit cell’s 𝑎 lattice parameter is 12.633 Å and its 𝑐 lattice parameter is 25.428 

Å (15). Cd3As2 is a Dirac TS because it has a centrosymmetric unit cell, although its growth 

parameters may easily be tuned to produce slightly non-centrosymmetric atomic positions as in 

Figure 1.4. This breaks P-symmetry and causes the lifting of its Weyl node degeneracy (15,32). 

 

Figure 1.4: Centrosymmetric I41/acd unit cell for the Dirac topological semimetal Cd3As2. It is 

composed of sixteen antifluorite-like sub-cells with two ordered Cd vacancies each (33). 
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The electronic properties of Cd3As2 are well-suited for conventional device purposes. For 

example, bulk Cd3As2 crystals are reported to have an electron mobility exceeding 4×104 cm2/V•s 

at 130 K with the potential to achieve 105 cm2/V•s at 4.2 K (34,35). This is large compared to 

traditional single-crystal semiconductors such as Si (~1,400 cm2/V•s) and III-Vs such as GaAs 

(~8,500 cm2/V•s) at room temperature, although it does not approach the highest values in the tens 

of millions belonging to 2D electron gases like those hosted within GaAs/AlGaAs heterostructures 

(4.7×107 cm2/V•s) (36,37). It has a high carrier density relative to traditional semiconductors, with 

literature values in the 1016-1019 cm-3 range (33,35,38,39). 

MBE of Cd3As2 thus far has targeted its epitaxial growth on both {001} and {111}-type 

cubic substrates, with crystals being lattice-mismatched with their substrates (40,41). This 

produces thin Cd3As2 films with basal-plane (001) and pseudohexagonal {112} orientations with 

respect to the substrate normal. Interfacial strain due to lattice mismatch between a topological 

material and its substrate will lead to different band behavior as opposed to the bulk topological 

material case. DFT of basal-plane Cd3As2 suggests that even a small increase in the in-plane 𝑎 

lattice parameter, such as through biaxial stress due to interfacial mismatch, will cause a crystalline 

phase change which removes P symmetry from the unit cell (32). The topological phase-change 

effect of strain is well illustrated in the case of α-Sn “stanine” where interfacial strain is 

purposefully applied to engineer topological behavior in what is otherwise a trivial material (18). 

The choice of thin film orientation has implications beyond lattice matching as well. For example, 

the pseudohexagonal {112} orientation of Cd3As2 allows for the separate measurement of either 

of the two 𝑐-axis Dirac nodes, such as through the technique of angle-resolved photo-electron 

spectroscopy (33). The (001) orientation is the focus of this dissertation, as it may be lattice-

matched in plane with a (001)-oriented cubic substrate to avoid strain-induced surface band 
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structure modification. In contrast, the {112}/{111} epitaxial heterostructure scheme cannot be 

lattice matched at the interface because the 𝑐/𝑎 ratio of the tetragonal Cd3As2 cell is not exactly 

equal to two and therefore the atomic positions do not exactly follow hexagonal symmetry. In 

addition, the Cd atoms are pulled off what would be low-fraction coordinates due to the presence 

of the ordered Cd vacancies, which further increases the shape mismatch with the perfect {111} 

hexagonal arrangement. As such, the basal-plane growth of pure Cd3As2 is the key to the 

characterization of its inherent topological properties in the absence of interface-derived strain. 

 

Figure 1.5: Cd atoms (blue) and As atoms (silver) within the a.) basal-plane (001)-type and b.) 

pseudohexagonal {112}-type orientations of the Dirac topological semimetal Cd3As2. The labeled 

axes correspond to those of the cubic substrate. 
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1.4 Motivation for topological materials 

The ultimate purpose of the research presented in this dissertation is to produce device-

worthy Cd3As2 thin films, both in their pure states and with a magnetic component derived either 

from magnetic alloying or through the magnetic proximity effect. Applicable devices include but 

are not limited to Magnetic Topological Memory (MTM), Topological Magnetoelectric 

Transistors (TMETs), and topological qubits (42–45). 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. Specifically, these proposals rely on the use of magnetically-affected TIs and/or TSs 

which exhibit the QAHE as a result of broken T symmetry. 

For example, the proposed MTM architecture in Figure 1.6 uses a change in the permanent 

magnetization vector of the magnetic topological layer or magnetic proximal layer in its 

heterostructure to augment its quantized Hall measurement, and therefore the memory state 

readout (42). High SOC in TIs promotes large coupling between the magnetization and surface 

states of the topological material. This scheme also requires good control of the Fermi level within 

the Dirac node range so that the conductivity readings remain quantized with electronic conduction 

being dominated by TI/TS surface states. 
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Figure 1.6: Proposed architecture for magnetic topological memory. A magnetically alloyed 

topological layer or ferromagnetic layer in close proximity is re-magnetized to modify the 

interaction with the topological semimetal surface states. This allows for the transition between 

low and high Hall conductivity states which may be read as binary memory states (42). 

 

Simulated TMET architectures also rely on the QAHE, but more generally as the transition 

between a constant (quantized) low conductivity state and a much greater variable high 

conductivity state (28,43). This is achieved once again through the manipulation of the Fermi 

energy level via an applied gate voltage. 

 

Figure 1.7: 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 states (43). 
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When the Fermi energy lies within the Dirac cone and between the bulk bands, conduction will 

necessarily be both low due to the conduction mechanics of the surface band structure and constant 

due to the QAHE so long as the internal magnetization is not changed. The high conductivity state 

is achieved when the Fermi energy crosses into the valence/conduction band. The use of TSs over 

TIs here is an important distinction, as the choice dictates the electronic response of the low 

conductivity TMET state. 

High-quality topological materials are particularly desirable for the application of 

topological protection to qubit-specific criteria like longer coherence times, higher fault tolerance, 

and the minimization of leakage (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 Cd3As2 worthy of incorporation into these proposed devices, the research 

in this dissertation follows a series of steps to build a heterostructure that hosts the desired material 

as a thin film. The research goals therefore follow this heterostructure layer by layer until the 

topological platform is complete, as illustrated in Figure 1.8. They are: 

1. To produce abrupt, metamorphic ternary III-V buffers capable of being lattice matched 

with a Cd3As2 overlayer 

2. To produce Cd3As2 thin films with electronic properties suitable for device incorporation 
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Figure 1.8: General experimental heterostructure designed for the lattice-matched growth of Dirac 

topological semimetal Cd3As2 layers. 

 

With respect to the first goal, only three alloys composed of the available elements Al, Ga, 

In, As, and Sb are capable of being lattice-matched with pure Cd3As2. They are Al47.3In52.7Sb, 

Ga40.7In59.3Sb, and InAs37.1Sb62.9. They are grown on two potential binary buffers, GaAs and AlAs, 

to provide six unique heterostructures for comparison. These alloys are grown using MBE and are 

characterized in situ via infrared pyrometry and reflection high-energy electron diffraction. In 

addition, they are characterized ex situ via high-resolution X-ray diffraction including reciprocal 

space mapping, X-ray reflectivity, atomic force microscopy, cross-sectional scanning electron 

microscopy, and transmission electron microscopy. The material in this dissertation regarding this 

step is a summary of work which has already been published (46). 

With respect to the second goal, Cd3As2 is deposited on nearly lattice-matched AlInSb, 

GaInSb, and InAsSb characterized using the same methods applied to the initial ternary buffer 

layers. The unalloyed material is additionally measured for its magnetoelectric response and the 

QHE via Van der Pauw geometry Hall measurements.  
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1.5 Requirements for thin films 

Control over the interfacial strain between a Cd3As2 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 growth of {112}-oriented 

Cd3As2 thin films in the literature (8,32,40,41). However, the topological nature of strain-free 

Cd3As2 thin films has yet to be demonstrated as it requires the growth of the (001)-type basal-

plane on a lattice-matched virtual substrate. The lattice spacing of the As-FCC lattice along the 𝑎- 

and 𝑏- unit cell axes both adhere to the lattice parameter 𝑎 and so can be lattice-matched with a 

cubic substrate. Naturally, the zinc-blende ternary III-V alloy systems are directly applied in the 

growth of Cd3As2 films to accomplish this goal. Their natural semiconducting properties, wide 

lattice-tuning ranges, and now-demonstrated stability at room-temperature after growth are all 

conducive to the high-quality growth of Cd3As2 overlayers. The square atomic arrangement of the 

ternary buffer surface interfaces with the 10-atom antifluorite-like subcell of the 160-atom Cd3As2 

unit cell. The lattice-matched condition here is that the Group-V element lattice parameter in the 

ternary system should equal that of the As FCC sublattice, which is 𝑎𝐶𝑑3𝐴𝑠2/2 = 6.3167 Å. This 

idealized heterostructure is illustrated in Figure 1.9. The data used to define these atomic positions 

is made available through the literature (15,47). The XRD characterization of subsequent Cd3As2 

growth confirms that is indeed basal-plane growth oriented along a [001]-type axis. 
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Figure 1.9: Depiction of equivalent site distances between Cd3As2 (above) and Ga0.42In0.58Sb 

(below). Arsenic (silver) and antimony (grey) atoms share the same average spacing. Cadmium 

(blue) and Ga/In (gold/purple) atoms sit in tetrahedral interstices. Note that this is not a diagram 

of the actual experimental interface between these layers, only an idealization meant to illustrate 

the lattice-matched condition. 

 

 In addition to the engineering of ternary layer quality and composition targeting, the low 

growth temperature of TS Cd3As2 requires some consideration of overpressure dynamics and 

interlayer interactions as the substrate temperature is decreased. The shift in growth temperature 

between the ternary films and Cd3As2 is substantial, going from 440-505 °C to a range of 60-

200 °C. Because the change in temperature goes below the desorptive range for the Group-V 
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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 desorptive/adsorptive transition. Removing the pressure at too high a temperature will 

cause the surface to roughen as the Group-V elements desorb faster than they are replaced. 

Removing the pressure at too low a temperature will cause metallic Group-V elements to 

agglomerate on the ternary buffer surface, preventing Cd3As2 epitaxy or at the very least reducing 

its crystalline quality. In these following Cd3As2 growths it has become standard practice to 

transition from Group V overpressure to vacuum at 425 °C, although some earlier growths utilized 

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 net-positive deposition above a certain temperature threshold 

and secondly, that there will be a diffusion interaction at the interface between deposited Cd3As2 

and its chosen ternary buffer system. Note that a molecular Cd3As2 source is used to deposit the 

CdAs films in these experiments. For context, the vapor pressures of elemental source materials at 

common experimental temperature setpoints (base/bulk where dual-filaments cells are used) are 

listed in Figure 1.10 (48). The vapor pressure of Cd at 350 °C is 28 times that of As4 and at least 

six decades larger than the Group-III sources. 
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Figure 1.10: Vapor pressures of elements within the range 10-7 to 100 Torr for temperatures 

acquirable using experimental Knudsen source cells (48). 

 

To satisfy the first concern, open-cell MBE regarding Cd3As2 in the literature acted as an 

excellent starting point for the initial experimental parameters (40,41). Over the course of many 

growths, it was found that the lower growth rates applied using a valved effusion cell required a 

narrower range of 60-145 °C to produce thin films. Naturally, larger growth rates should allow for 

a higher temperature growth as the net deposition rate increases, but the effects of Cd3As2 growth 

under the heightened overpressure of its own desorbing film are still unknown. Thermal transfer 

from the molecular Cd3As2 flux was also considered using the effusion cell temperatures as process 

variables. However, once growth-worthy fluxes corresponding to BEP values in the 10-7 to 10-6 
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mbar range were achieved only Cd3As2 cell valve position and substrate growth temperature was 

used to modify the Cd3As2 growth environment. 

The second concern was satisfied through the application of Gibbs free energy calculations 

regarding the diffusion of Group-V elements between their applied overpressures, the three ternary 

buffer layers, and Cd3As2. In particular, these calculations consider the spontaneity of layer 

intermixing between Cd3As2 and the three potential ternary buffers both with and without the 

presence of Group-V overpressure. The reactions are strongly endothermic, and no evidence of 

alloying across the Cd3As2-ternary interfaces has been found in this experimentation. 
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Chapter 2: Experimental Procedures and Their Refinement 

 

2.1 Molecular beam epitaxy 

 

2.1.1 Fundamentals of MBE 

MBE is a technique designed to use UHV for thin-film deposition of traditional electronic 

materials with minimal crystal defects and impurities. There is an extreme focus within the MBE 

community on the epitaxial growth of crystal thin films due to the general goals above. Beginning 

with notable published work in the 1960s, its major feats include the acquisition of the highest 

magnitude III-V semiconductor carrier mobilities as in AlGaAs/GaAs, InGaAs/InAs, and 

AlGaSb/InAs 2D electron gas heterostructures (37,49–51). Certain devices such as optoelectronic 

heterostructures for lasers, high-electron mobility transistors like those in modern cell phones, and 

metal-oxide-semiconductor field-effect transistors require a high minimum semiconductor 

mobility and good layer thickness control in order to be considered practical, and so are therefore 

popular commercial applications of what is otherwise a very research-focused thin film deposition 

technique. 

  MBE is founded on the use of source material evaporation through strict temperature 

control in low-pressure conditions. Solid source materials must be high purity (5N-7N+) to reap 

the full benefit of UHV to produce low contamination films. Source evaporation of metals and 

metalloids with sufficiently high vapor pressures in UHV generally follow the use of a Knudsen-

type cell. 
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Figure 2.1: Representation of source material effusion cells used for molecular beam epitaxy in 

these experiments. The effusion path follows the dashed blue lines in both cases. Dashed red lines 

connect thermocouple connection posts to their approximate reading positions at their respective 

filaments. The Knudsen cell effusion rate is controlled at a minimum through a) a base-level heater 

element (filament). Dual-filament cells also feature b.) a tip-level filament. Valved cells control 

effusion rate through both c.) a bulk-material filament and d.) a porous p-BN valve. e.) Where 

applicable, a high-temperature thermal cracking section converts molecular source fluxes into a 

more reactive species.  

 

Here, a central crucible is heated by filaments monitored by some type of temperature 

control, such as a proportional-integral-derivative thermal control loop. The use of a pyrolytically-

grown boron-nitride crucible is standard for III-Vs due to the material’s high temperature stability 
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and its low reactivity with Group III and V elements. A heated source cell forms a steady beam of 

evaporated material which follows a shape based on set geometries such as cell dimensions, nozzle 

dimensions, and distance to the substrate. This beam flux can be monitored by Beam-Equivalent 

Pressure (BEP) measurements conducted using an Ion Gauge (IG) which intersects the effused 

beam path and outputs a pressure corresponding to the actual source material flux. Such BEP 

measurements are taken over a range of filament temperatures to determine a corresponding data 

set which can be easily interpolated for fine control of layer growth rate and thickness, alloy 

composition, and ultimately film crystallinity. BEP measurements conducted within this 

dissertation follow polynomial fittings for valve-position setpoints and Arrhenius-type log fitting 

for open cell temperature setpoints. MBE effusion cells may either be single or dual-filament 

according to the specific requirements of their held source material. 

Source material within an open effusion cell may be heated using a dual-filament setup to 

keep the cell tip temperature 100-200 °C hotter than the cell base, a feat only made possible through 

lowered thermal transfer within the UHV environment. This prevents the accumulation of source 

material on the Ga and In effusion cell tips over time to eliminate spitting of cooled droplets, which 

otherwise contact the substrate during growth and create nanometer-sized film defects. The Al 

effusion cell is single-filament with a cold tip as the Al source material tends to migrate beyond 

the cell opening once the temperature has exceeded the melting point of 660.3 °C. This migration 

of liquid Al may cause premature cell failure if not prevented. Closed, valved cell types like those 

belonging to As, Sb, and Cd3As2 are dual-filament to prevent the accumulation of material around 

their very narrow valve openings. The bulk filament temperature provides coarse beam flux control 

according to the exponential increase in effusion rate with respect to absolute temperature. 

Changes in valve opening (positive position) allow for finer control of source flux with a 
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relationship that is well approximated by a polynomial fit of BEP vs. position. In addition, the 

dual-filament setup is a necessity for the As and Sb cells which use a cracker section to split their 

nominally effused tetramers (4-atom) into dimers (2-atom) before the source beams make contact 

with the substrate. These cracker zones operate at much higher temperatures (900-950 °C) than 

the bulk filament setpoints required for significant effusion (390-610 °C).  

A general schematic of the reactor source positions and the corresponding confocal atomic 

beam setup is shown below in Figure 2.2. The 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 before spillage 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. 

 

Figure 2.2: a.) Schematic of the molecular beam epitaxy reactor source flange with cell orientations 

and b.) their confocal paths meeting at the substrate manipulator. 
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MBE is a thin film growth technique limited by source evaporation rate and thermal 

processes on the substrate. Many variables are considered to ensure that source materials 

sufficiently interact with a given substrate for proper crystal growth. These include reactor 

geometry, substrate temperature, substrate rotation speed, source temperatures and their BEP 

values, reactor pressure, UHV contamination, and more. The reactor used here is an Applied EPI 

1040 hosting ten source material ports with beams that meet at a confocal point on the substrate 

surface. The reactor possesses a substrate manipulator which can hold custom 2” and 3” wafer 

uniblocks. While MBE substrates may be conductively heated through an internal heating element 

and metal contacts (such as tantalum), this reactor and many modern counterparts utilize a radiative 

heating element which applies a high-intensity infrared flux to the substrate to manage heating and 

cooling during thin film growth. Sample 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 MBE-grown films even across the substrate surface with respect to its rotational angle, 

although films still tend to be thicker at their centers by a few percent when compared with their 

edges. The use of a valved cell for the MBE of Cd3As2 is relatively new. Such a valved molecular 

source cell was employed to overcome initial difficulties in depositing Cd3As2 using an open 

effusion cell. With an open Knudsen cell setup, the high vapor pressure of Cd caused Cd3As2 

source material to effuse at a rate suitable for MBE even as low as 300 °C, which provided less 

flux control during temperature setpoint changes. 

The kinetic and thermodynamic interactions between an atomic/molecular source beam 

and a crystalline substrate follow a general pathway with each step corresponding to some 

probability of further interaction (and necessarily, a probability of removal from the interacting 

system). During this process an atom/molecule (i.e., a species) may 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. 

 

Figure 2.3: Diagram of local thin film growth using a molecular beam such as As2. The steps of 

physisorption, chemisorption, and incorporation are illustrated on one crystal terrace (52). 

 

The steps are generally as follows: 1.) An impinging beam species contacts the substrate and either 

reflects back into the chamber or physisorbs, 2.) the species either thermally desorbs from the 

surface or chemisorbs onto the substrate, and 3.) the species either thermally desorbs from the 

surface (now after chemisorption instead of physisorption) or is incorporated into the correct 

atomic site(s) following the lowest Gibbs free energy atomic ordering as a function of its epitaxy 

on a specific crystal (52). 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 during thin film growth. Figure 2.3 shows a diagram of 

these steps in order from left to right. This picture is accurate in the case that the rate of 

incorporation exceeds the rate of desorbing, incorporated atoms. The rate of desorption is mediated 

by the vapor pressure 𝑃 of the substrate crystal and the absolute temperature 𝑇 of the substrate, 

according to the Clausius-Clapeyron equation:  

𝑑𝑃

𝑑𝑇
=  

𝛥𝐻𝑣𝑎𝑝

𝑇(𝑉𝑔 − 𝑉𝑠)
. (2.1) 

 

Other terms include the enthalpy of vaporization Δ𝐻𝑣𝑎𝑝 and the molar volumes of the gas 𝑉𝑔 and 

liquid/solid source 𝑉𝑠. If 𝑉𝑔 ≫ 𝑉𝑠, the vapor acts as an ideal gas. In this case and if Δ𝐻𝑣𝑎𝑝 changes 

negligibly with respect to 𝑇, the relationship may be further reduced to the familiar equation used 

for BEP setpoint changes in these experiments: 

ln 𝑃 =  𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 ∗
Δ𝐻𝑣𝑎𝑝

𝑅𝑇
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. (2.2) 

 

Amongst these growth probabilities is the sticking coefficient, which is the probability of 

a chemisorbed species incorporating into a thin film. It is an extremely important consideration for 

alloy targeting and determining specific growth conditions such as the sufficient Group-V 

overpressure for good semiconductor growth. It is a factor in heterostructure layer growth times 

and calculating relative beam fluxes for alloy targeting. For example, differences in sticking 

coefficients amongst the Group-V elements will cause a ternary alloy to drift from its target 

composition if not accounted for. The same would be true for the Group-III elements if not for the 

fact that their sticking coefficients are near unity at the experimental growth temperatures and 
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Group-V overpressures. Many factors influence the sticking coefficient of a material beam 

including the crucible temperature, the atomic flux magnitude, and the effused atom/molecule. 

Note that Group-V fluxes (As & Sb) adsorb as a molecular species before bonding to the host 

crystal, further complicating sticking probability considerations. 

Pure As and Sb sublimate as the tetramers As4 and Sb4 at temperatures sufficient for 

reasonable MBE growth rates (390 °C and 610 °C respectively). These tetramers, however, possess 

approximately half the sticking coefficient of their dimers As2 and Sb2 at temperatures used in 

these growths (53–56). For example, the sticking coefficient of Sb4 is approximately one-half when 

interacting with a GaAs (001) substrate above 375 °C. In contrast, the sticking coefficient of Sb2 

is unity above 325 °C, even when growing under two concurrent Group-V overpressures (Sb2 & 

As2). This sticking coefficient doubling effect is attributed to the surface interaction between the 

Group-V flux and the substrate requiring that tetramers split into dimers before chemisorbing onto 

open sites. As such, material crackers are heated to much higher temperatures (900 °C for As2 and 

950 °C for Sb2) to provide source beams with more desirable surface interactions. The lower bulk 

zone temperature setpoints ensure that source material is not effused out at an unnecessary rate. 

The arrival of atoms at the substrate surface may be quantified through the use of BEP 

measurements. While more accurate in the case of Group-III element competition, these 

calculations are necessary for all three experimental ternary alloy systems as their atomic fluxes 

must be tuned between samples to precisely acquire the compositions which are lattice-matched 

to the in-plane Cd3As2 lattice parameter 𝑎𝐶𝑑𝐴𝑠 = 12.633 Å. Linearly interpolating the ternary 

system lattice parameters using Vegard’s law, the corresponding lattice-matched alloys with 

2𝑎𝑡𝑒𝑟𝑛𝑎𝑟𝑦 = 12.633 Å are Al47.3In52.7Sb, Ga40.7In59.3Sb, and InAs37.1Sb62.9 (57). The Group-III 

source beams are generated by open effusion cells, so relative flux tuning is done through 
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modification of individual temperature setpoints. The BEP measurements for these cells are used 

to determine the atomic flux ratio 𝐽𝑥 𝐽𝑦⁄  required to achieve a specific composition (58). 

𝐽𝑥
𝐽𝑦

= (
𝑃𝑥𝜂𝑦

𝑃𝑦𝜂𝑥
)√

(𝑇𝑥𝑀𝑦)

(𝑇𝑦𝑀𝑥)
 (2.3) 

 

However, the sensitivity of the IGs used in BEP measurements varies with the ionization efficiency 

𝜂𝑖, temperature 𝑇, and molecular weight 𝑀𝑖 of the species of source atom or molecule. The 

ionization efficiency is defined in reference to the known ionization efficiency of N2 which is 

𝜂(𝑁2) and the atomic number of the source material species 𝑍𝑖. 

𝜂𝑖

𝜂(𝑁2)
= [(

0.6𝑍𝑖

14
) + 0.4] (2.4) 

 

The ionization efficiency ratio scales linearly with atomic number, so that significantly more In 

flux is required for the same BEP measurement as a corresponding Ga beam, and likewise for Ga 

flux compared to Al flux. 

During these experiments a Cd3As2 open cell setpoint range of 225-350 °C was found to 

cover BEP values up to 1.14×10-5 mbar. For comparison, MBE recipes for In, Ga, and Al targeting 

equivalent BEP values require a much higher base cell filament setpoint (950-1175 °C) to even 

achieve values on the order of 10-6 mbar. In addition, the fast rise in the open Cd3As2 cell effusion 

rate with respect to temperature is such that the BEP remains within the desired 10-6-10-5 mbar 

range only over base filament setpoints of approximately 300-350 °C. Because even a fraction of 

a °C here has such a large effect in terms of final Cd3As2 layer growth rate, an E-Science 50 ULT 

Titan valved effusion cell with a graphite crucible was installed for 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 range for Cd3As2 growth is 

a valve opening of 100-125 mils for a BEP on the order of 10-6 mbar. 

 

Figure 2.4: Comparison of beam-equivalent pressure measurements for a.) the open Cd3As2 

effusion cell with respect to temperature and b.) the valved Cd3As2 effusion cell with respect to 

valve position. The data in a.) is plotted according to the Arrhenius relationship which is well fit 

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

Cd3As2 beam-equivalent pressure as 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 of steps outlined 

in Figure 2.5: substrate heating and As2 overpressure switchover, native GaAs substrate oxide 

desorption, homomorphic/pseudomorphic binary buffer growth, ternary layer growth, Cd3As2 

growth where applicable, substrate cooling, and UHV switchover. The substrate temperature is 

measured via in situ pyrometry for all steps except 10, which uses the substrate manipulator 

thermocouple for reference. 

 

Figure 2.5: General growth flow for experimental samples. The substrate temperature in a.) 

progresses through substrate preparation and heterostructure growth. Steps 1-4 in b.) follow the 

initial heat up, GaAs oxide desorption, and cooldown to the binary III-V growth temperature. Steps 

5-6 in c.) follow the growth of the binary III-V and cooldown to a lower ternary III-V starting 

growth temperature. Steps 7-8 in d.) follow the nucleation and growth of the ternary buffer. Steps 

9-10 in e.) follow cooldown to 60-200 °C and subsequent Cd3As2 growth. 
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The native GaAs oxide desorption occurs in vacuo at a maximum literature value of 583 °C 

(59). Regarding deoxidation, experimental GaAs (001) substrates are held at 583 °C under As2 

overpressure for ten minutes before an additional ten-minute soak around 598 °C to ensure that 

the native oxide has been completely eliminated. Higher soak temperatures risk roughening the 

GaAs (001) surface due to net As desorption at the same As2 overpressure, and so longer 

desorptive soaks at lower temperatures are preferred. GaAs 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 III-V alloy overlayer by burying contaminants 

and defects on the substrate surface. The ternary III-V alloy buffers are grown over a lower range 

of temperatures from 440 °C to 500 °C. The thicknesses of these layers target 2 µm so to further 

minimize the threading dislocation density at their surfaces. There is a general jump in pyrometer 

temperature during ternary III-V nucleation as 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 

three lattice-matched ternary alloys are lower than either of the binary III-V arsenide buffers. Each 

of these growth steps are pre-programmed and activated through the process control software 

“Molly 2000,” wherein specific temperatures, times, and step activation criteria are defined to 

better automate the growth process. Temperatures used to control process steps above 400 °C are 

measured via a pyrometer set to monitor the substrate manipulator in its growth position. Lower 

setpoints use the substrate manipulator thermocouple reading. 

Because the commercial GaAs (001) 2” and 3” wafers used for growth are cleaned before 

packaging they are considered epitaxy-ready and are not further treated before sample growth. 

Before MBE can occur at higher temperatures, the GaAs substrate must be stabilized under As2 

overpressure to ensure good epitaxial overlayer growth. There is a specific transition temperature 
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range where exposure to As2 overpressure will change from causing a net accumulation 

(adsorption) of metallic As on the substrate surface to allowing for the stabilization of the substrate 

with excess surface As desorbing from the hot substrate. Because oxide desorption and III-V layer 

growth occurs within the desorptive range, this transition range is only crossed twice per sample 

during initial heating and final cooldown before any Cd3As2 growth. It is generally 400-450 °C for 

the experimental growths. A lower As2 overpressure 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 

Reflection High Energy Electron Diffraction (RHEED) is conducted in situ to monitor the 

surface quality of layers during growth and in between steps. The UHV environment is suitable 

for electron beam diffraction, making in situ RHEED applicable. Specific growth step failures can 

be identified through comparison of RHEED patterns in tandem with reactor pressure data and in 

situ pyrometry. In the experimental setup, an electron beam is generated from a 1.5-1.6 A tungsten 

filament current under a 15 kV acceleration voltage. The beam meets the substrate at a glancing 

angle with the diffracted beam projecting onto a phosphor screen. 

 

Figure 2.6: GaAs (001) surface reconstructions during homomorphic growth. (c) and (d) are Ga-

rich growth conditions and the rest are As-rich conditions (60). 
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The spacing of the reciprocal lattice rods produced by the single-crystalline topmost atomic 

layers allows 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 consideration of the deviation from the ideal epitaxial growth condition. 

For example, the GaAs buffers grown in these experiments reliably produce RHEED patterns with 

(2×4) multiplicity corresponding to surface atoms which are twice and four times the normal lattice 

spacing apart. This is in line with literature that suggests that the β2 (2×4) structure is the most 

energetically favorable structure for growths near these experimental temperatures and Group-V 

overpressures (61). Diagonal lines in these images are Kikuchi lines, which are useful in aligning 

the substrate with the RHEED gun’s electron beam. RHEED images of 0° and 90° sample rotations 

are of particular interest due to the fourfold in-plane symmetry of the cubic III-V and tetragonal 

Cd3As2 layers produced as part of this research. These high-symmetry angles can be identified by 

the presence of reciprocal lattice rods (i.e. streaks) with consistent multiplicity. In Figure 2.7, the 

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

same for both rotations, as it corresponds to the in-plane atomic spacing √2𝑎 for both 〈110〉-type 

high-symmetry directions. 
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Figure 2.7: Representative reflection high energy electron diffraction images of GaAs grown 

homomorphically on a GaAs (001) substrate. Subplots a) and b) show 90° rotations of the high-

symmetry 〈110〉-type direction patterns for the zinc blende structure. 
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2.1.4 Infrared pyrometry 

Pyrometry is a fast optical measurement which may be used to more accurately determine 

the temperature of an MBE film/substrate during growth in comparison to the substrate heater 

thermocouple reading. As such, this in situ technique is applied constantly during all experimental 

growths and provides a process variable by which certain growth steps are activated and 

deactivated. Following common practice, the pyrometer is calibrated according to the GaAs oxide 

desorption temperature of 583 °C. The oxide desorption causes a clear change in RHEED image 

contrast within seconds of reaching the correct temperature. 

 

Figure 2.8: Representative reflection high energy electron diffraction image of GaAs 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 module is adjusted so that its reading equals 583 °C at 

the point where the GaAs oxide’s removal causes a (2×4) surface reconstruction to appear clearly. 

The current pyrometer is only accurate in the mid-to-high temperature range (T ≥ 400 °C), and so 
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the substrate heater thermocouple is still used for low temperature transitions like the addition of 

As2 overpressure at 350 °C during the initial GaAs substrate deoxidation step. 

Despite the pyrometer’s utility, certain considerations must be taken into account when 

analyzing pyrometry data and when using it for automation. The emissivity of the substrate is a 

pyrometry parameter calibrated for smooth III-V layers in the experimental temperature ranges. 

As a result, significant increases in surface roughness will raise the pyrometer reading as the 

emissivity scales proportionally to the increase in emissive surface area. High surface roughening 

occurs in the case of InSb melting and subsequent phase separation during improper GaInSb, 

AlInSb, and InAsSb alloy growth because it creates many new phase domains which preferentially 

nucleate near the sample surface where minimal phase-separation driven stress exists (62). This 

removes the pyrometer as an accurate measure of temperature and disrupts any further automated 

recipe steps which rely on this accuracy to transition between growth steps at specific substrate 

temperature setpoints. Constructive/destructive interference of infrared wavelengths caused by the 

thin film over initial growth thicknesses also produces pyrometer temperature oscillations, as 

reported previously in the literature (63). This has, so far, has occurred to a lesser extent such that 

it has not required mid-growth substrate thermocouple setpoint modification to maintain the 

desired pyrometer temperature. These growth-interference oscillations are most pronounced in 

AlInSb, followed by GaInSb and then InAsSb. 

Several equipment contributions also had to be considered during pyrometer calibration 

and usage: mainly those which produce significant deviations in the signal. These factors generally 

fall into the categories of infrared-emitting parts and substrate emissivity-modifying parts. 

Amongst the first category lies every component which emits significant infrared radiation in 

accordance with high temperature setpoints, such as the substrate and substrate manipulator (the 
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intended target for measurement), the source cells, the growth chamber, the growth BEP IGs, and 

the pyrometer viewport heater. The opening and closing of source shutters have generally not 

corresponded with immediate changes in pyrometer signal during these experiments. The growth 

chamber IGs generally do not interfere with substrate pyrometry, which may be attributed to their 

geometries with respect to the substrate manipulator. The distant, offset position of the growth 

chamber IG is contrasted by the growth BEP IG which is lowered in line with the confocal source 

beams during its operation. When active, its effect on the pyrometer is something like a positive 

150-200 °C jump in readout. Fortunately, this effect does not impact system operation as 

calibration and growth procedures are conducted separately. The 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 source of its increased 

contribution. The power supplied to the viewport heater therefore had to be limited to 15 W 

(approx. 300-350 °C window temperature) during growth in order to prevent an inaccurate 

pyrometer calibration leading to consistent growth failures. 

The second category of pyrometer-modifying conditions considers the position, angle, and 

rotation speed of the substrate manipulator. The substrate manipulator position has moved very 

rarely over the course of these experiments, but certain maintenance activities such as the 

replacement of the heater element have moved both the position of the substrate holder and the 

angle of the heater assembly cylinder. These small deviations are accounted for through re-

calibration of the pyrometer, as they affect the geometry seen by the radiation emitted by a hot 

substrate. As the substrate is rotated during growth it lowers the pyrometer signal by about 5 °C. 

This could be a result of more even heating/cooling of the substrate or variations in the infrared 
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signal from hot effusion cells. Pyrometer calibration is done with substrate rotation set to 60 RPM 

to account for these variations during normal growth. 

The final contribution, sample emissivity, is a materials property which affects the 

blackbody radiation spectrum of a sample as it is heated within substrate manipulator. The GaAs 

wafers used in these experiments are either semiconducting Si-doped (earlier experiments) or 

semi-insulating undoped (later experiments). An interesting effect with regard to the doping level 

is that is that the bulk properties of the GaAs wafer appear to primarily mediate the emissivity of 

the wafer. In practice, both wafer types have been interchanged under the same emissivity 

calibration without causing growth setpoint issues. The 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 attributed to the loss of free carrier heating caused by a 

significant impurity level decrease from that of the Si-doped substrates.   
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2.2 X-ray methods 

 

2.2.1 High-resolution X-ray diffraction 

X-Ray Diffraction (XRD) was conducted using a PANalytical X’Pert Pro MRD system. 

The general setup of a diffraction experiment is shown in Figure 2.9. This system is configured to 

emit a Cu-Kα beam from a 45 kV, 40 mA source which is passed through a four-bounce hybrid 

Ge (220) monochromator. The angular cutoff of incident beam is narrowed via a 1/4° acceptance 

angle incident slit before contacting the sample surface. The diffracted intensities were measured 

using either a triple-axis detector or a 256 channel PANalytical PIXcel3D unit with over 65,000 

(2562) solid-state pixels. The PIXcel3D detector is capable of using all channels at once to 

simultaneously detect points over a 2.51° angle. The analyzer crystal of the triple-axis detector 

reduces the Full-Width at Half-Maximum (FWHM) of measured XRD peaks, thereby allowing for 

a better horizontal peak resolution (64). The triple axis detector has a minimum resolution of 12 

arcsec, and PIXcel3D detector 6 arcsec. 

 

Figure 2.9: General X-ray diffraction setup with defined incident/diffracted beam angles and 

sample stage rotations (65). 
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The primary peaks of interest for these MBE-grown III-V crystals belong to the (004) and 

(2̅2̅4) planes. Note that the overbar terminology corresponds to negative vector components, while 

underbars distinguish vector components with more than one digit. Because the experimental 

GaAs (001) substrates are oriented along a 〈100〉-type direction, the (004) peak is symmetric 

around the sample normal and does not require φ optimization to be detected. In contrast, the (2̅2̅4) 

plane is asymmetric with respect to the sample normal and so requires φ optimization over a 

minimum 90° range in accordance with the fourfold crystal symmetry around (001). To generalize 

these definitions further, symmetric peaks are those where the plane normal is parallel to the 

scattering vector while asymmetric peaks are all others. The 𝜔-2𝜃 scans conducted here generally 

target symmetric (004) peaks for detection of III-V crystals. Cd3As2 scans follow similar 

reasoning, but they target the much higher order indices {0016} and {4̅4̅16} because of the much 

larger large unit cell (𝑎 = 12.633 Å, 𝑐 = 25.428 Å). This corresponds to similar interplanar 

scattering distances in accordance with Bragg’s law so that all peaks of interest may be captured 

over a relatively small 𝜃 range. 

𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃. (2.5) 

 

This equation relates the incident x-ray wavelength 𝜆 to the miller indices (ℎ𝑘𝑙) of the interplanar 

distance 𝑑ℎ𝑘𝑙 and the diffracted angle 𝜃. The 𝜆 used for these measurements is the average of the 

Cu Kα doublet (Cu Kα1 and Cu Kα2): 1.5406 Å. The data shown here is measured in 0.05° steps 

over a 5-55° 𝜔 range, and in finer 0.005° steps over a 27-34° 𝜔 range which encompasses all peaks 

of interest. 

Because Cd3As2 belongs to the tetragonal space group I41/acd (#142), its XRD should 

theoretically produce more peaks of lesser multiplicity than in the case of a cubic system. For 
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example, its (400) and (040) peaks corresponding to 𝑎/4 = 3.158 Å should have slightly larger 

𝜃 values than the (004) peak corresponding to 𝑐/8 = 3.179 Å. In the case of an undesired 

polycrystalline sample, this could cause overlap which makes peak analysis difficult from a 

FWHM determination standpoint. In 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 measurement. The fundamental equation for the structure factor of a 

unit cell, 

𝐹ℎ𝑘𝑙(𝜃) =  ∑𝑓𝑖(𝜃) exp[2𝜋𝑖(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)]

𝑖

, (2.6) 

 

 and Euler’s identity, 

𝑒𝑖𝑥 = cos 𝑥 + 𝑖 sin 𝑥, 
(2.7) 

 

are therefore applied to determine if the following plane reflections should be forbidden for the TS 

Cd3As2 crystal (that is, the diffracted beam destructively interferes to become zero intensity), as 

well as the relative intensities of nonzero reflections. Here, 𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖 are the fractional coordinates 

of the atom 𝑖 in terms of its unit cell position. The atomic scattering factors 𝑓𝑖 are element-specific, 

e.g. 𝑓𝐶𝑑 and 𝑓𝐴𝑠, and are used for relative intensity comparisons since their values require more 

complicated electron density computation for quantification. Atoms belonging to the same 

Wyckoff position will have the same contribution to 𝐹ℎ𝑘𝑙(𝜃) as a result of crystalline symmetry. 

Therefore, it is only required that 𝑓𝑖 for every Wyckoff position be calculated and then scaled by 

their multiplicity within the unit cell for the total contribution to 𝐹ℎ𝑘𝑙(𝜃). 

Using the symmetry associated with the Wyckoff positions of the atoms in the Cd3As2 unit 

cell (As: 32g, 16d ,16e; Cd: 32g, 32g, 32g), the solutions for the (400), (040), (004), (008), and 
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(0016) planes have been calculated as shown in Table 2.1 (15). These solutions show that the 

(004) plane reflection is virtually nonexistent in comparison to those of the (400) and (040) 

planes with the same lattice parameter 𝑎. This effect is further compounded by the fact that the 

XRD signal is proportional to the square of the structure factor. The expectation is therefore that 

the (008) peak, the (0016) peak, and the combined (400)/(040) peak (according to the equal 𝑎 

and 𝑏 parameters) should be visible in an experimental XRD spectrum. 

 

Table 2.1: Calculated structure factors for relevant I41/acd Cd3As2 X-ray diffraction peaks in terms 

of the atomic scattering factors 𝑓𝐶𝑑 and 𝑓𝐴𝑠. 𝐹ℎ𝑘𝑙(𝜃)2 compares the considered planes as the X-ray 

diffraction intensity is proportional to this value. The theoretical Relative Intensities (RIs) of these 

peaks are also reported. 

Plane 𝐹ℎ𝑘𝑙(𝜃) 𝐹ℎ𝑘𝑙(𝜃)2 RI (%) 

(400) 63.836 ∗ 𝑓𝐴𝑠(𝜃) 

−91.733 ∗ 𝑓𝐶𝑑(𝜃) 

4.075 × 103𝑓𝐴𝑠(𝜃)2 − 5.856 × 103𝑓𝐴𝑠(𝜃)𝑓𝐶𝑑(𝜃)

+ 8.415 × 103𝑓𝐶𝑑(𝜃)2 

21.58 

(040) 62.790 ∗ 𝑓𝐴𝑠(𝜃) 

−89.205 ∗ 𝑓𝐶𝑑(𝜃) 

3.943 × 103𝑓𝐴𝑠(𝜃)2 − 5.601 × 103𝑓𝐴𝑠(𝜃)𝑓𝐶𝑑(𝜃)

+ 7.958 × 103𝑓𝐶𝑑(𝜃)2 

21.58 

(004) 3.1824 × 10−2 ∗ 𝑓𝐴𝑠(𝜃) 

−4.192 × 10−3 ∗ 𝑓𝐶𝑑(𝜃) 

1.013 × 10−3𝑓𝐴𝑠(𝜃)2 + 2.668 × 10−3𝑓𝐴𝑠(𝜃)𝑓𝐶𝑑(𝜃)

+ 1.757 × 10−5𝑓𝐶𝑑(𝜃)2 

0.00 

(008) 63.851 ∗ 𝑓𝐴𝑠(𝜃) 

−88.077 ∗ 𝑓𝐶𝑑(𝜃) 

4.077 × 103𝑓𝐴𝑠(𝜃)2 − 5.624 × 103𝑓𝐴𝑠(𝜃)𝑓𝐶𝑑(𝜃)

+ 7.757 × 103𝑓𝐶𝑑(𝜃)2 

9.80 

(0016) 63.407 ∗ 𝑓𝐴𝑠(𝜃) 

+66.268 ∗ 𝑓𝐶𝑑(𝜃) 

4.020 × 103𝑓𝐴𝑠(𝜃)2 + 4.202 × 103𝑓𝐴𝑠(𝜃)𝑓𝐶𝑑(𝜃)

+ 4.392 × 103𝑓𝐶𝑑(𝜃)2 

5.85 

 

 

To test the accuracy of these calculations, a theoretical XRD spectrum for polycrystalline 

Cd3As2 was simulated to determine the relative intensity of the considered peaks. The open access 

Python package XRayUtilities was used for determining these values (66). 
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Figure 2.10: Simulation of X-ray diffraction peaks for polycrystalline I41/acd Cd3As2. Peaks 

visible during X-ray diffraction of the (001)-oriented single crystal are specifically labeled with 

their simulated 2θ positions. Their Relative Intensities (RIs) are also listed. 

 

Only the peaks visible for the (001)-oriented crystal are labeled because the others should not 

appear in these symmetric scans. The intensities for (400) and (040) correspond to the same, 

combined peak with intensity 21.58 %. The (004) peak intensity is essentially zero according to 

the simulation, agreeing with the structure factor calculations. In addition, its multiples (0012), 

(0020), and (0024) have negligible intensities. The substantially smaller intensity of the (004) 

peak therefore reasonably allows the 𝑎-lattice parameter reflections (400) and (040) to be 
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analyzed for polycrystalline films without concern for the close peak grouping issue proposed 

before. The other major conclusion from these calculations is that the (0016) peak should have a 

similar relative intensity compared to the alternative for basal-plane single crystal identification 

(008). It is therefore used for identification purposes in the analysis of XRD characterization since 

it is closest to the III-V (004) peaks identified from the buffer and substrate layers of the 

experimental heterostructure. 

In addition to fundamental crystal phase identification, these measured ternary III-V alloy 

(004) peak positions provide data for the approximation of alloy composition which has been of 

great use in targeting lattice-matched buffers for Cd3As2 overlayer deposition. This involves the 

linear interpolation of binary constituent peak positions to determine the alloy composition 𝑥 

which is a function of the cubic binary constituent lattice parameters and their alloy fractions 𝑥 

and (1 − 𝑥), according to the use of Vegard’s law (57). This alloy fraction is taken as the ternary 

alloy composition in MBE recipe modification for specific alloy targeting. The use of a bowing 

parameter and its related quadratic term is available for more accurate approximation of other alloy 

parameters, such as band gap 𝐸, where these alloy systems deviate significantly from Vegard’s 

law in practice. The full interpolation relation for a general composition-dependent alloy parameter 

𝑃(𝑥) with addition of a system-specific bowing parameter 𝑏𝑖 is: 

𝑃(𝑥) =  𝑥𝑃𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡 1 + (1 − 𝑥)𝑃𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡 2 + 𝑏𝑡𝑒𝑟𝑛𝑎𝑟𝑦𝑥(1 − 𝑥) (2.8) 

 

Extensive work on the deviation of ternary Group III-V systems from Vegard’s law is detailed 

elsewhere, especially for the arsenides (67). Individual ternary III-V system parameters are well 

documented in the literature (47). 
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2.2.2 Reciprocal space mapping 

Reciprocal Space Mapping (RSM) is essentially a series of adjacent 𝜔-2𝜃 XRD scans 

swept over a line to produce a 2D image colored/contoured in accordance with individual pixel 

intensity. These absolute RSM scans cover an area defined by specific central 𝜔 and 2𝜃 

coordinates and fully swept 𝜔/2𝜃 ranges. The RSM setup uses the same equipment as the 𝜔-2𝜃 

scans. RSM was only conducted using the PIXcel3D detector with all channels active due to the 

greatly increased time requirements for these increased-dimensionality maps. In the case of the 

widely spaced peaks shown in later chapters, the PIXcel3D resolution is sufficient to accurately 

detect and resolve individual peaks which are closely-positioned, such as GaAs (004) and AlAs 

(004). RSM data is also automatically converted by the PANalytical software into reciprocal 

space coordinates where 𝑅 is the radius of the Ewald sphere, which is set to 1 2⁄  in the analysis 

software produced by PANalytical. This produces the vectors: 

𝑄⃗ 𝑥 = 𝑅[cosω − cos(2θ − ω)]𝑥̂, (2.9) 

 

and: 

𝑄⃗ 𝑦 = R[sinω + sin(2θ − ω)]𝑦̂. (2.10) 

 

Raw RSM data is taken using Cartesian coordinates defined by unit vectors in 𝜔-2𝜃 space. 

As a consequence, the 𝑄⃗ 𝑥 and 𝑄⃗ 𝑦 vectors derived from 𝜔 and 2𝜃 do not lie in Cartesian space, but 

rather according to a curved grid. The effect is shown below in Figure 2.11. Because of 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 interpolated values 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 applying a fitting curve which adheres to the RSM spot theory of a 

Gaussian intensity distribution. 

 

Figure 2.11: Illustration of conversion from 𝜔,2𝜃 to 𝑄𝑥,𝑄𝑦 coordinates for both the symmetric 

(004) and asymmetric (2̅2̅4) reciprocal space scan areas. These grids are centered according to 

reflections for a cubic unit cell where 𝑎 = 6.317 Å. The square grid from a.) a symmetric (004) 

𝜔-2𝜃 scan with uniform measurement points becomes b.) the curved grid for the same (004) 

reflection in 𝑄𝑥-𝑄𝑦 space. Likewise, the square grid from c.) an asymmetric (2̅2̅4) 𝜔-2𝜃 scan with 

uniform measurement points becomes d.) the curved grid for the same (2̅2̅4) reflection. 
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An important function of RSM is the ability to determine the in-plane lattice parameter of 

a heterostructure layer. This requires the measurement of an asymmetric scan where the reciprocal 

space vector magnitude 𝑄𝑥 is not zero (or not centered close to zero due to error in real 

measurements). The asymmetric III-V (2̅2̅4) and Cd3As2 (4̅4̅16) peaks are therefore used in the 

case of these measurements. These peaks were chosen due do their easy identifiability, close 

proximity in reciprocal space, and practical acquisition according to tool limits. Indices such as 

(2̅2̅4) containing negative vector components were chosen because the goniometer geometry for 

diffraction is at a lower 𝜔,2𝜃 for the (001) sample orientation than for all-positive index cases 

like (224). A more glancing diffraction angle aligns the X-ray 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 substrate. The use of shallower geometry 

peaks therefore has the benefit of reducing the scan time necessary to identify the ternary and 

Cd3As2 crystal peaks. 

For a particular diffraction peak, the in-plane lattice parameter is derived using the 

fundamental equations relating d-spacing (𝑑ℎ𝑘𝑙) to the plane’s Miller indices (ℎ𝑘𝑙) and the unit 

cell parameters (lattice spacings and cell angles). It is the horizontal vector component which is 

parallel to the 𝑄𝑥 axis. Fortunately, the use of cubic III-V ternaries and a tetragonal functional 

layer excludes the need for complex consideration of unit cell angles as they are all 90°. The d-

spacing for cubic materials is: 

1

𝑑ℎ𝑘𝑙
2 =

ℎ2 + 𝑘2 + 𝑙2

𝑎2
. (2.11) 
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The d-spacing for tetragonal materials is: 

1

𝑑ℎ𝑘𝑙
2 =

ℎ2 + 𝑘2

𝑎2
+

𝑙2

𝑐2
. (2.12) 

 

For a tetragonal unit cell as well as nominally cubic structures which experience a biaxial 

in-plane strain (making them effectively tetragonal), the in-plane and out-of-plane lattice 

parameters are 𝑎 and 𝑐. Symmetric scans readily measure the out-of-plane d-spacing, but the in-

plane d-spacings can only be determined from the 𝑄⃗ 𝑥 component of an asymmetric RSM. For the 

asymmetric peak (2̅2̅4) measured in these experiments, both the in-plane and the out-of-plane 

lattice parameters may be computed from the horizontal component where: 

𝑄⃗ = 𝑄⃗ 𝑥 + 𝑄⃗ 𝑦 and 𝑄⃗ 𝑥  = 𝑑𝑥
−1, 𝑄⃗ 𝑦  = 𝑑𝑦

−1
, (2.13) 

 

and for and the asymmetric (2̅2̅4) peak: 

|𝑄⃗ 𝑥| = |𝑄̂220| = 𝑑220
−1, |𝑄⃗ 𝑦 | = |𝑄̂004| = 𝑑004

−1
. (2.14) 

 

The elastic tensor 𝐶𝑖𝑗𝑘𝑙 is a fourth-order tensor relating the second-order tensors of stress 

𝜎𝑖𝑗 and strain 𝜀𝑘𝑙: 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙. (2.15) 

 

It is also known as the stiffness tensor, and its inverse is the compliance tensor 𝑆𝑘𝑙𝑖𝑗: 

𝜀𝑘𝑙 = 𝑆𝑘𝑙𝑖𝑗𝜎𝑖𝑗 (2.16) 
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The application 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 relaxation. The degree of lattice 

matching may be calculated by comparing the in-plane lattice parameters of Cd3As2 and its ternary 

buffers according to the biaxial, internal strain felt due to lattice mismatching. Using the 

conventional Voigt notation, the symmetry for orthorhombic systems enables the matrix 

representation: 

[
 
 
 
 
 
𝜎1

𝜎2

𝜎3

𝜎4

𝜎5

𝜎6]
 
 
 
 
 

=

[
 
 
 
 
 
𝐶11 𝐶12 𝐶13 0 0 0
𝐶21 𝐶22 𝐶23 0 0 0
𝐶23 𝐶32 𝐶33 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶55 0
0 0 0 0 0 𝐶66]

 
 
 
 
 

[
 
 
 
 
 
𝜀1
𝜀2

𝜀3

𝜀4

𝜀5

𝜀6]
 
 
 
 
 

. (2.17) 

 

The elastic tensor may be further reduced using the symmetry for tetragonal systems: 

[
 
 
 
 
 
𝜎1

𝜎2

𝜎3

𝜎4

𝜎5

𝜎6]
 
 
 
 
 

=

[
 
 
 
 
 
 
𝐶11 𝐶12 𝐶13 0 0 0
𝐶12 𝐶11 𝐶13 0 0 0
𝐶13 𝐶13 𝐶33 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶44 0

0 0 0 0 0
𝐶11−𝐶12

2 ]
 
 
 
 
 
 

[
 
 
 
 
 
𝜀1
𝜀2

𝜀3

𝜀4

𝜀5

𝜀6]
 
 
 
 
 

. (2.18) 

 

For systems with cubic symmetry such as the zinc blende III-Vs, symmetry produces the stiffness 

matrix: 

[
 
 
 
 
 
𝜎1

𝜎2

𝜎3

𝜎4

𝜎5

𝜎6]
 
 
 
 
 

=

[
 
 
 
 
 
𝐶11 𝐶12 𝐶12 0 0 0
𝐶12 𝐶11 𝐶12 0 0 0
𝐶12 𝐶12 𝐶11 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶44 0
0 0 0 0 0 𝐶44]

 
 
 
 
 

[
 
 
 
 
 
𝜀1
𝜀2

𝜀3

𝜀4

𝜀5

𝜀6]
 
 
 
 
 

. (2.19) 
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Considering that biaxial stress between Cd3As2 and its ternary buffers is exclusively in-plane, the 

geometry dictates that 𝜎1 = 𝜎2 and that all other stresses are zero. In addition, 𝜀1 = 𝜀2 ≠ 𝜀3 and 

all shear strains are zero. Matrix multiplication yields a series of equations for the vector 

components of stress, For Cd3As2 they are: 

𝜎1 = 𝐶11𝜀1 + 𝐶12𝜀2 + 𝐶13𝜀3 = 𝜎, (2.20) 

𝜎2 = 𝐶12𝜀1 + 𝐶11𝜀2 + 𝐶13𝜀3 = 𝜎, (2.21) 

𝜎3 = 𝐶13𝜀1 + 𝐶13𝜀2 + 𝐶33𝜀3 = 𝜎. (2.22) 

 

Solving these equations for out-of-plane stress yields: 

𝜀3 =
−2𝐶13𝜀1

𝐶33
 (2.23) 

 

Similarly for the cubic zinc blende materials: 

𝜀3 =
−2𝐶12𝜀1

𝐶11
 (2.24) 

 

The in-plane biaxial strain in the nominally-cubic zinc blende ternary III-V alloys are of 

particular interest because these buffers should have approximately zero in-plane stress if they are 

truly metamorphically-grown. For materials with known bulk lattice constants such as binary III-

V compounds and Cd3As2, the out-of-plane lattice constant is directly measured by symmetric 

XRD scans. Three lattice parameters are therefore considered: the relaxed cubic crystal lattice 

parameter 𝑎0, the strained in-plane lattice parameter 𝑎 = 𝑏, and the strained out-of-plane lattice 

parameter 𝑐. They are related to the in-plane (𝜀1) and out-of-plane (𝜀3) strains. The literature values 
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for the material-specific stiffness tensor components are utilized to solve for 𝜀1 knowing the 

literature value of 𝑎0 and the experimental value of 𝑑ℎ𝑘𝑙 (47). For cubic materials: 

𝑑ℎ𝑘𝑙 =
𝑎0

√ℎ2 + 𝑘2 + 𝑙2
(1 −

2𝐶12𝜀1
𝐶11

), (2.25) 

 

and for Cd3As2: 

𝑑ℎ𝑘𝑙 =
𝑎0

√ℎ2 + 𝑘2 + 𝑙2
(1 −

2𝐶13𝜀1
𝐶33

). (2.26) 
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2.2.3 X-ray reflectivity 

X-Ray Reflectivity (XRR) is a glancing angle measurement using the same geometry as XRD, 

where extremely small 𝜔/2𝜃 ranges are scanned to produce an interference pattern. In contrast to 

XRD, XRR measurements measure the signal of a reflected beam and not a diffracted beam. The 

periodicity of oscillations in the interference pattern scales inversely with film thickness, as 

illustrated by three XRayUtilities simulations of Cd3As2 on 2 µm AlInSb/GaAs (001). 

 

Figure 2.12: X-ray reflectivity simulations for Cd3As2 films of varying thicknesses on 2 µm 

AlInSb/GaAs (001). 
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Here the simulated XRR curves are shown for Cd3As2 thicknesses of 15 nm, 30 nm, and 60 nm. 

Note that the spectra are staggered into a waterfall plot to compare the oscillation periodicity 

between them, so inter-plot intensities cannot be compared. As the Cd3As2 thickness increases, the 

spacing becomes fine enough to make peak identification difficult. In addition, the oscillation 

amplitude with respect to the XRR background decreases with increasing film thickness. 

Fortunately, the ~30 nm Cd3As2 films measured in these experiments have wide enough 

oscillations of sufficient amplitude for easy peak identification and thickness determination. 
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2.3 Atomic force microscopy 

Atomic Force Microscopy (AFM) is an excellent post-process technique for characterizing 

the surface character of these MBE-grown layers. It is conducted here using a Bruker ICON AFM 

system placed within an isolation hood to reduce noise. All shown measurements are conducted 

using a standard Si AFM tip in tapping mode with its drive frequency automatically tuned through 

the instrument software. AFM is useful in determining the extent of surface roughening during 

each heterostructure growth step, and its characterization of the ternary III-V systems is necessary 

for the objective of lattice-matching these buffers with a Cd3As2 overlayer.  

 

Figure 2.13: Examples of a.) raw (no change), b.) plane-fitting, c.) flattening, and d.) combined 

plane-fitting/flattening operations applied to a 500 nm × 500 nm atomic force microscopy image 

of Al49.8In50.2Sb/ AlAs/GaAs (001). All operations are first-order. The same order of operations is 

applied to a 10 µm × 10 µm image of 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 existing within the same III-V systems than 

between them. In general, for all three experimental systems the surface of the epitaxially grown 

Cd3As2 has followed the same topography of its ternary buffer. Image analysis is supplemented by 

1st-order plane-fitting and flattening operations, both of which are commonly used in the literature. 

Bruker’s Nanoscope Analysis software is used for these image changes. The first-order plane-

fitting applies a polynomial adjustment to the data set to account for long-range changes in 

topography not based on local surface conditions, such as substrate curvature. The 1st-order 

flattening operation accounts for sample tilt owing to the nonzero angle between the probed surface 

normal and the AFM tip z-axis. 
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2.4 Scanning electron microscopy 

Cross-Sectional Scanning Electron Microscopy (XS-SEM) is employed to measure the 

approximate layer thicknesses of ternary buffers in the cross sections of key samples. 

 

Figure 2.14: Cross-sectional scanning electron microcopy of a) Al49.8In50.2Sb/AlAs/GaAs (001) 

and b) Cd3As2/ Al39.0In61.0Sb/AlAs/GaAs (001). These images were taken using an in-lens 

detector at a relatively low accelerating voltage (3.00 kV). 

 

The imaging system is a Zeiss GeminiSEM 300 high-resolution field-emission SEM. XS-SEM 

conducted here utilizes cleaved wafer sections without the need for any additional sample 

preparation. This is because the semimetallic and semiconducting natures of the layer materials 

provide sufficient conduction to prevent charging from the electron beam. The high magnification 

and good elemental contrast allow for thickness measurements that have an accuracy approaching 

tens of nanometers. These measurements have consistently been used for initial growth rate 

calculations. 
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2.5 Transmission electron microscopy 

Transmission Electron Microscopy (TEM) was conducted on representative ternary III-V 

samples by collaborators Edwin Supple and Dr. Brian Gorman at the Colorado School of Mines. 

The transmission of electrons through very thin foil (lamella) made from those samples allows for 

crystalline defects such as dislocations to be identified through contrast caused 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 mobilities. Despite some 

deviation in lamella thickness, heterostructures covering all experimental III-V ternaries and their 

buffer material variations produced consistent, reasonable results for their TDDs. These results are 

analyzed for their correlation with the processing parameters of their respective samples. 

The methodology for determining TDD follows the counting of threading dislocations in a 

given lamella’s cross-section. Knowing the width 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 electron beam. 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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2.6 Van der Pauw measurements 

The electronic properties of Cd3As2 films were measured via Van der Pauw measurements 

according to the geometry in Figure 2.15. This measurement applies a current along a longitudinal 

axis 𝑥 and an external magnetic field 𝐵𝑍
⃗⃗⃗⃗  so that a mutually orthogonal, transverse Hall voltage is 

generated along the 𝑦 axis (68). 

 

Figure 2.15: Van der Pauw Hall measurement geometry with relevant parameters. 

 

Here, four contacts are attached in a square geometry and a current is run along orthogonal 

directions (I1 and I2) to determine the voltage drops V1 and V2, and subsequently through Ohm’s 

law R𝑖 =  V𝑖  I𝑖⁄ . The contact pairs used for the two directional non-Hall measurements are 
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(1,2)/(3,4) and (1,4)/(2,3). R2 is taken as the larger value so that R2 > R1. These values are used 

to solve the Van der Pauw equation for the ideal sheet resistance 𝑅𝑆 in units of Ω/square: 

exp
−𝜋𝑅1

𝑅𝑆
+ exp

−𝜋𝑅2

𝑅𝑆
= 1. (2.27) 

 

The contacts should be on the sample corners and the contact area should 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 due to non-square contact and sample geometries 

(69). So long as 1 ≤ 𝑅2 𝑅1⁄ ≤ 10,000, a geometric factor 𝑓 may be solved to account for this effect: 

𝑅2 − 𝑅1

𝑅2 + 𝑅1

ln 2

𝑓
= cosh−1 [0.5 ∗ 𝑒𝑥𝑝 (

ln 2

𝑓
)] . (2.28) 

 

The product 𝑓𝑅𝑆 is a more accurate estimation of the sheet resistance and is used for further 

calculations. The bulk resistivity 𝜌 = 𝑓𝑅𝑆 ∗ 𝑡 where 𝑡 is the conductive film thickness, which 

should be less than 1 mm for 𝜌 to be accurate. The Hall measurement is conducted by applying a 

longitudinal current I𝑥𝑥 between either contact pair 1,3 or 2,4. When a current is applied across 

contacts 1,3 a Hall voltage is measured across contacts 2,4, and vice-versa. A reverse current 

measurement is also conducted and the four voltage drops are averaged as the final Hall voltage 

V𝑥𝑦. This eliminates error due to asymmetry in the sample and contact geometries. A Hall voltage 

is measured for every change in 𝐵𝑍
⃗⃗⃗⃗  as it moves to its setpoints in linear increments. The Hall 

resistance 𝑅𝑥𝑦 is the Hall voltage V𝑥𝑦 divided by the applied longitudinal current I𝑥𝑥. A 

representative Van der Pauw measurement is shown in Figure 2.16. Shubnikov-de Haas 

oscillations in the longitudinal bulk resistivity correspond with transitions in between the Landau 

levels. Plateaus in 𝑅𝑥𝑦 correspond to specific Landau filling factors 𝜐. 
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Figure 2.16: Van der Pauw Hall data for a nearly-lattice matched Cd3As2/AlInSb heterostructure. 

 

Real measurement curves are asymmetric due to the mixing of the longitudinal 𝑅𝑥𝑥 signal 

with the transverse 𝑅𝑥𝑦 data. This can be caused by inhomogeneity in the applied B-field. Other 

external B-fields may also contribute to the Hall effect. Asymmetrization and symmetrization of 

the 𝑅𝑥𝑦(𝐵) data are used to isolate the transverse signal 𝑅𝑥𝑦,𝑖𝑠𝑜 and the longitudinal signal 𝑅𝑥𝑥,𝑖𝑠𝑜: 

𝑅𝑥𝑦,𝑖𝑠𝑜 =
𝑅𝑥𝑦(𝐵) − 𝑅𝑥𝑦(−𝐵)

2
, (2.29) 

  

and:  

𝑅𝑥𝑥,𝑖𝑠𝑜 =
𝑅𝑥𝑦(𝐵) + 𝑅𝑥𝑦(−𝐵)

2
. 

(2.30) 
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All zero-field bulk resistivity measurements are averaged for a mean bulk resistivity value 𝜌𝑥𝑥. 

The Hall coefficient 𝑅𝐻 is the slope of a linear fit of the linear region of 𝑅𝑥𝑦,𝑖𝑠𝑜 vs. 𝐵𝑍
⃗⃗ ⃗⃗  , generally 

within the bounds of 𝐵𝑍
⃗⃗ ⃗⃗  = ±2 T:  

𝑅𝐻 =
𝛿𝑅𝑥𝑦

𝛿|𝐵𝑍
⃗⃗⃗⃗ |

|

|𝐵𝑍⃗⃗ ⃗⃗  ⃗| ≅ 0

. (2.31) 

 

The utilized 𝑅𝐻 is the mean average of the positive sweep slope (0 to +14 T, -14 T to 0) and the 

negative sweep slope (-14 T to +14 T). This value, along with the charge of an electron 𝑒, is used 

to calculate the sheet carrier density 𝑛𝑠ℎ𝑒𝑒𝑡: 

𝑛𝑠h𝑒𝑒𝑡 =
1

𝑅𝐻𝑒
, (2.32) 

 

the bulk carrier density 𝑛𝑏𝑢𝑙𝑘: 

𝑛𝑏𝑢𝑙𝑘 =
1

𝑅𝐻𝑒𝑡
, (2.33) 

  

and the carrier mobility 𝜇: 

𝜇 =
1

𝜌𝑥𝑥𝑛𝑏𝑢𝑙𝑘𝑒𝑡
=

𝑅𝐻

𝜌𝑥𝑥
. (2.34) 
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Chapter 3: Ternary III-V Alloys for Virtual Substrate Engineering 

 

3.1 Selection of III-V alloy systems 

 

3.1.1 Considerations for lattice-matched cadmium arsenide 

A virtual substrate is a thin film buffer layer or heterostructure of such films designed to 

achieve or improve a certain quality of a functional overlayer. The development of these virtual 

substrates allows for material growth that would otherwise be economically prohibitive or even 

impossible due to the inaccessibility of an equivalent substrate wafer with thickness on the order 

of hundreds of microns. For example, reverse linearly graded SiGe buffers on easily accessible Si 

(001) wafers act as virtual substrates for high-quality Si0.2Ge0.8 growth with low TDDs on the 

order of 4×106 cm-2 (70). There are many more examples of these compositionally graded buffers 

in the literature: linear and non-linear alike. They may be step graded or continuously graded based 

on the necessity of reducing the TDD and/or other considerations. The potential for a virtual 

substrate here, however, is in its use for lattice-matching with a Cd3As2 overlayer to preserve the 

surface electronic band structure so that its TS properties are maintained. The electronic properties 

of the buffer layer are not critically linked to overlayer growth outside of the requirement that it 

not be conducting (for device incorporation). The use of a graded buffer is forgone with a 

compositionally constant buffer being used instead. 

The epitaxial processes considered here are divided into the categories of homomorphic, 

pseudomorphic, and metamorphic growth paradigms (71). 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 GaAs. Because the 

grown crystal matches the substrate there is no in-plane biaxial strain due to interfacial mismatch. 

The initial homomorphic growth of a 300 nm GaAs buffer acts to reduce the roughness of the 

substrate surface and to bury surface contaminants (72). The other two modes involve the growth 

of a different crystal than the substrate and are distinguished by the nature of the interface between 

the two phases, especially the similarities regarding in-plane lattice geometries. Pseudomorphic 

growth occurs when the lattice mismatch is small enough that that the thin film may be elastically 

strained to match the in-plane lattice parameter(s) of the substrate at the interface. In cases where 

the interfacial lattice mismatch is great enough, an ordered array of edge dislocations 

spontaneously forms during film nucleation (73,74). This metamorphic interface is created in lieu 

of extreme biaxial strain, and so the subsequent metamorphic film is ideally totally relaxed. 

The metamorphic growth of ternary III-V alloys, like that shown in this dissertation, may 

still facilitate the high-quality epitaxial growth one might expect from the use of a graded or 

stepped buffer while also providing excellent and relatively facile compositional tunability for 

acquiring a lattice-matched Cd3As2 overlayer.  
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3.1.2 Use of metamorphic buffers for virtual substrates 

Neither homomorphic nor pseudomorphic buffers are suitable here as no III-V binary 

substrates, including GaAs (001), possess lattice parameters which are closely lattice matched 

with Cd3As2 (15,47). More specifically, the FCC sublattice of the As positions within the Cd3As2 

unit cell has an 𝑎 lattice parameter of 6.317 Å which is dissimilar from that of any zinc blende 

binary III-V compound. The ternary III-V systems GaInSb, AlInSb, and InAsSb are chosen for 

metamorphic growth on GaAs (001) substrates because they can be lattice matched to the As 

sublattice interatomic distance demarcated in Figure 3.1. InPSb can also be lattice-matched with 

Cd3As2, but a P source is not available in this experimental setup so InPSb was not explored. 

Figure 3.1: Direct (blue), sixfold symmetric indirect (red), and eightfold symmetric indirect (green) 

band gaps of III-V compounds and their alloys. Si, Ge and their alloys are also included for 

reference. A black dashed line is added to the original figure to indicate the interatomic distance 

of the Cd3As2 As face-centered cubic sublattice. It can be seen that the four ternary III-V alloy 

systems GaInSb, AlInSb, InAsSb, and InPSb may all be lattice matched to this value (71). 
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There is a critical thickness ℎ𝑐 where the Gibbs free energy of misfit dislocation formation 

becomes equal to the elastic strain energy of a growing lattice-mismatched thin film: 

ℎ𝑐 ≅ (
1 − 𝜈

1 + 𝜈
) (

1

16𝜋√2
) [

𝑏2

𝑎
] [(

1

𝑓2
) ln (

ℎ𝑐

𝑏
)]. (3.1) 

 

It is possible that no physical solution (positive and not complex) exists for the critical thickness. 

In these cases, there is no overlayer thickness where pseudomorphic growth is preferred over its 

metamorphic counterpart. Regarding this strain energy balance only, the three experimental 

systems GaInSb, AlInSb, and InAsSb all possess a negative critical thickness when grown on 

GaAs (001) and will therefore form a metamorphic interface (73). Here 𝑏 is the Burgers vector 

which is 
1

2
〈110〉-type for these zinc blende systems (75,76). The Poisson ratio 𝜈, the film lattice 

parameter 𝑎, and the lattice mismatch 𝑓 (also called misfit) are also factors. 
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3.1.3 Temperature control during MBE 

For the three ternary alloy systems explored here, a significant increase in pyrometer signal 

was observed during film nucleation at a constant substrate temperature setpoint. A cause for this 

discrepancy may be the change in radiative heating efficiency during ternary nucleation, as it 

would raise the sample temperature from the initial setpoint without any change in heater output 

power. Figure 3.2 reports in situ pyrometry which illustrates this radiative heating effect well. 

Here, a representative sample from each of the experimental systems shows how the recorded 

substrate temperature increases with respect to the initially chosen growth setpoint. 

 

Figure 3.2: Representative in situ pyrometry showing the growth of AlInSb, GaInSb, and InAsSb 

over the first hundred minutes of molecular beam epitaxy. The y-axis is adjusted to report the jump 

in pyrometer signal T-Tgrowth. 
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The theoretical optical band gaps 𝐸𝑔 of these systems are calculated using Equation 2.8, 

which takes the parabolic bowing parameters into account, and are listed in Table 3.1. 

 

Table 3.1: Calculated direct optical band gaps for selected experimental samples covering all six 

ternary/binary heterostructure permutations. 

Experimental Alloy Theoretical Band Gap (eV) 

Ga43.9In56.1Sb/GaAs 0.309 

Ga41.9In58.1Sb/AlAs 0.300 

Al51.5In48.5Sb/GaAs 1.145 

Al49.8In50.2Sb/AlAs 1.108 

InAs40.7Sb59.3/GaAs 0.102 

InAs39.0Sb61.0/AlAs 0.101 

 

 

These calculated 𝐸𝑔 values are substantially different between the ternary systems, with lattice-

matched composition InAsSb alloys possessing 𝐸𝑔  = 0.10 𝑒𝑉, GaInSb possessing 𝐸𝑔  = 0.30 𝑒𝑉, 

and AlInSb possessing 𝐸𝑔  = 1.07 𝑒𝑉 (47).  The temperature jumps during film nucleation are 

inversely proportional to the direct optical band gaps of the ternary alloys. The shift in temperature 

is greatest when nucleating InAsSb layers, followed by GaInSb, and then AlInSb. Oscillations are 

clearly visible in the AlInSb curve, representing a real 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 why InAsSb growths 

required lower starting temperatures between 440 °C and 460 °C to prevent phase separation 

caused by InSb constituent melting. 
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Furthermore, the theoretical spinodal decomposition range for InAsSb is the largest for all 

three systems as shown later in this chapter. The control software used in these experiments is 

capable of mediating substrate heater output with respect to pyrometer temperature. This control 

was applied in later samples to keep the pyrometer temperature at a set target, allowing for film 

nucleation and growth closer to the InSb melting point without causing thermal decomposition 

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

These films were initially investigated for their stability during and after growth. One mode 

of instability is spinodal decomposition, which occurs when the Gibbs free energy 𝐺𝑖(𝑥) of a 

multi-constituent system, a function of composition 𝑥 of constituent 𝑖, contains at least one set of 

points where 
𝑑2𝐺

𝑑𝑥2 = 0. The calculation of the Gibbs free energy was completed using the Delta 

Lattice Parameter (DLP) model where the internal strain effects of the ternary constituent lattices 

are taken into account (78). This strain effect is encompassed by the variable Ω that is added to the 

standard Gibbs free energy equation: 

𝛥𝐺(𝑥) = (1 − 𝑥)[Δ𝐻 − 𝑇Δ𝑆 + 𝑥Ω] + 𝑇𝑅[𝑥 ln 𝑥 + (1 − 𝑥) ln(1 − 𝑥)]. (3.2) 

 

Here, Δ𝐻 is the ternary’s enthalpy of formation, 𝑇 is the system temperature, Δ𝑆 is the change in 

entropy, and 𝑅 is the combined gas constant. Thermodynamic data for Group III arsenides and 

antimonides are readily available within the literature (79,80). The arsenide enthalpy and entropy 

values here are static within the same phase, but the reported antimonide values are temperature-

dependent in 100 °C increments within the same phase, giving their Gibbs free energy 

contributions greater accuracy. The Ω term is a function of the difference between constituent 

lattice parameters Δ𝑎 and the average constituent lattice parameter 𝑎̅: 

Ω = 4.375𝑘
(Δ𝑎2)

𝑎̅4.5
. (3.3) 

 

The constant 𝑘 = 1.527×107 J/(mol•Å). The theoretical spinodal decomposition curves are 

calculated according to where 
𝑑2𝐺

𝑑𝑥2 = 0, for all three ternary systems. 
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Figure 3.3: Theoretical spinodal decomposition ranges for the experimental ternary systems 

GaInSb, AlInSb, and InAsSb. The experimental growth range for these alloys is denoted by the 

cross-hatching between 440 °C and 505 °C. 

 

According to these calculations, the minimum required growth temperatures to prevent spinodal 

decomposition at the most susceptible compositions are 141 °C for Al52.6In47.4Sb), 250 °C for 

Ga53.1In46.9Sb, and 367 °C for InAs53.4Sb46.6. These are metastable alloys that rely on the kinetic 

limiting of diffusion at low temperature to remain single-phase. The InAsSb alloys are in the 

greatest danger of spinodal decomposition when samples are cooled from their growth 

temperatures to room temperature for MBE chamber removal. 
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3.3 Thermal decomposition of ternary III-V alloys 

During the initial growth of these ternary systems, it was found that a common form of 

failure was thermal decomposition. This effect occurred during growths as monitored by both 

pyrometry and RHEED, where upon passing a certain temperature threshold the crystalline quality 

would rapidly degrade. This effect corresponds to a significant increase in pyrometer signal with 

no corresponding heater output, as well as the vanishing of any RHEED pattern. This threshold 

was later identified as the melting point of the common constituent InSb at 527 °C. Growths which 

passed this threshold consistently produced XRD spectra with decomposed constituents. 

 

Figure 3.4: a.) in situ pyrometer signals of two InAsSb samples showing the behavior of thermal 

decomposition (red) and thermal stability (blue) during growth. b.) The corresponding X-ray 

diffraction III-V (004) peaks showing clear thermal decomposition leading to phase separation in 

the case that the melting point of InSb has been exceeded. 
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The continuing pyrometer temperature increase after passing the InSb melting point is in part due 

to roughening of the sample surface. Because the real sample temperature jumps quickly 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 point. This extraordinary signal 

behavior acts as a good indicator that a ternary layer growth process has failed, and it has therefore 

facilitated the determination of the 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 ternary layer growths began with 

setting limits on the minimum and maximum growth temperatures. However, non-uniformity in 

substrate heating and pyrometer error both contribute to the danger of exceeding the thermal 

decomposition threshold when growth temperatures begin too close to it, so a 22 °C buffer was 

instituted to prevent exceeding the InSb melting point. In early experiments the radiative heating 

efficiency effect was the most common source of upper temperature limit overshoot. This required 

the further lowering of the maximal growth temperature for the alloys GaInSb and InAsSb to 

500 °C and 460 °C respectively. Later growths also made use of pyrometer-corrected growth to 

lower substrate heater temperature in tandem with the rise in pyrometer signal during the increase 

in radiative heating efficiency. This allows for a raised maximal growth temperature closer to 

505 °C once the substrate heater power has been lowered to account for the new efficiency. 

The minimum growth temperatures for these alloys followed current group recipes and 

literature III-V MBE growth ranges for binary constituents (81–84). It should be noted that InSb 

is usually grown in the range of 360-400 °C, and so the quality of these InAsSb ternaries may be 

in part affected by the compromise between ideal InAs and InSb growth ranges. Higher 

temperatures are preferred for the maximization 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. 

The V:III 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 of the As2 and Sb2 source 

fluxes. A V:III flux ratio greater than unity is therefore applied in all of these growths to ensure 

that no metallic Group-III structures are formed. In practice, the V:III BEP ratio (as a proxy for 
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flux ratio) has ranged from 6-7 for early samples to 20 in later growths. No significant change in 

structural quality could be linked to these increases in BEP ratio beyond the minimum applied 

value. For comparison, some successful V:III BEP ratios in the literature are 3.4 for GaSb and 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 composition estimation is through XRD analysis. Initial 

flux starting points for these ternaries were chosen for Group-V rich growth conditions. Following 

these attempts, the Group-III fluxes were readjusted until the target compositions with desired 

lattice constants were achieved. The primary sample set acquired and characterized in this way 

contains seventeen ternary films and their four binary constituents. Each system shows the 

combined data of several ternary films which are distinguished by their plot color, as well as binary 

films for each of the four alloying constituents. All plots are laterally shifted so that the 

experimental GaAs (004) peak matches its literature value. This corresponds with a maximum 

horizontal axis error of 14 arcsec. 



  

80 
 

 

Figure 3.5: High-resolution X-ray diffraction (004) peak plots for samples in the GaInSb, AlInSb, 

and InAsSb ternary alloy systems. The gray dashed line marks the literature value of 2𝜃 = 33.026° 

for GaAs (004). 

 

Here, multiple curves show the shifting of the ternary layer (004) peaks with respect to 

composition. These peaks are all within the bounds set by the (004) peak positions of their relevant 

binary constituents. The crystalline quality of these ternaries in Table 3.2, including the binary 

constituents, is measured through the FWHMs of their (004) peaks. 
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Table 3.2: Ternary alloy parameters including those derived from X-ray diffraction conducted after 

growth. The compositions listed here are calculated using the linear interpolation of binary 

constituent zinc blende 𝑎 lattice parameters, following Vegard’s law. 

Experimental 

Alloy (2 µm) 

Buffer 

(300 nm) 

Alloy Growth 

Temperature (°C) 

Alloy (004) Peak 

FWHM (arcsec) 

Ga56.6In43.4Sb GaAs 473 227 

Ga25.5In74.5Sb GaAs 473 227 

Ga51.6In48.4Sb GaAs 473 205 

Ga45.1In54.9Sb GaAs 473 227 

Ga41.9In58.1Sb AlAs 460 228 

Ga43.9In56.1Sb GaAs 460 207 

Al60.2In39.8Sb AlAs 460 243 

Al46.8In53.2Sb AlAs 460 290 

Al49.8In50.2Sb AlAs 500 255 

Al51.5In48.5Sb GaAs 500 279 

InAs26.3Sb73.7 AlAs 460 225 

InAs44.5Sb55.5 AlAs 460 249 

InAs38.3Sb61.7 AlAs 460 240 

InAs40.1Sb59.9 AlAs 440 247 

InAs39.0Sb61.0 AlAs 440 270 

InAs38.5Sb61.5 GaAs 440 332 

InAs40.7Sb59.3 GaAs 440 325 

GaSb GaAs 505 173 

AlSb AlAs 500 169 

InAs AlAs 440 259 

InSb GaAs 505 220 

 

 

The MBE-grown AlSb and GaSb films are of higher quality than their InAs and InSb 

counterparts. While the InSb shown here is grown at a higher temperature than within the common 

360-400 °C range, it is more representative of the higher-temperature growth that occurs when it 

is grown as a constituent of the experimental ternary alloys. 
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Figure 3.6: Full-widths at half-maxima of ternary buffers listed in Table 3.2 plotted with respect 

to both a.) composition and b.) growth temperature. 

 

These results do not appear to show a strong trend matching crystalline quality (FWHM) with 

composition, growth temperature, nor choice of binary buffer. There is, however, a small reduction 

in AlInSb FWHM content with increasing AlSb alloy fraction. In addition, the InAsSb ternaries 

grown on AlAs are of higher quality those grown on GaAs, with FWHMs averaging 246 and 329 

arcsec. It should be noted, however, that the InAsSb ternaries suffered from variation in quality in 

general over the course of these experiments, and that this is a relatively small sample set. Still, 

the consistency of quality across the range of ternary compositions bodes well especially for the 

use of GaInSb and AlInSb ternary layers with average FWHMs of 220 and 267 arcsec. These 

systems show no evidence of spinodal decomposition during cooldown as their ternary (004) 

peaks remain singular with no emergent binary constituent peaks or off-composition satellites. 
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 3.5.2 Defect analysis through reciprocal space mapping 

The RSMs in Figure 3.7 and Figure 3.8 show GaAs, AlAs, and ternary alloy (2̅2̅4) peaks 

scanned from a single heterostructure. The dashed diagonal line in a.) is traced from the origin to 

the asymmetric GaAs (2̅2̅4) peak, demarcating the line of relaxation. The GaInSb (2̅2̅4) peak 

almost perfectly intersects this line, demonstrating the fully relaxed nature of the ternary layer. 

  

Figure 3.7: a.) Reciprocal space map of Ga43.9In56.1Sb grown on a GaAs homomorphic buffer/GaAs 

(001). b.) and c.) show magnified maps of the GaInSb (2̅2̅4) and GaAs (2̅2̅4) peaks, respectively. 

The major (black) and minor (red) axes of the GaInSb (2̅2̅4) 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 lines of relaxation trace from the origin to the GaAs substrate (2̅2̅4) peak. In the case of 

AlAs pseudomorphic binary buffers there is a distinct, smaller AlAs (2̅2̅4) peak which is vertically 

offset (−𝑄𝑦 direction) from the bulk substrate GaAs (2̅2̅4) peak. The 𝑄𝑥 and 𝑄𝑦 coordinates of 

all data are shifted so that the experimental GaAs (2̅2̅4) peak corresponds to the reciprocal lattice 

coordinates of the cubic crystal with a literature-value lattice 𝑎 parameter of 5.65368 Å. 

 

 

Figure 3.8: Asymmetric reciprocal space maps of all six ternary/binary permutations a.) 

GaInSb/GaAs, b.) AlInSb/GaAs, c.) InAsSb/GaAs, d.) GaInSb/AlAs, e.) AlInSb/AlAs, and f.) 

InAsSb/AlAs. 
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Figure 3.9 shows a magnified image of a heterostructure a featuring both AlAs (2̅2̅4)  and 

GaAs (2̅2̅4) (Figure 3.8e). The scan area in 𝑄-space is relatively small as zinc blende GaAs and 

AlAs have very similar lattice parameters. 

 

Figure 3.9: Magnified reciprocal space map of AlInSb/AlAs/GaAs (001) (Figure 3.8e) showing 

the AlAs (2̅2̅4) and GaAs substrate (2̅2̅4) peaks. 
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RSM is used to assess the degree of strain, and therefore the relaxation in these films. The 

in-plane and out-of-plane lattice parameters should be nearly identical for relaxed films and can 

be assessed for these cubic ternaries without knowing their bulk lattice constants. As shown in 

Table 3.3, the lattice parameters and the corresponding in-plane strains are catalogued. The 

stiffness matrix constants taken are from Vurgaftman et al. and are linearly interpolated (86). There 

is a slight mismatch between the 𝑎 lattice parameters of the zinc blende GaAs and AlAs crystals, 

which are 5.65330 Å and 5.66139 Å (47). Following the pseudomorphic growth of an AlAs binary 

on GaAs (001), only the 𝑄𝑦 coordinate should show disparity as the buffer will be strained in-

plane to match the 𝑎 parameter of the GaAs substrate. This is indeed the case as shown in Figure 

3.9 where the 𝑄𝑥 coordinates of the peaks are extremely close.  The AlAs (2̅2̅4) peaks exist at a 

smaller, positive 𝑄𝑦 coordinate in reciprocal space corresponding to their larger, real out-of-plane 

lattice parameter. 

 

Table 3.3: Reciprocal space map-derived lattice parameters for ternary alloy samples grown on 

both GaAs and AlAs binary buffers. The in-plane strain is calculated from these values. 

Experimental 

Heterostructure 

In-Plane Lattice 

Parameter (Å) 

Out-of-Plane 

Lattice Parameter (Å) 

In-Plane 

Strain 

Ga43.9In56.1Sb/GaAs 6.2967 6.3109 -1.1261E-03 

Ga41.9In58.1Sb/AlAs 6.2916 6.3185 -2.1290E-03 

Al51.5In48.5Sb/GaAs 6.2690 6.3022 -2.5984E-03 

Al49.8In50.2Sb/AlAs 6.2728 6.3081 -2.7584E-03 

InAs40.7Sb59.3/GaAs 6.2690 6.3081 -2.9766E-03 

InAs39.0Sb61.0/AlAs 6.2753 6.3152 -3.0342E-03 
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 These RSM peaks offer more in terms of ternary film defect analysis following 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 crystals (74). There is a minimum 

ellipticity associated with the formation of a metamorphic interface composed entirely of misfit 

dislocations. The deviation in experimental spot ellipticity from the minimum ellipticity of the 

idealized model is an indicator of sample quality, as it pertains to the increase in dislocations with 

screw-like character. The Gaussian in-plane width parameter, 

𝑤𝑥,𝑒𝑑𝑔𝑒 =
𝜌𝑄𝑦

2𝑏𝑥
2

8𝜋𝑑
, (3.4) 

 

is determined by the FWHM taken parallel to 𝑄⃗ 𝑥 for a (004) symmetric RSM. Similarly, the 

Gaussian out-of-plane width parameter,  

𝑤𝑦,𝑒𝑑𝑔𝑒 = [
𝜈

(1 − 𝜈)
]
2 𝜌𝑄𝑦

2𝑏𝑥
2

4𝜋𝑑
, (3.5) 

  

is determined by the FWHM taken parallel to 𝑄⃗ 𝑦. The linear density of misfit dislocations 𝜌 along 

the ternary/binary III-V interface and the metamorphic ternary thickness 𝑑 produce the parameter 

𝜌𝑑 which correlates with the level of strain. When 𝜌𝑑 ≫ 1, as in these completely relaxed ternary 

films, the theoretical shape of their RSM spots may be accurately approximated using this theory. 

The in-plane Burgers vector 𝑏𝑥 is 〈110〉-type for these zinc blende systems. It is equal to 𝑎 √2⁄  

(87). The ratio of the Gaussian width parameters: 

[
1 − 𝜈

√2𝜈
]
2

, (3.6) 
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is independent of thickness and misfit dislocation density. In contrast to the parameters of the pure 

misfit dislocation case, the Gaussian width parameters for an array of mixed dislocations are: 

𝑤𝑥,𝑚𝑖𝑥𝑒𝑑 =
𝜌𝑄𝑦

2(𝑏𝑥
2 + 5𝑏𝑦

2)

8𝜋𝑑
, (3.7) 

 

and 

𝑤𝑦,𝑚𝑖𝑥𝑒𝑑 = [
𝜈

(1 − 𝜈)
]
2 𝜌𝑄𝑦

2(𝑏𝑥
2 + 𝑏𝑦

2)

4𝜋𝑑
. (3.8) 

 

The ratio of the Gaussian width parameters now becomes: 

𝑤𝑥,𝑚𝑖𝑥𝑒𝑑

𝑤𝑦,𝑚𝑖𝑥𝑒𝑑
=

𝑏𝑥
2 + 5𝑏𝑦

2

𝑏𝑥
2 + 𝑏𝑦

2
[
1 − 𝜈

√2𝜈
]

2

. (3.9) 

 

The first term in the ratio containing the Burgers vectors is equal to or greater than unity in 

all cases. This causes the ratio 𝑤𝑥,𝑚𝑖𝑥𝑒𝑑 𝑤𝑦,𝑚𝑖𝑥𝑒𝑑⁄  to always be equal to or greater than the ideal 

case ratio 𝑤𝑥,𝑒𝑑𝑔𝑒 𝑤𝑦,𝑒𝑑𝑔𝑒⁄ . RSMs of the symmetric (004) peaks for these ternary samples are 

therefore taken to determine the FWHMs of the their major and minor 2D cross-sections. Their 

ratio 𝐹𝑊𝐻𝑀𝑥 𝐹𝑊𝐻𝑀𝑦⁄ , which is equal to 𝑤𝑥,𝑚𝑖𝑥𝑒𝑑 𝑤𝑦,𝑚𝑖𝑥𝑒𝑑⁄ , is compared to the theoretical ideal 

ratio 𝑤𝑥,𝑒𝑑𝑔𝑒 𝑤𝑦,𝑒𝑑𝑔𝑒⁄ . The RSMs of six experimental heterostructures covering the permutations 

of three ternary alloys and two binary buffers are subjected to this analysis. 
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Figure 3.10: Symmetric reciprocal space maps of all six ternary/binary permutations a.) 

GaInSb/GaAs, b.) AlInSb/GaAs, c.) InAsSb/GaAs, d.) GaInSb/AlAs, e.) AlInSb/AlAs, and f.) 

InAsSb/AlAs. The major and minor axes of these ellipses are represented by red and teal lines, 

respectively. 

 

Cross-sections of the major and minor axes of these heterostructures further illustrate the 

ellipticity of these RSM peaks. The method of FWHM determination through 1D Gaussian fitting 

is also shown in Figure 3.11. The cross sections are centered at zero along their relevant 𝑄-space 

axes for easier comparison by eye. 
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Figure 3.11: Cross sections of major (red) and minor (teal) reciprocal space map spot axes. These 

plots represent a.) GaInSb/GaAs, b.) AlInSb/GaAs, c.) InAsSb/GaAs, d.) GaInSb/AlAs, e.) 

AlInSb/AlAs, and f.) InAsSb/AlAs. The full-widths at half-maxima of these cross-sections are 

used to calculate the experimental full-width at half-maximum ratios in Table 3.4. 
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Table 3.4 contains the experimental and theoretical FWHM ratios, which are equal to the 

Gaussian width parameter ratios, and the percent deviation of the experimental from the ideal is 

calculated. While the percent deviation cannot be directly tied to a specific crystal defect type such 

as threading dislocations, stacking faults, or decomposition, it is still a valuable process variable 

in terms of sample growth condition refinement. For example, the AlInSb samples here are clearly 

most in line with their theoretical ideal misfit dislocation value, followed by GaInSb and then 

InAsSb. 

 

Table 3.4: Theoretical in-plane/out-of-plane Gaussian Full-Width at Half-Maximum (FWHM) 

ratios for the metamorphically-grown ternary heterostructures in the ideal pure misfit edge 

dislocation scenario and the tabulation of corresponding experimental FWHM ratios. The percent 

difference between the theoretical and experimental cases is also calculated. 

Experimental 

Heterostructure 

Theoretical Ideal 

FWHM Ratio 

Experimental 

FWHM Ratio 

Percent 

Difference (%) 

Ga43.9In56.1Sb/GaAs 1.418 3.660 158.1 

Ga41.9In58.1Sb/AlAs 1.413 2.687 90.16 

Al51.5In48.5Sb/GaAs 1.376 2.131 54.87 

Al49.8In50.2Sb/AlAs 1.374 2.517 83.19 

InAs60.7Sb59.3/GaAs 1.314 4.255 223.8 

InAs39.0Sb61.0/AlAs 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 of these ternary III-

V alloys as they pertain to growth temperature, binary buffer selection, and XRD-derived 

crystalline quality (through FWHM). RHEED is primarily analyzed for the surface reconstructions 

of these ternary alloys for comparison with the literature patterns of their primary constituents. 

Figure 3.12 shows three representative RHEED patterns derived from GaInSb, AlInSb, and 

InAsSb which have just finished deposition and are still at the growth temperature. 

 

Figure 3.12: a-b.) Ga0.43In0.57Sb, c-d.) Al0.48In0.52Sb, and e-f.) In0.38As0.62Sb surface 

reconstructions. The 2× patterns are taken at 90° rotations from their 3× counterparts. Primary 

(red), clear secondary (blue), and faint secondary (white) diffraction streaks are marked. 
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These surface reconstructions are doubly useful in that their absence provides evidence of 

poor growth conditions and that their nature is a consideration for the epitaxial growth of an 

overlayer. All three ternary alloys exhibit a (2×3) surface reconstruction so long as neither spinodal 

nor thermal decomposition occur. However, the binary constituents GaSb and AlSb are reported 

to exhibit (1×3) reconstructions over similar temperature and pressure ranges as the ternary alloy 

growths (88,89). InAs deviates even more from its ternary alloy, as it is nominally a (2×4) 

reconstruction (89). These ternary surface reconstructions may be altered by their common InSb 

constituent, which exhibits a pseudo-(1×3) reconstruction generated by the superstructure 

combination of its (2×4) phases (90,91). However, the ternary reconstructions featured here do not 

show the same pseudo-pattern behavior as InSb where the streaks are not equally spaced. Instead, 

the 3× streaks are clear and equidistant in all cases. The 2× streaks are a bit more diverse, as GaInSb 

an AlInSb do not show the same intensity in their minor streaks as with InAsSb. Still, the full (2×3) 

pattern is visible in all three cases. No discernment in surface reconstruction could be made 

between layers of the same ternary system grown on either homomorphic GaAs or pseudomorphic 

AlAs buffers. 
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Figure 3.13 shows three representative AFM images of the GaInSb, AlInSb, and InAsSb 

ternary alloy systems. 

 

Figure 3.13: 10×10 µm atomic force microscopy images of the ternary III-V alloys a.) 

Ga0.43In0.57Sb, b.) Al0.48In0.52Sb, and c.) InAs0.36Sb0.64. Root mean square roughness values (𝑅𝑞) 

for each sample are listed in their respective figures. 

 

In all cases, mounded 3D growth is apparent and there are no visible islands or step edges even 

over smaller scan areas. The root mean square roughnesses 𝑅𝑞 in Table 3.5 vary quite significantly 

even across samples in the same ternary system. It appears as though growth conditions have a 

strong effect on the final roughness and that the current recipes are not fully optimized. The most 

variation exists across the samples of the InAsSb system. The growth temperatures for this system 

are the lowest amongst the three, which necessarily lowers the diffusion rate of atoms across the 

sample surface 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 

the GaInSb and AlInSb samples. 
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Table 3.5: Atomic force microscopy derived Root Mean Square (RMS) 𝑅𝑞 values of ternary alloys 

in comparison to composition, binary buffer system, and growth temperature. 

Experimental 

Alloy (2 µm) 

Buffer 

(300 nm) 

Alloy Growth 

Temperature (°C) 

RMS Roughness 

(10×10 µm2, 𝑅𝑞, nm) 

Ga56.6In43.4Sb GaAs 473 1.85 

Ga25.5In74.5Sb GaAs 473 3.47 

Ga51.6In48.4Sb GaAs 473 1.32 

Ga45.1In54.9Sb GaAs 473 1.54 

Ga41.9In58.1Sb AlAs 460 5.07 

Ga43.9In56.1Sb GaAs 460 1.55 

Al60.2In39.8Sb AlAs 460 3.26 

Al46.8In53.2Sb AlAs 460 6.89 

Al49.8In50.2Sb AlAs 500 2.67 

Al51.5In48.5Sb GaAs 500 3.33 

InAs26.3Sb73.7 AlAs 460 6.40 

InAs44.5Sb55.5 AlAs 460 5.62 

InAs38.3Sb61.7 AlAs 460 2.12 

InAs40.1Sb59.9 AlAs 440 3.89 

InAs39.0Sb61.0 AlAs 440 5.50 

InAs38.5Sb61.5 GaAs 440 6.27 

InAs40.7Sb59.3 GaAs 440 11.6 
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3.5.4 Analysis of electron micrographs 

 TEM was conducted on three representative ternary alloy samples: GaInSb, AlInSb, and 

InAsSb on homomorphic GaAs buffers. These micrographs and the calculations of their defect 

densities were produced by Edwin Supple and Brian P. Gorman at Colorado School of Mines. 

Samples underwent focused ion beam milling followed by lift-out to produce TEM-worthy lamella 

with thicknesses of 251 nm (Ga43.9In56.1Sb), 168 nm (Al51.5In48.5Sb), and 207 nm (InAs40.7Sb59.3). 

Gas injection was used to coat the lamella in conducting Pt to prevent charging during imaging. 

The Pt appears dark in contrast to the heterostructure layers in the TEM micrographs. Striations in 

the lamella are parallel to the plane-normal, and are mechanically derived from the sample 

preparation process. The thickness range allows for TDD 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 densities. Five images per sample produced TDD counts at the layer 

midpoints (50% ternary thickness) and near the heterostructure surfaces (95% ternary thickness) 

for a total of thirty total density counts. The averages of each five-image set are divided by their 

respective cross-sectional (in-plane) areas to give an estimate of TDD as shown in Table 3.6. 

 

Table 3.6: Threading dislocation densities and their standard deviations (𝜎) derived from 

transmission electron microscopy of GaInSb. AlInSb, and InAsSb films approximating 1.5-2 µm 

in thickness. 

Experimental 

Alloy 

TDD at 50 % 

thickness (cm-2) 

𝜎 at 50 % 

thickness (cm-2) 

TDD at 95 % 

thickness (cm-2) 

𝜎 at 95 % 

thickness (cm-2) 

Ga43.9In56.1Sb 4.27 × 109 8.58 × 108 3.26 × 109 6.98 × 108 

Al51.5In48.5Sb 7.16 × 109 1.92 × 109 2.20 × 109 8.04 × 108 

InAs40.7Sb59.3 3.57 × 109 1.06 × 109 2.97 × 109 1.28 × 109 
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This cross-sectional 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 plane. The standard 

deviations made available through the use of multiple images are also included, and are significant 

with respect to their TDDs. A greater number of images would produce a more refined result with 

smaller deviations, but the general conclusion would remain the same: that these measured TDDs 

are much larger than typical TDDs in the range of 106-107 cm-2 (78,92). 

The crystalline mistilts with respect to the substrate normal along [001] towards [011̅] 

were also determined. They are 10°, 4°, and 0° towards [011̅] for Ga43.9In56.1Sb, Al51.5In48.5Sb, and 

InAs40.7Sb59.3. The TEM images do not show evidence of phase separation in these ternaries even 

though they are below their theoretical spinodal decomposition temperatures. Regions with 

significant atomic (Z) contrast in the images would suggest that phase separation has occured, but 

the lamella are homogenous. There are regions which appear brighter than the matrix along the 

surface normal [001], but this effect is due to the milling process and is known as curtaining. 

Contrast distortion near clusters of dislocations is visible, particularly in the Al51.5In48.5Sb 

micrograph. Two consistent dislocation directionalities are identified in these images. Those 

parallel to the surface normal are necessarily 〈100〉-type. Threading dislocations run along the 

{111} planes of the zinc blende ternary alloys, so they appear at a 45° angle from the surface 

normal. 
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Figure 3.14: High-magnification transmission electron micrograph of Ga43.9In56.1Sb deposited on 

GaAs/GaAs (001). Threading dislocations appear as thin, dark lines in the ternary layer. 
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Figure 3.15: High-magnification transmission electron micrograph of Al51.5In48.5Sb deposited on 

GaAs/GaAs (001). Threading dislocations appear as dark grooves in the ternary layer. 
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Figure 3.16: High-magnification transmission electron micrograph of InAs40.7Sb59.3 deposited on 

GaAs/GaAs (001). Threading dislocations appear as dark lines which are somewhat occluded by 

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

 

4.1 Gibbs free energy considerations 

 The potential interaction between a Cd3As2 layer its ternary III-V buffer, as well as As2 

and Sb2 overpressures, were calculated via Gibbs free energy equations following the DLP model 

over a range 100-600 °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 Cd3As2 overlayer may also quench its topological character by modifying its 

crystal structure, particularly through the breaking of rotational symmetry. The thermodynamic 

data for the considered reactions are taken from literature sources on the enthalpies and entropies 

of arsenides and antimonides (79,80). The arsenide data is temperature-independent, but the 

antimonide data is given in 100 °C increments along with points at relevant phase changes. These 

calculations are conducted for the lattice-matched ternary compositions Al0.47In0.53Sb, 

Ga0.42In0.58Sb, and InAs0.39Sb0.61. Variance in the specific compositions of these ternaries will have 

an effect on the final Gibbs free energies of their proposed reactions. Therefore, the full 

composition windows are considered for reactions which have exothermic energies regarding the 

lattice matched compositions. 

Chemical interactions at the Cd3As2-AlInSb interface are considered first. Here, the low-

temperature interaction between any As2 overpressure and the ternary AlInSb alloy must be 

considered as in: 

𝐴𝑙𝑥𝐼𝑛1−𝑥𝑆𝑏 + 1 2⁄ 𝐴𝑠2 → 𝐴𝑙𝑥𝐼𝑛1−𝑥𝐴𝑠 + 1 2⁄ 𝑆𝑏2. (4.1) 
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This reaction is relevant as additional As2 overpressure is applied during one of the Cd3As2 growth 

series. The danger is the formation of AlInAs at the interface which would no longer be lattice 

matched with the intended Cd3As2 overlayer. The reactions: 

𝐴𝑙𝑥𝐼𝑛1−𝑥𝑆𝑏 + 𝐶𝑑3𝐴𝑠2 + 1 6⁄ 𝐴𝑠2 → 𝐴𝑙𝑥𝐼𝑛1−𝑥𝐴𝑠 + 𝐶𝑑3𝐴𝑠1.33𝑆𝑏, (4.2) 

 

and 

𝐴𝑙𝑥𝐼𝑛1−𝑥𝑆𝑏 + 𝐶𝑑3𝐴𝑠2 → 𝐴𝑙𝑥𝐼𝑛1−𝑥𝐴𝑠 + 𝐶𝑑2.5𝐴𝑠𝑆𝑏 + 𝐶𝑑0.5, (4.3) 

 

consider diffusion between the Cd3As2 and AlInSb layers both with and without the presence of 

latent As2 overpressure. These reactions are highly unfavorable over the considered temperature 

range, boding well for the use of AlInSb as a stable buffer for Cd3As2 overlayer growth. Discrete 

jumps in the curves appear most noticeably in Figure 4.1a. These are due to changes in the enthalpy 

of compound formation when one of its constituents undergoes a phase change. 
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Figure 4.1: The Gibbs free energy of formation ∆𝐺𝑓 for Reactions 4.1-4.3 considering a.) 

Al0.47In0.53Sb under As2 overpressure as well as the interaction between a Cd3As2 overlayer and a 

lattice-matched Al0.47In0.53Sb buffer, both b.) in the presence of latent As2 overpressure and c.) in 

vacuum. 
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GaInSb is similarly considered for its reaction with both the Cd3As2 layer and any latent 

As2 overpressure. Regarding the As2 overpressure, 

𝐺𝑎𝑥𝐼𝑛1−𝑥𝑆𝑏 + 1 2⁄ 𝐴𝑠2 → 𝐺𝑎𝑥𝐼𝑛1−𝑥𝐴𝑠 + 1 2⁄ 𝑆𝑏2 (4.4) 

 

is actually exothermic over a small temperature window, but well into the range of thermal 

decomposition for the alloy which begins at the InSb melting point of 527 °C. The likelihood of 

Group-V exchange with and without As are considered through: 

𝐺𝑎𝑥𝐼𝑛1−𝑥𝑆𝑏 + 𝐶𝑑3𝐴𝑠2 + 1 6⁄ 𝐴𝑠2 → 𝐺𝑎𝑥𝐼𝑛1−𝑥𝐴𝑠 + 𝐶𝑑3𝐴𝑠1.33𝑆𝑏, (4.5) 

and 

𝐺𝑎𝑥𝐼𝑛1−𝑥𝑆𝑏 + 𝐶𝑑3𝐴𝑠2 → 𝐺𝑎𝑥𝐼𝑛1−𝑥𝐴𝑠 + 𝐶𝑑2.5𝐴𝑠𝑆𝑏 + 𝐶𝑑0.5. (4.6) 

 

Since Cd3As2 growth is conducted over temperatures from 80-145 °C, it follows that none of 

these reactions are prohibitive for the use of GaInSb as a lattice-matched buffer for the overlayer. 
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Figure 4.2: The Gibbs free energy of formation ∆𝐺𝑓 for Reactions 4.4-4.6 considering a.) 

Ga0.42In0.58Sb under As2 overpressure as well as the interaction between a Cd3As2 overlayer and a 

lattice-matched Ga0.42In0.58Sb buffer, both b.) in the presence of latent As2 overpressure and c.) in 

vacuum. The red dashed line in a.) demarcates the transition between an endothermic and an 

exothermic (spontaneous) reaction between Ga0.42In0.58Sb and As2 at a temperature of 560 °C. 
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A contour plot of the Gibbs free energy of formation for reaction 4.4 shows that it will 

occur spontaneously within a certain temperature window at the lattice-matched ternary 

conditions. 

 

Figure 4.3: The Gibbs free energy of formation ∆𝐺𝑓 for Reaction 4.4 between GaxIn1-xSb and As2 

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

 

These energy calculations are explored across a larger ternary composition range 0.01 ≤ 𝑥 ≤ 0.99 

to determine if off-stoichiometry layers are in danger of allowing Reaction 4.4 to occur over the 
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experimental Cd3As2 growth temperatures. The spontaneity of the reaction is far more dependent 

on temperature than composition and thusly may be avoided through the same controls devised for 

the lattice-matched ternary alloys. There are sharp changes in Gibbs free energy at temperatures 

of 157 °C and 527 °C which correspond to phase changes in the common InSb constituent. 

Reaction 4.4 between GaxIn1-xSb and As2 is not expected to occur so long as compositions are kept 

away from Ga-rich conditions like 𝑥 > 0.8. 

InAsSb has the greatest number of potential reactions as it contains both arsenic and 

antimony. Therefore, it must be also be considered for reactions that produce pure InSb through 

Group-V exchange. This includes the reaction with latent Sb2 overpressure both with and without 

the presence of Cd3As2. A reaction where the Cd3As2 layer decomposes into CdAsSb and Cd is 

not considered. The results of this analysis show that: 

𝐼𝑛𝐴𝑠𝑥𝑆𝑏1−𝑥 + 
(1 − 𝑥)

2
𝐴𝑠2 → 𝐼𝑛𝐴𝑠 + 

(1 − 𝑥)

2
𝑆𝑏2, (4.7) 

 

and 

 

 𝐼𝑛𝐴𝑠𝑥𝑆𝑏1−𝑥 + 
𝑥

2
𝑆𝑏2 → 𝐼𝑛𝑆𝑏 + 

𝑥

2
𝐴𝑠2, (4.8) 

 

possess a window of spontaneous reaction. For Reaction 4.7 it becomes clear that any As2 

overpressure available during Cd3As2 growth at low temperatures will interact with the InAsSb 

layer, reducing overlayer quality and potentially preventing epitaxy. To achieve quality growth of 

Cd3As2/InAsSb the wait period between InAsSb and Cd3As2 growth steps must be extended to 

allow for sufficient venting of any latent As2 overpressure from the ternary layer deposition. 

Likewise, in Reaction 4.8 a pure Sb2 overpressure will drive the ternary InAsSb towards its binary 

constituent InSb, which is not lattice-matched with a Cd3As2 overlayer. Even if the surface is not 
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fully converted, the localized reaction presents the danger of producing additional threading 

dislocations during Cd3As2 growth. This reaction is already avoided simply by removing the As2 

and Sb2 overpressures used for growth at the same time at the transition temperature and growing 

Cd3As2 with stoichiometric fluxes. The full composition contour plot is produced for both 

reactions. 

 

Figure 4.4: The Gibbs free energy of formation ∆𝐺𝑓 for Reaction 4.7 between InAsxSb1-x and As2 

overpressure as a function of both temperature and ternary alloy composition. 
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Figure 4.5: The Gibbs free energy of formation ∆𝐺𝑓 for Reaction 4.8 between InAsxSb1-x and Sb2 

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

 

The occurrence of Reaction 4.7 between InAsxSb1-x and pure As2 overpressure is not a danger so 

long as the InAs component is kept small. As seen in Figure 4.4, the Gibbs free energy becomes 

more exothermic for all temperatures above 157 °C as the InAs component becomes greater, 

changing substantially starting at compositions like 𝑥 > 0.6. Likewise, in Figure 4.5 Reaction 4.8 

between InAsxSb1-x and pure Sb2 overpressure becomes more exothermic as the InAs component 
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increases. Fortunately, the standard Gibbs free energy of formation for Reaction 4.8 remains 

positive over all compositions for temperatures below 200 °C. For InAsSb and Cd3As2 together, 

the proposed reactions are: 

𝐼𝑛𝐴𝑠𝑥𝑆𝑏1−𝑥 + 𝐶𝑑3𝐴𝑠2 +
(1 − 𝑥)

6
𝐴𝑠2 → 𝐼𝑛𝐴𝑠 + 𝐶𝑑3𝐴𝑠2(2+𝑥)

3

𝑆𝑏1−𝑥, 

 

(4.9) 

and  

𝐼𝑛𝐴𝑠𝑥𝑆𝑏1−𝑥 + 𝐶𝑑3𝐴𝑠2 +
(1 − 𝑥)

4
𝑆𝑏2 → 𝐼𝑛𝑆𝑏 + 𝐶𝑑3𝐴𝑠1+𝑥𝑆𝑏3(1−𝑥)

2

. 

 

(4.10) 
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Figure 4.6: The Gibbs free energy of formation ∆𝐺𝑓 for Reactions 4.7-4.10 considering a-b.) 

InAs0.38Sb0.62 under As2 or Sb2 overpressure as well as the interaction between a Cd3As2 overlayer 

and a lattice-matched InAs0.38Sb0.62 buffer in the presence of latent c.) As2 and d.) Sb2 

overpressures. The red dashed lines in a-b.) demarcate the transition between endothermic and 

exothermic reactions. 
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The red dashed lines in Figure 4.6a-b demarcate the transition between an endothermic reaction 

and an exothermic reaction between InAs0.38Sb0.62 and As2/Sb2 at 225 /385 °C. 

Gibbs free energy calculations for Reaction 4.11 suggest that Sb2 overpressure will not 

interact with the Cd3As2 overlayer to form CdSb over the experimental growth temperatures. 

 1 3⁄ 𝐶𝑑3𝐴𝑠2 + 1 2⁄ 𝑆𝑏2 → 𝐶𝑑𝑆𝑏 + 1 3⁄ 𝐴𝑠2. (4.11) 

 

 

Figure 4.7: The Gibbs free energy of formation ∆𝐺𝑓 for Reaction 4.11 between Cd3As2 and any 

latent Sb2 overpressure. 
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4.2 Optimization of Cd3As2 growth parameters 

Initial MBE growth of Cd3As2 began with an open, dual-filament effusion cell before 

transitioning to the use of a valved, dual-filament cell. In both cases, molecular 99.999% pure 

(metals basis) Cd3As2 source material was used. The open cell setup required low initial effusion 

cell temperatures due to the high vapor pressure of the Cd component. Indeed, raising the cell 

temperature to 400 °C and beyond depleted the cell at extreme rates with BEP measurements 

approaching 10-5-10-4 mbar. A sufficient growth rate was achieved using BEP rates on the order 

of 10-6 mbar with tip and base filament temperatures ranging from 300-330 °C. However, fine 

control of the atomic flux was made difficult considering the significant changes associated with 

even a 1 °C fluctuation at these low temperatures. The transition to a valved effusion cell therefore 

provided a twofold benefit. Firstly, the valved control of the cell at fixed temperature setpoints 

allowed for more reliable fine-tuning of Cd3As2 flux. Secondly, higher temperature setpoints with 

smaller relative temperature fluctuations could be used without depleting the cell of source 

material. More recent growths follow tip and base filament temperatures of 500 °C and 400 °C 

respectively, using the valve position to target BEP values in the range of 1-4×10-7 mbar. A Cd3As2 

valved cell BEP value of 1×10-7 mbar corresponds to a growth rate of approximately 0.009 Å/s, or 

about 30 nm/h. Most films targeted 30-50 nm, although films approaching 100-200 nm were grown 

to investigate the quality of higher-thickness films. Halved and doubled growth rates were also 

investigated with no apparent effect on Cd3As2 crystal quality. 
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4.3 Quality of pure cadmium arsenide crystal 

 

4.3.1 Stable growth parameters 

Initial Cd3As2 growths with the open effusion cell were attempted at substrate temperatures 

ranging from 110-200 °C. This range is near the upper limits published in literature on the growth 

of Cd3As2 thin films (40,41). The goal here was to grow Cd3As2 at the highest possible temperature 

to allow for a maximal rate of the growth-specific kinetic processes such as adsorption and adatom 

diffusion, while still retaining a net-positive deposition rate in spite of the high Cd vapor pressure. 

Because these growth temperatures are so low, the substrate temperature was not mediated by the 

precision of pyrometry but rather that of the substrate thermocouple. As such, the temperatures 

investigated here should be viewed more as values belonging to a process variable rather than 

specific temperature points for useful Cd3As2 growth across deposition systems. However, the 

behavior and magnitude of the temperature range should be consistent. Due to the depletion of the 

Ga cell at the time of these initial samples, the Cd3As2 films were exclusively grown on 

AlInSb/AlAs/GaAs (001) virtual substrate heterostructures. The results of this initial temperature 

stability investigation showed that Cd3As2 growth would occur at substrate temperatures at least 

up to 170 °C. This is supported by the presence of the Cd3As2 (0016) peak in the XRD spectra of 

the 110-170 °C samples. This (0016)  peak may also be present in the 200 °C sample, whose 

spectrum features the overlap of what appears to be two Gaussian XRD peaks. 
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Figure 4.8: X-ray diffraction of Cd3As2 deposited using an open effusion cell setup. Four films 

were grown at substrate temperatures ranging from 110-200 °C. Both a.) the range containing the 

(004) peaks for the ternary AlInSb, binary buffer AlAs, and substrate GaAs and b.) the narrow 

region showing the overlap of Cd3As2 (0016) and AlInSb (004) peaks are shown. 

 

The substrate temperature was found to have a significant effect on the magnitude and 

FWHM of the Cd3As2 (0016) XRD peak. Its positional differences, which are a function of its 

out-of-plane lattice parameters, cannot be attributed solely to temperature changes. This is because 

variance in buffer alloy composition between growths also has an effect on the in-plane strain seen 

by the Cd3As2 lattice, which accordingly modifies the crystal’s lattice parameters. For certain 

ternary compositions the Cd3As2 (0016) and AlInSb (004) peak overlap so that their individual 

FWHMs cannot be derived for comparison. Still, their relative magnitudes tell important 

information about the effect of substrate temperature on the net flux of Cd3As2 during MBE. The 
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largest Cd3As2 peak magnitude belongs to growth at a substrate of 140 °C, followed by 170 °C, 

110 °C, and then if truly Cd3As2 (0016), 200 °C. 

Upon the switch to a valved Cd3As2 cell, it was discovered that the effective growth range 

maximum moved from 170-200 °C to 145 °C. This is due to the greater flux control allowed by 

the adoption of the valved Cd3As2 cell. When the open cell was at the active tip/base filament 

setpoints of 330/300 °C the BEP was approximately 4×10-6 mbar after a full cell charge. However, 

only a BEP on the order of 1-4×10-7 mbar is necessary for reasonable growth rates. With the valved 

Cd3As2 cell these lower BEP values were put into practice for finer control of the Cd3As2 film 

thickness, also having the secondary effect of a lowered growth rate which in turn lowered the 

temperature point where incoming molecular flux matched the significant desorbing flux due to 

the high vapor pressure of Cd. The temperature-dependent series was therefore reinvestigated for 

the valved-cell setup over temperatures ranging from 60-160 °C so that a new maximum growth 

temperature threshold could be determined. Seven films were grown without reaching a low limit 

where crystalline Cd3As2 did not form. 
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Figure 4.9: X-ray diffraction of Cd3As2 deposited using a valved effusion cell. Both a.) the range 

containing the (004) peaks for the ternary AlInSb and substrate GaAs and b.) the narrow region 

showing distinct Cd3As2 (0016) and AlInSb (004) peaks are shown. 

 

Here, heating to a substrate temperature of 160 °C produces a net-negative molecular flux 

because the decomposition rate is greater than the incorporation rate, resulting in no Cd3As2 

deposition. This effect is confirmed by the absence of the Cd3As2 (0016) peak despite the clear 

presence of the high-quality AlInSb (004) virtual substrate peak. Shifts in the Cd3As2 (0016) 

peaks are more apparent in Figure 4.9b, and are due to variation in the ternary layer composition 

and therefore the Cd3As2 film strain state. An interesting artifact in the spectra here is the presence 

of a small, but real peak at 𝜃 = 31.1 for the 80 and 90 °C samples. It has been identified as 

elemental Cd (21̅0) via an XRayUtilities simulation of the polycrystalline element. Similar peaks 

at 𝜃 = 31.1° have occasionally appeared at lower temperatures in the growth range. 
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Figure 4.10: Simulated X-ray diffraction peaks of polycrystalline Cd, As, Sb, and CdAs in the 

region of interest for the Cd3As2 (0016), ternary alloy (004), and GaAs (004) peaks. Peaks with 

over 4.00 % relative intensity with respect to their element/compound are labeled. 

 

 The role of As2 overpressure in the MBE of Cd3As2 was investigated during the period of 

open effusion cell operation. The purpose of this growth series was to determine if the use of a 

Cd3As2 molecular flux alone would be sufficient to produce high quality Cd3As2 films, or if As2 

overpressure supplementation would facilitate more desirable growth. The behavior of 

overpressure here is much different than at the high temperatures used to grow the ternary alloy 

virtual substrates, as the Cd3As2 growth temperature range is well within the adsorptive range for 
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As2 molecular flux. As such, even small changes in overpressure values will have a significant 

effect on thin film growth as there is no desorption of excess deposited As. Four samples were 

grown at a substrate temperature of 140 °C following the application of As2 BEP values ranging 

from 2.5×10-7-1.5×10-6 mbar. An additional sample with no As2 overpressure was grown during 

the same time period to act as a control. 

 

Figure 4.11: X-ray diffraction of Cd3As2 deposited at 140 °C using an open effusion cell setup 

with varying As2 overpressure during growth. These five films represent beam-equivalent values 

ranging from zero to 1.5×10-6 mbar. Both a.) the range containing the (004) peaks for the ternary 

AlInSb, binary buffer AlAs, and substrate GaAs and b.) the narrow region showing distinct Cd3As2 

(0016) and AlInSb (004) peaks are shown. 

 

Additional As2 overpressure begins to degrade crystal quality starting at BEP values of 1.0×10-6 

mbar. The degradation of the Cd3As2 (0016) peak is substantially greater for an even higher BEP 

of 1.5×10-6 mbar. In order of increasing As2 overpressure the FWHMs of these Cd3As2 (0016) 
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peaks are 293, 226, 226, 283, and 616 arcsec. The ideal Cd3As2 (0016) 2𝜃 value according to the 

literature 𝑐 lattice parameter of 25.428 Å is 28.993°, which these spectra deviate from at a 

maximum of 28.755° corresponding to 𝑐 = 25.619 Å. The film grown under the second-highest 

As2 overpressure is the closest to the literature value at 28.861° corresponding to 𝑐 = 25.533 Å. 

According to this result, a minor As2 overpressure may have some positive effect on the final 

Cd3As2 quality, but more experiments should be done to see if this effect appears consistently 

across the stable Cd3As2 growth temperature range. Clearer, however, is the significant quality-

reducing effect of As2 overpressure at BEPs approaching 1.5×10-6 mbar. 
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4.3.2 Engineered-strain Cd3As2 series 

The experimental heterostructure was grown using AlxIn1-xSb/GaAs buffers targeting 

lattice-mismatched ternary compositions to induce biaxial strain in the pseudomorphically-grown 

Cd3As2 overlayers. Nominally 30 nm Cd3As2 films were grown to investigate the electronic 

behavior of basal-plane Cd3As2 with a thickness below 60 nm for surface state-dominated 2D 

electron transport. XRD shows four samples where the strain in the Cd3As2 layer ranges from 

essentially lattice matched at 𝜀 = -0.005 %, to significant tension where 𝜀 = +0.136 %. Plots 

covering both the 𝜃 = 27-34° region of interest and a 𝜃 = 5-55° long range scan present extraneous 

peaks not associated with the target heterostructure layers. One matches the simulation of Cd 

(210) and two match closely with monteponite (CdO) (93). Those marked with a single asterisk 

match at least one of the peaks belonging to the common As and Sb oxides arsenolite (As2O3), 

claudetite (As2O3), valentinite (Sb2O3), and senarmontite (Sb2O3) (94–96). More experimentation 

is required to definitively mark these compounds as present. The peak marked with a double 

asterisk is beyond the normal reported omega range for most XRD data. 
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Figure 4.12: Short range X-ray diffraction of Cd3As2 grown on AlxIn1-xSb with varying 

composition 𝑥. The biaxial in-plane strains 𝜀 within the Cd3As2 films are listed in the legend. 
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Figure 4.13: Long range X-ray diffraction of Cd3As2 grown on AlxIn1-xSb with varying 

composition x. The biaxial in-plane strains 𝜀 within the Cd3As2 films are listed in the legend. 
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Regarding thickness measurements using XRR, simulations for these strained samples like 

in Figure 4.14 show that they have top films with thicknesses between 28 and 33 nm.  

 

Figure 4.14: Representative X-ray reflectivity measurement for the 𝜀 = +0.136 % CdAs film 

comparing raw data to the simulated reflectivity pattern. The oscillation periodicity corresponds 

to a film thickness of approximately 33 nm. 

 

Despite the presence of an overlayer according to XRR, the highest-strain sample does not exhibit 

a Cd3As2 (0016) peak. The calculated strain value for this sample therefore applies to a basal 

plane-oriented I41/acd Cd3As2 layer grown on the virtual substrate, but not necessarily the 

overlayer in this sample. The high tensile strain may be beyond the stable lattice-mismatch limit 

for pseudomorphic growth of basal-plane Cd3As2 growth. 
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4.4 Low-temperature Hall measurements 

 Van der Pauw measurements were conducted at 2 K on four cadmium arsenide films 

deposited with varying levels of engineered strain. The films close to the lattice-matched condition 

exhibit Shubnikov-de Haas oscillations (𝜐 = 1) corresponding to the QHE. 

 

Figure 4.15: Longitudinal 𝑅𝑥𝑥 signal from Van der Pauw measurements of cadmium arsenide films 

with biaxial strains ranging from nearly lattice-matched to significant tension. The highest-tension 

data has been scaled by 0.3 for easier comparison with the other spectra. 
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The highest-strain sample, which does not exhibit the Cd3As2 (0016) XRD peak, also does not 

produce any Shubnikov-de Haas oscillations. In addition, its maximum 𝑅𝑥𝑥 value is of a much 

higher magnitude than the other three films over the measured fields. The cusp in the center of 

these plots is the result of weak antilocalization due to high SOC in the TS Cd3As2 (97). This effect 

occurs due to quantum interference arising from spin-momentum locking in a high-SOC system, 

where backscattered partial electron waves destructively interfere with the forward electron 

movement at low magnetic fields (98). 

 

Figure 4.16: Transverse, Hall effect 𝑅𝑥𝑦 signal from Van der Pauw measurements of cadmium 

arsenide films under biaxial strains ranging from nearly lattice-matched to significant tension. 
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Three of the four films exhibit QHE resistivity plateaus according to the Landau filling 

factors 𝜐 = ±1. Because there is some variation in the plateau resistivity, their average 

maximum/minimum resistivities correspond to 𝜐 = 0.992/0.988. The QHE resistivity plateaus must 

be quantized according to either an integer or specific fractional multiple of ℎ 𝑒2⁄ , so this deviation 

reflects non-ideal sample processing and measurement error. This measurement error also appears 

in the fact that 𝑅𝑥𝑦 is nonzero at the zero-field condition (instead being almost zero), which is 

clearly not in line with the expected physical behavior of the Hall effect. There is a possibility that 

the low mobility of the high-strain film is shifting any QHE plateaus beyond the experimental field 

range. However, the high-strain spectrum does not exhibit antisymmetric behavior centered on the 

zero-field resistivity which is expected from the QHE in a topological system. The presence of a 

local maximum and minimum in the 𝑅𝑥𝑦 signal and its deviation in curvature from the other spectra 

may be due to multi-carrier effects (68).  Despite these differences, the near-linear portion of the 

spectrum |𝐵𝑍
⃗⃗ ⃗⃗  | ≤ 2 T is still sufficient for determining the mobility and density of the majority 

carrier. All linear fits possess a least-squares fit value 𝑅2 ≥ 0.9997. 
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Figure 4.17: Carrier mobility and bulk carrier density as function of cadmium arsenide strain. 

 

Carrier mobility and bulk carrier density change as a function of biaxial strain in these 

cadmium arsenide films. The mobility is maximized for the film closest to the lattice-matched 

condition and is minimized for the film in the highest amount of biaxial tension. A linear fit of the 

carrier mobility matches the data relatively well with 𝑅2 = 0.9883. More experimental points, 

particularly for 𝜀 ≤ 0, are required to see where the optimum in carrier mobility lies. 



  

129 
 

Chapter 5: Considerations for Magnetic Alloying of Cadmium 

Arsenide 

 

5.1 Miedema model for metallic alloys 

 The magnetic alloying of Cd3As2 would be a significant step towards producing MTMs, 

TMETS, and other proposed devices requiring magnetic topological material. The influence of an 

internal magnetic field will break T symmetry so that the QAHE may be observed. However, the 

achievement of a magnetic, topological Cd3As2 alloy necessitates additional considerations 

beyond those of pure Cd3As2. They are that a potential alloying element must be magnetic and that 

it must be capable of substituting into the pure crystal without breaking certain symmetries. 

The magnetic nature of potential alloying elements is a quality associated with the presence 

of unpaired electron spins in the outermost electron shell. Because of this, the Fourth-Row 

Transition Metals (FRTMs) and their compounds with unpaired 3d-shall electrons are common 

ferromagnets, antiferromagnets, and ferrimagnets. Likewise, the Rare Earth (RE) elements with 

unpaired 4f-shell electrons are frequent candidates for magnetic compounds. These FRTMs and 

RE elements are therefore considered for their incorporation into the Cd3As2 crystal. Not 

considered, however, are the FRTMs with full 3d shells (Cu, Zn) and REs with full 4f shells (Yt, 

Lu). In addition, the radioactive Pm is not a viable candidate for magnetic alloying at this time 

because of safety concerns. 

Regarding substitution within the Cd3As2 crystal for magnetic alloying, twenty ions 

comprised of seven FRTMs and twelve REs are considered in Table 5.1. 
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Table 5.1: Effective ionic radii of Cd3As2 crystal ions and potential magnetic alloying elements 

considered for incorporation (99). Coordination Numbers (CNs) are listed next to their relevant 

ions. †Ionic radii corresponding to high-spin configurations are marked. 

Ion (CN) Ti2+ (6) V2+ (6) Cr2+ (6) Mn2+ (4) Fe2+ (4) Co2+ (4) Ni2+ (4) 

Eff. Ion. Rad. (pm) 86 79 80† 66† 63† 58† 55 

Ion (CN) Ce3+ (6) Pr3+ (6) Nd3+ (6) Sm3+ (6) Eu2+ (6) Eu3+ (6) Gd3+ (6) 

Eff. Ion. Rad. (pm) 101 99 98 96 117 95 94 

Ion (CN) Tb3+ (6) Dy3+ (6) Ho3+ (6) Er3+ (6) Tm3+ (6) Cd2+ (4) As3- 

Eff. Ion. Rad. (pm) 92 91 90 89 88 78 — 

 

 

A substituted ion must not be significantly larger or smaller than the ion/ordered vacancy it 

replaces or else it will modify the TS host structure. Specifically, the Coordination Number (CN) 

of the atoms in a structure is modified by their relative sizes. This also means that the magnetic 

alloying element can only be incorporated in small atomic percentages in order to preserve the 

host structure. The ionic radii of the relevant atoms are taken from the work by Shannon (99). For 

ions where multiple configurations are available, the radius for a CN of four is preferentially 

chosen since the tetrahedrally coordinated Cd2+ would be the substituted ion site to maintain charge 

neutrality. The exception to this preference is As3-, which is part of the host structure and has a 

coordination number of six. The term “high-spin configuration” refers to an ionic state with more 

unpaired electrons in the valence orbitals where available, and “low-spin configuration” refers to 

a state with fewer. For ions where the high- and low-spin configurations are available, the high 

spin radius is listed because it is more desirable for magnetic behavior. 

The ionic radii of the 2+ oxidation state FRTMs vary significantly in part due to the 

availability of both low-spin and high-spin 3d electron configurations. The RE ions are generally 

larger than Cd2+ with exception of Eu2+ (117 pm), in part because the common oxidation state of 
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most considered RE elements is 3+. For both the FRTMs and the REs, the deviation in ionic radius 

from the common Cd2+ site is not so severe that their potential incorporation is impossible. 

According to Pauling’s rules for the coordination number of ionic compounds, the CN of the 

alloying element substituting on a Cd2+ site is dependent on a minimal ionic ratio between the 

FRTM/RE substitute and the As3- ions in the FCC sublattice (100). Data is not available of the 

effective radius of the As3- ion, i.e. As (-III), but clues can be taken from the stable I41/acd Cd3As2 

structure in which the Cd2+ ion is tetrahedrally coordinated with the As3- sublattice. Following 

Pauling’s rules, the minimum ratio for tetrahedral coordination to remain geometrically stable is 

(√3 √2⁄ ) − 1 = 0.22474 with a preference for octahedral coordination appearing at √2 − 1 =

0.41421. Because a coordination number of four corresponds to the replacement of a Cd2+ ion, 

the substitutional atom should have a radius corresponding to a ratio within these two bounds. 

Following the geometric limits imposed through Pauling’s rules, the radius of As (-III) should then 

be somewhere in the range of 229-423 pm for the Cd3As2 crystal to remain stable, although this is 

a rudimentary estimate. The importance of these considerations, however, is that substituted 3+ 

REs should be at least tetrahedrally coordinated as they are all larger the Cd2+ ionic radius. 

Depending on the As (-III) ionic radii estimate according to Pauling’s rules, the transition from 

tetrahedral to octahedral coordination should occur for a substitutional ion radius of 95 to 175 pm. 

The application of FRTMs as magnetic dopants in non-magnetic semiconductors to create 

dilute magnetic semiconductors is well-documented (101,102). The electronic and magnetic 

properties of these compounds are mediated by p-d orbital interaction originating from the 

introduction of the FRTM 3d orbital. The FRTMs have the doubled benefit of providing carriers 

for extrinsic semiconductor behavior and hosting localized electronic spins for potential spintronic 

devices. Studied dilute magnetic semiconductors include the III-V and II-VI systems GaAs and 
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CdTe, where cation substitution with Mn produces magnetic character. (Ga,Mn)As was produced 

via low-temperature MBE to limit MnAs phase formation, and reached a maximum Curie 

temperature of 110 K (102). This is above the low temperatures used in Van der Pauw 

measurements here, but it is also unfortunately well below room temperature where QAHE devices 

would be most practical. A significant concern in alloying FRTMs with Cd3As2 is the stability of 

the host crystal. The issue here is that the use of a low solubility magnetic element may lead to the 

nucleation of additional undesired phases. This is a common occurrence with FRTMs in dilute 

magnetic semiconductors, such as in the creation of a distinct ferromagnetic MnAs phase. 

Expounding on this, the low-temperature MBE of Ga1-xMnxAs has a composition limit of 

approximately 𝑥 = 7.1 % before the appearance of a separate MnAs phase. Likewise, Mn and Cr 

have already been alloyed with Cd3As2 in the literature, and they also exhibit very small limits of 

solubility at 5 % and 2 % (103,104). If it is the case that a magnetic element alloying percentage 

beyond the single digits is required for the QAHE, the FRTMs may not be sufficient due to their 

low solubility limits in Cd3As2. The limit of useful alloying content is decreased further when 

considering how alloying elements may quench the topological character of the host crystal 

through rotational symmetry breaking at compositions lower than the solubility limit. The study 

of the solubility limits of the REs in Cd3As2 is therefore prudent. 

The stability of these potential alloys is captured by the Gibbs free energy of formation 

Δ𝐺𝑓 which can be approximated for a ternary alloy with constituents A, B, and C. It is a function 

of the composition-dependent enthalpy of formation Δ𝐻𝑓(𝑥) for its three binary systems (AB, AC, 

BC) and the enthalpy of mixing (105). The relevant equations are, 

Δ𝐻𝑓,𝐴𝐵𝐶 = (1 − 𝑥𝐴)
2Δ𝐻𝐵𝐶 + (1 − 𝑥𝐵)2Δ𝐻𝐴𝐶 + (1 − 𝑥𝐶)

2Δ𝐻𝐴𝐵, (5.1) 
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and, 

Δ𝐺𝑓,𝐴𝐵𝐶 = Δ𝐻𝑓,𝐴𝐵𝐶 − 𝑅𝑇[𝑥𝐴 ln(𝑥𝐴) + 𝑥𝐵 ln(𝑥𝐵) + 𝑥𝐶 ln(𝑥𝐶)]. (5.2) 

 

Calculating these quantities is straightforward for binary alloys with well-established 

thermodynamic data and phase diagrams, but the data on many of the considered As-FRTM/RE 

and Cd-FRTM/RE systems are either limited or nonexistent. Because the enthalpy of formation is 

critical, especially at the low temperatures of Cd3As2 growth, a general model for the enthalpy of 

formation Δ𝐻𝑓,𝐴𝐵𝐶 for these ternary systems is a necessity. 

The empirical model for the enthalpy for formation for metallic alloys proposed by 

Miedema et al. is therefore employed (106). Relevant materials parameters are taken from the 

literature and the updated Entall database hosted by the Polish Academy of Sciences (106–108). 

The Miedema model parameters for Cd and As are closest to the class of metallic elements, such 

as the third-row transition metals. The full model only uses fixed parameters, so Δ𝐻𝑓,𝐴𝐵 is 

calculable from literature sources, 

Δ𝐻𝑓,𝐴𝐵 =
2𝑃𝑓(𝑐𝑆)(𝑐𝐴𝑉𝐴

2
3+𝑐𝐵𝑉𝐵

2
3)

(𝑛𝑤𝑠
𝐴 )

−
1
3+(𝑛𝑤𝑠

𝐵 )
−

1
3

× [−(Δ𝜙∗)2 +
𝑄

𝑃
Δ𝑛𝑤𝑠

2

3 −
𝑅

𝑃
]. (5.3) 

 

The model parameters can be separated into the categories of empirically-derived constants 

(𝑅, 𝑃, 𝑄), fixed atomic parameters, and the surface concentration function 𝑓(𝑐𝑆). 

The ratio 𝑄 𝑃⁄  = 9.4 V2/(electrons2/3Å2) is nearly constant across a variety of many different 

metallic alloy systems as determined in the original model’s work. For transition metal alloys 𝑃 = 

14.1 and for non-transition metal alloys 𝑃 = 10.6. In the case that a transition metal is alloyed with 
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a non-transition metal, 𝑃 = 12.3. The constant 𝑅 is dependent on the valence of the considered 

metallic atoms and it pertains to the level of p-d orbital hybridization in their alloys. The FRTMs 

are considered transition metals in this analysis, but the REs with various configurations of the 4f 

orbitals are not. In the case that 𝑅 represents a binary alloy between a transition metal and non-

transition metal, the individual parameters 𝑅𝑖 are multiplied together and then scaled by an 

additional phase-dependent factor of 1.00 for solid alloys and 0.73 for liquid alloys. For all other 

cases, such as alloys between two transition metals, 𝑅 = 0. 

The fixed atomic parameters for an element are its molar volume in a metallic alloy 𝑉𝑖, its 

electron density within the Wigner-Seitz cell of its pure metallic crystal 𝑛𝑤𝑠, and its adjusted work 

function 𝜙∗ which has been modified according to the original work to account for the element’s 

behavior in metallic alloys. The distinction between metallic atom volume in metallic alloys vs. in 

the pure metallic state is made because of its significant effect on 𝑉𝑖. Many parameters appear 

multiple times in the model as they are involved in more than one interaction associated with the 

enthalpy of formation, such as the enthalpy of solution and an enthalpy associated with the dipole 

created between dissimilar atoms. 

The surface concentration function 𝑓(𝑐𝑆) is dependent on 𝑉𝑖 and the constituent 

concentrations 𝑐𝑖, with variants for both disordered alloys, 

𝑓(𝑐𝑠) = 𝑐𝐴
𝑠𝑐𝐵

𝑠 , (5.4) 

and for ordered alloys, 

𝑓(𝑐𝑠) = 𝑐𝐴
𝑠𝑐𝐵

𝑠 [1 + 8(𝑐𝐴
𝑠𝑐𝐵

𝑠)2]. (5.5) 
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The individual constituent surface concentration is calculated via: 

𝑐𝑖
𝑠 =

𝑐𝑖𝑉𝑖

2
3

𝑐𝑖𝑉𝑖

2
3 + 𝑐𝑗𝑉𝑗

2
3

. (5.6) 

 

Because Cd3As2 is an ordered, stoichiometric compound, the intermetallic formed through 

alloying with a magnetic element is primarily considered using Equation 5.5. Relevant materials 

parameters are catalogued in  

Table 5.2 (106–108). The considered constituent Cd-FRTM and As-FRTM binary systems use 

𝑃 = 12.3. 

 

Table 5.2: Fundamental atomic and empirical parameters used in the application of the Miedema 

model for the enthalpy of alloy formation in Cd-As-fourth row transition metal systems. 

Element 𝑉𝑖 𝑛𝑤𝑠 𝜙∗ 𝑅𝑖 

Cd 13.00 1.91 4.05 1.40 

As 11.85 3.00 4.80 2.30 

Ti 10.58 3.51 3.80 1.00 

V 8.36 4.41 4.25 1.00 

Cr 7.23 5.18 4.65 1.00 

Mn 7.35 4.17 4.45 1.00 

Fe 7.19 5.55 4.93 1.00 

Co 6.70 5.36 5.10 1.00 

Ni 6.60 5.36 5.20 1.00 
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5.2 Instability of fourth-row transition metals in Cd3As2 

As seen in Figure 5.1 and Figure 5.2, the theoretical Δ𝐺𝑓 values for the seven considered 

Cd-As-FRTM alloys border between somewhat negative (exothermic) and very positive 

(endothermic) values. 

 

Figure 5.1: The Gibbs free energy of formation Δ𝐺𝑓 = Δ𝐺𝑚𝑖𝑥 for three Cd-As-Fourth Row 

Transition Metal (FRTM) systems with spontaneous formation for all compositions 

(FRTMxCd1−x)3As2 where 𝑥 is the atomic fraction of the FRTM. The dashed lines demarcate the 

ternary alloys belonging to this stoichiometric composition. 
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Figure 5.2: The Gibbs free energy of formation Δ𝐺𝑓 = Δ𝐺𝑚𝑖𝑥 for four Cd-As-Fourth Row 

Transition Metal (FRTM) systems with unfavorable formation at a specific composition 

(FRTMxCd1−x)3As2 where 𝑥 is the atomic fraction of the FRTM. The dashed lines demarcate the 

ternary alloys belonging to this stoichiometric composition. 
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These figures are separated based on whether the dashed line of stoichiometric alloying in Cd3As2 

to maintain charge neutrality remains negative throughout (Ti, V, Mn) or not (Cr, Fe, Co, Ni). 

Unfortunately, the most positive Δ𝐺𝑓 values lie amongst the more commonly used magnetic 

FRTMs like Cr, Fe, and Co. According to this analysis, V and Mn are only just barely soluble 

across all potential stochiometric compositions (VxCd1−x)3As2 and (MnxCd1−x)3As2. 

 

Figure 5.3: The Gibbs free energy of formation Δ𝐺𝑓 for all seven Cd-As-Fourth Row Transition 

Metal (FRTM) systems at 200 °C, plotted against the atomic FRTM fraction in the stoichiometric 

composition (FRTMxCd1−x)3As2. Vertical dashed lines from left to right mark the atomic fractions 

for Fe, Cr, Co, and Ni where Δ𝐺𝑓 passes the line of spontaneous compound formation. 
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The 2D ternary cross sections of these seven FRTMs are compared against the line of 

spontaneous compound formation. The differences in alloying behaviors in Figure 5.3 are 

attributed to the large range of 𝑉𝑖, 𝑛𝑤𝑠, and 𝜙∗ values amongst the FRTMs. One surprising result 

is that these curves suggest there is no solubility limit for Mn in the Cd3As2 system, in direct 

opposition to the experimental literature. The reality of attempted Mn alloying in Cd3As2 shows a 

strong drive towards the formation of topologically-trivial Mn-rich precipitates as opposed to a 

single phase based on the Cd3As2 crystal (103). For comparison with these Gibbs free energy 

calculations, the literature value for Δ𝐺°𝑓 of MnAs ranges from -55.2 to -61.6 kJ/mol based on its 

phase (79). This model-experiment disparity may be attributed to the fact the Miedema model is 

empirically-derived, and that the Gibbs free energies here consider only the energy of formation 

and the entropy of mixing. In addition, the interaction of As in these systems is done using 

parameters for metallic behavior, which needs confirmation through additional experimentation. 

It should be noted that the Miedema Mn curve is relatively close to crossing the dashed line of 

spontaneous reaction for the entirety of its compositional range. 

The stability of these alloys is particularly linked to differences in 𝑛𝑤𝑠 and 𝜙∗ as their 

magnitudes influence the sign of the enthalpy of formation: 

sgn(Δ𝐻𝑓,𝐴𝐵) =  sgn[−𝑃(Δ𝜙∗)2 + 𝑄Δ𝑛𝑤𝑠
2 3⁄

− 𝑅]. (5.7) 

 

Because the Cd-FRTM and As-FRTM binaries are alloys containing one transition metal and one 

non-transition metal, they take the empirical parameter 𝑅 into account as well. The contributions 

from the difference in adjusted work function −𝑃Δ𝜙∗ and the difference in Wigner-Seitz cell 



  

140 
 

electron density 𝑄Δ𝑛𝑤𝑠
2 3⁄

 are on the same order, as illustrated by the transition from exothermic to 

endothermic Δ𝐺𝑓 in three of the considered alloys. Fe has the largest 𝑄Δ𝑛𝑤𝑠
2 3⁄

 amongst the FRTMs, 

which contributes to its curve with the most positive Gibbs free energy of formation. This also 

explains why the Cd-As-Ti system is the most stable, as Ti has both the smallest 𝑄Δ𝑛𝑤𝑠
2 3⁄

 and the 

most negative −𝑃Δ𝜙∗ amongst the considered FRTMs. 
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5.3 Stability of rare earth elements in Cd3As2 

Unlike the Cd-As-FRTM systems described above, the following Cd-As-RE alloys are all 

very negative in terms of their Δ𝐺𝑓 values. 

 

Figure 5.4: The Gibbs free energy of formation Δ𝐺𝑓 = Δ𝐺𝑚𝑖𝑥 for Cd-As-Rare Earth (RE) systems 

including the four lowest atomic number REs. The dashed lines demarcate the ternary alloys which 

belong to the stoichiometric composition RE𝑥Cd3(1−x)As2−x. 
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Figure 5.5: The Gibbs free energy of formation Δ𝐺𝑓 = Δ𝐺𝑚𝑖𝑥 for Cd-As-Rare Earth (RE) systems 

including the three medium atomic number REs, where both Eu2+ and Eu3+ are considered. The 

dashed lines demarcate the ternary alloys which belong to the stoichiometric composition 

RE𝑥Cd3(1−x)As2−x (3+ oxidation state alloys) and (Eu𝑥
2+Cd1−x)3As2. 
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Figure 5.6: The Gibbs free energy of formation Δ𝐺𝑓 = Δ𝐺𝑚𝑖𝑥 for Cd-As-Rare Earth (RE) systems 

including the four highest atomic number REs. The dashed lines demarcate the ternary alloys 

which belong to the stoichiometric composition RE𝑥Cd3(1−x)As2−x. 
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In fact, there is not a single point in any of the twelve systems where Δ𝐺𝑓 is positive, and it is only 

zero at the pure element compositions. Furthermore, the incorporation of RE elements into the Cd-

As system actually decreases Δ𝐺𝑓 monotonically with increasing RE atomic fraction. 

 

Figure 5.7: The Gibbs free energy of formation Δ𝐺𝑓 for all twelve Cd-As-Rare Earth (RE)  systems 

at 200 °C plotted against the atomic fraction of RE 𝑥 in the stoichiometric compositions 

RE𝑥Cd3(1−x)As2−x (3+ oxidation state alloys) and (Eu𝑥
2+Cd1−x)3As2. A zoomed section shows the 

closely-spaced end sections of the lines, excluding Eu2+. 
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Unsurprisingly, the similarity in 𝑉𝑖, 𝑛𝑤𝑠, and 𝜙∗ values for the REs in Table 5.3 makes the 

Δ𝐺𝑓 curves in Figure 5.7 extremely similar. The only outlier is the Cd-As-Eu2+ system, which is 

necessarily different due its unique charge-neutral stoichiometry (Eu𝑥
2+Cd1−x)3As2 amongst these 

RE alloys. A zoomed subplot of the RE𝑥Cd3(1−x)As2−x alloys is included to compare them at their 

compositional endpoints. There is no apparent correlation between Δ𝐺𝑓 and atomic number, 

irrespective of composition. Since none of the elements in these alloy systems are transition metals 

there is no further negative contribution from an 𝑅 term. The DFT-calculated energies of formation 

for some common RE-As systems are detailed in Table 6.3 for comparison with these theoretical 

Miedema curves. The binary compound energies of formation are generally more negative than 

the lowest charge-neutral stoichiometry value of their related RE-Cd3As2 system. 

 

Table 5.3: Fundamental atomic and empirical parameters used in the application of the Miedema 

model for the enthalpy of alloy formation in Cd-As-Rare Earth (RE) systems. 𝑃 = 10.6 for the 

considered constituent Cd-RE and As-RE binary systems. 

Element 𝑉𝑖 𝑛𝑤𝑠 𝜙∗ 𝑅𝑖 

Ce 21.62 1.69 3.18 0.70 

Pr 20.79 1.73 3.19 0.70 

Nd 20.58 1.73 3.19 0.70 

Sm 20.01 1.77 3.20 0.70 

Eu2+ 28.95 0.68 2.50 0.70 

Eu3+ 19.97 1.77 3.20 0.70 

Gd 19.97 1.77 3.20 0.70 

Tb 19.32 1.82 3.21 0.70 

Dy 19.00 1.82 3.21 0.70 

Ho 18.76 1.82 3.22 0.70 

Er 18.45 1.86 3.22 0.70 

Tm 18.12 1.86 3.22 0.70 
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Table 5.4: Theoretical energies of formation for lowest-energy rare Earth arsenides according to 

density functional theory conducted by the Materials Project (109). 

Compound Space Group Formation Energy (eV/atom) Δ°𝐺𝑓 (kJ/mol) 

CeAs Fm3̅m (#225) -1.761 -169.9 

PrAs Fm3̅m (#225) -1.760 -169.8 

NdAs Fm3̅m (#225) -1.781 -171.9 

SmAs Fm3̅m (#225) -1.799 -173.6 

Eu4As3 I4̅3d (#220) -1.228 -118.5 

EuAs P6̅2m (#189) -1.144 -110.4 

GdAs Fm3̅m (#225) -1.745 -168.4 

TbAs Fm3̅m (#225) -1.820 -175.6 

DyAs Fm3̅m (#225) -1.811 -174.7 

HoAs Fm3̅m (#225) -1.799 -173.6 

ErAs Fm3̅m (#225) -1.781 -171.9 

TmAs Fm3̅m (#225) -1.776 -171.3 
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5.4 Considerations for the magnetic proximity effect 

 While the theoretical solubility of these RE elements in Cd3As2 appears promising, another 

strategy may be necessary in the case that no RE will complete the goals of both maintaining 

topological behavior and breaking T symmetry via an internal magnetic field. In this case, an 

alternative is the application of a magnetic layer grown pseudomorphically on Cd3As2. This 

arrangement leverages the effect of magnetic proximity, where a magnetic layer is deposited in 

contact with a topological material. The adjacent magnetic field extends into the topological crystal 

to break T symmetry. For example, the magnetic proximity effect has been demonstrated through 

the deposition of amorphous Fe on the TI system Bi2-xMnxTe3 (110). Here, TI Bi2Se3 is alloyed 

with a minimal amount of Mn (x = 0.09) which is then magnetized through close proximity to the 

ferromagnetic Fe layer. Such low alloying contents are familiar to the magnetic alloying of Cd3As2 

with FRTMs, and so the same magnetic proximity effect may also be applied here. Even if the 

newly considered REs also possess the same low experimental solubility in the Cd-As system as 

the FRTMs do, the deposition of an adjacent magnetic RE-compound may induce magnetism in 

minimally-alloyed Cd3As2. There are many candidate layers including the pure REs and their 

arsenides/antimonides. The major obstacle associated with this scheme, however, is finding a 

magnetic layer which is nearly lattice-matched with Cd3As2. In addition, such a layer is limited to 

low-temperature, amorphous deposition if growth occurs after the thermally vulnerable Cd3As2 

layer has been placed. As such, a magnetic RE-(As,Sb) layer for the magnetic proximity effect 

would ideally be minimally mismatched and low-thickness so that it may be pseudomorphically 

grown on the metamorphic ternary virtual substrates. It would then be strained by the ternary buffer 

so that it is lattice matched with the magnetically-alloyed Cd3As2 layer above, preserving the 

topological surface states of the TS-Cd3As2 through the minimization of interfacial strain. 
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 The relevant lattice parameters of RE arsenides and antimonides are shown in Table 5.5.  

 

Table 5.5: Lowest-energy rare Earth arsenides and antimonides for potential magnetic interfaces 

with I41/acd Cd3As2. The lattice mismatch between the (001) plane of these compounds and the 

As FCC sublattice spacing of (001)-oriented Cd3As2 (6.317 Å) is also calculated. 

Compound Space Group Lattice Parameter(s) (Å) Lattice Mismatch (%) 

CeAs  Fm3̅m (#225) 𝑎 = 6.08, 6.079 (111,112) -3.75 , -3.76  

CeSb  Fm3̅m (#225) 𝑎 = 6.42, 6.4237 (111,113) +1.64 , +1.69  

PrAs  Fm3̅m (#225) 𝑎 = 6.031 (114) -4.52  

PrSb  Fm3̅m (#225) 𝑎 = 6.3822 (113) +1.04  

NdAs Fm3̅m (#225) 𝑎 = 5.995, 5.984 (115,116) -5.09 , -5.27  

NdSb  Fm3̅m (#225) 𝑎 = 6.3384(3) (113) +0.34  

SmAs Fm3̅m (#225) 𝑎 = 5.91, 5.917 (117,118) -6.44, -6.33 

SmSb Fm3̅m (#225) 𝑎 = 6.2706(1) (113) -0.73 

Eu4As3 I4̅3d (#220) 𝑎 = 9.214, 9.214 (119,120) +45.87 

Eu16Sb11 P212121 (#19) 𝑎 = 12.67, 𝑐 = 11.720 (121) +100.65 

GdAs Fm3̅m (#225) 𝑎 = 5.861, 5.86 (122,123) -7.21, -7.23 

GdSb Fm3̅m (#225) 𝑎 = 6.2194, 6.22 (113,123) -1.54, -1.53 

TbAs Fm3̅m (#225) 𝑎 = 5.855, 5.823 (124,125) -7.31, -7.82 

TbSb Fm3̅m (#225) 𝑎 = 6.1822(5) (113) -2.13 

DyAs Fm3̅m (#225) 𝑎 = 5.795 (126) -8.26 

DySb Fm3̅m (#225) 𝑎 = 6.1316 (113) -2.93 

HoAs Fm3̅m (#225) 𝑎 = 5.768 Å, 5.769 (116,127) -8.69, -8.67 

HoSb Fm3̅m (#225) 𝑎 = 6.1307 (113) -2.94 

ErAs Fm3̅m (#225) 𝑎 = 5.743 (128) -9.08 

ErSb Fm3̅m (#225) 𝑎 = 6.1089 (113) -3.29 

TmAs Fm3̅m (#225) 𝑎 = 5.716 (129) -9.51 

TmSb Fm3̅m (#225) 𝑎 = 6.16 (130) -2.48 

 

Unsurprisingly, the similar atomic properties of these REs (with the exception of Eu) cause their 

arsenides and antimonides to form the same cubic, rock salt-type crystal. Their Fm3̅m compounds 

are reported to have anti-ferromagnetic ordering as bulk materials, but this may not be the case for 
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very thin layers. The majority of these compounds have a negative lattice mismatch with the As 

FCC sublattice. The early and middle RE antimonides such as PrSb, NdSb, and SmSb possess 

relatively small mismatch with Cd3As2. Eu11Sb16 also appears to be an excellent candidate when 

considering its lattice mismatch with the full Cd3As2 unit cell 𝑎 parameter. The critical thicknesses 

of these compounds on 𝑎 = 6.317 Å ternary III-V alloy buffers are reported in Table 5.6. 

 

Table 5.6: Calculated critical thicknesses for magnetic rare Earth-(As,Sb) layers on ternary III-V 

alloy layers with 𝑎 = 6.317 Å. Compounds with no solution (—) will immediately form a 

metamorphic interface instead of a pseudomorphic layer with a real critical thickness. 

Compound Largest Absolute Lattice Mismatch Critical Thickness (nm) 

CeAs  -3.76 % — 

CeSb  +1.69 % 125.5 

PrAs  -4.52 % — 

PrSb  +1.04 % 443.4 

NdAs -5.27 % — 

NdSb  +0.34 % 6060 

SmAs -6.44 % — 

SmSb -0.73 % 1013 

Eu4As3 +45.87 % — 

Eu16Sb11 +0.32 %* 3136 

GdAs -7.23 % — 

GdSb -1.54 % 149.4 

TbAs -7.82 % — 

TbSb -2.13 % 58.44 

DyAs -8.26 % — 

DySb -2.93 % 18.22 

HoAs -8.69 % — 

HoSb -2.94 % 17.79 

ErAs -9.08 % — 

ErSb -3.29 % — 

TmAs -9.51 % — 

TmSb -2.48 % 35.35 
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The critical thicknesses are determined using the highest lattice mismatch corresponding to the 

lattice parameters reported in Table 5.5. The substrate lattice parameter 𝑎 = 6.317 Å is used, except 

for Eu16Sb11 where the Cd3As2 unit cell 𝑎 = 12.633 Å is used instead. 

According to these calculations, not a single considered RE arsenide can be 

pseudomorphically grown on a ternary III-V. Amongst the antimonides, the best candidate for 

pseudomorphic growth appears to be NdSb, followed by Eu11Sb16 and then SmSb. Even more RE 

antimonides are available with critical thickness values in excess of that required to achieve the 

magnetic proximity effect. A variety of options allows for the consideration of other source 

properties, such as the relatively high vapor pressures of Eu and Sm which makes them more 

favorable for lower-temperature MBE growth (131). The vapor pressures of elemental Nd, Sm, 

and Eu at 800 °C are 1.04×10-5, 7.15, ~80 Pa. Note that the vapor pressure fit for Nd data is over 

a data range of 1255 to 1650 °C, so interpolated values exist only at high effusion cell temperatures. 

Because there are several Eu antimonides and two common Eu oxidation states, Sm may be 

preferable by having fewer parameters to consider during MBE and structural analysis. An 

important source of error in these calculations would be any change in the Cd3As2 𝑎 lattice 

parameter as it is magnetically alloyed in preparation for the magnetic proximity effect. In this 

regard, the ideal RE-(As,Sb) overlayer may vary.  



  

151 
 

Chapter 6: Summary and Future Work 

 

6.1 Summary 

 A series of molecular beam epitaxy growths were conducted to explore the accessibility 

and nature of topological semimetal Cd3As2 on ternary III-V alloy virtual substrates. The 

motivation was to lattice match these ternary alloys with the interatomic As distance of the I41/acd 

Cd3As2 unit cell so that the topological semimetal overlayer could be studied in a state of minimal 

biaxial strain. These heterostructures were studied via in situ reflection high-energy electron 

diffraction and pyrometry, high-resolution X-ray diffraction including reciprocal space mapping, 

X-ray reflectivity, atomic force microscopy, cross-sectional scanning electron microscopy, 

transmission electron microscopy, and low-temperature Van der Pauw-geometry Hall 

measurements. 

Three ternary III-V alloy systems GaxIn1-xSb, AlxIn1-xSb, and InAsxSb1-x were explored for 

the presence of spinodal and thermal decomposition at temperatures from room temperature to 

505 °C. X-ray diffraction 𝜔-2𝜃 spectra and reciprocal space maps suggest that no appreciable 

phase separation of these ternary alloys occurs, even after cooling to room temperature. 

Transmission electron microscopy conducted on select heterostructures confirms that there is no 

phase separation and shows that the AlxIn1-xSb system has the lowest surface-level threading 

dislocation density. In terms of reaction with a potential Cd3As2 overlayer, Gibbs free energy 

calculations following the delta lattice parameter model show that the proposed reactions are 

generally either highly favorable or unfavorable. The AlInSb ternary buffer system appears to be 

the best candidate as it does not have any spontaneous interfacial or overpressure exchange 

reactions over the experimental temperature range. Reciprocal space maps of these systems were 
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analyzed using the theory by Kaganer et al. to correlate spot ellipticity with misfit and non-misfit 

defect densities, showing that the AlxIn1-xSb system exhibits the smallest deviation from the perfect 

case. AlxIn1-xSb was therefore applied as the primary virtual substrate system for growth of lattice-

matched Cd3As2 due to its endothermic Gibbs free energy interactions with Cd3As2, its relatively 

low surface-level threading dislocation densities, and its favorable reciprocal space map analysis. 

All three ternary III-V alloy systems are suitable as virtual substrates for the low-temperature 

molecular beam epitaxy of lattice-matched Cd3As2 using a molecular source. 

Cadmium arsenide films were grown as part of three experimental series following the 

variables of substrate temperature during growth, As2 overpressure during growth, and engineered 

interfacial strain as a function of ternary alloy composition. Substrate growth temperature limits 

of 170-200 °C and 145 °C were determined for open and valved Knudsen cell sources. The As2 

overpressure series showed that the Cd3As2 𝑐 parameter moves closer to the ideal literature value 

of 6.317 Å as the applied overpressure increases up until a maximum limit of 1.0×10-6 mbar. A 

further overpressure of 1.5×10-6 mbar significantly reduced the quality of the film according to a 

sharp increase in its (0016) peak full-width at half-maximum. The strain series explored the limits 

of Cd3As2 growth up to a maximum in-plane biaxial tensile strain of +0.136 %. This series was 

subjected to Van der Pauw Hall measurements at 2 K which produced Shubnikov-de Haas 

oscillations corresponding to the Landau levels 𝜐 = ±1 for all but the most-strained film. The carrier 

mobility appears to increase as the film strain moves closer to zero. 

The potential for alloying these films with magnetic elements from the third-row transition 

metals and fourth-row rare-earth metals was explored using the empirical model proposed by 

Miedema et al. for the formation of intermetallic alloys. The application of these enthalpies of 

alloy formation in solving for ternary system Gibbs free energies was used to determine how 
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energetically stable twenty magnetic element-Cd-As alloys are over a series of temperatures and 

compositions. It was found that the third-row transition metals have regions of both endothermic 

and exothermic formation energies, but the fourth-row rare-earth metals consistently exhibit 

extremely negative formation energies. The magnetic compounds associated with these rare-earth 

elements are also reviewed for their applicability as magnetic underlayers for the magnetic 

proximity effect in minimally-alloyed Cd3As2. Sm appears to be a good candidate for exploring 

the quantum anomalous Hall effect in Cd3As2 as it has a relatively low vapor pressure for sufficient 

flux at moderate MBE temperatures and its antimonide has low lattice-mismatch with the Cd3As2 

interatomic As distance. 
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6.2 Future Work 

 Future work on this project may be separated into the general categories of the 

improvement of pure Cd3As2 electronic properties and the application of a magnetic component 

for T symmetry breaking to realize the quantum anomalous Hall effect. 

While current carrier mobilities are sufficient for the presence of Shubnikov-de Haas 

oscillations, a greater mobility corresponds to the observation of these oscillations at smaller 

absolute magnetic fields. With regards to the quantum Hall effect, this would manifest in the 

appearance of more Hall plateaus belonging to the filling of additional Landau levels. For the 

quantum anomalous Hall effect, the current minimum Hall plateau appearance field of 5 T may be 

too high for magnetically-alloyed Cd3As2 or proximal magnetic layers to achieve. Following the 

general increase in Cd3As2 mobility with decreasing tensile stress, a further series of in-plane 

compressive strains between should be investigated to find an optimum in maximized carrier 

mobility. In addition, this data should be used to find the compressive strain limit for the growth 

of topological semimetal Cd3As2. 

The work on T symmetry breaking through a ferromagnetic heterostructure component has 

thus far been theoretical. Following considerations of suitability for both rare earth-alloying of 

Cd3As2 and the pseudomorphic growth of proximal ferromagnets, Sm has been chosen as the best 

candidate for both strategies. Attempts will be made to incorporate it into Cd3As2 while still 

maintaining the host crystal’s topological character. In addition, thin SmSb films will be 

pseudomorphically on ternary buffers to attempt the acquisition of the quantum anomalous Hall 

effect in a Cd3As2 overlayer via the magnetic proximity effect. 
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