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Bismuth (Bi) and Bismuth-Antimony (Bi1-xSbx) alloys are considered very 

promising for emerging spintronic devices due to their large spin-orbit coupling, high 

mobility, and conductive, spin-split surface states, which are topologically non-trivial in 

Bi1-xSbx. Due to the long mean free path in Bi, quantum confinement effects become 

significant in relatively thick (~100 nm) films, resulting in the opening of a small, 

indirect band gap and enabling tuning of the electronic properties through the film 

thickness. Quantum confinement effects are expected to occur in Bi1-xSbx films at a 

similar length scale, which may enlarge the bulk band gap and extend the topologically 

insulating composition regime. When the film thickness of epitaxial Bi on Si(111) is 

reduced below a few nanometers, a puckered-layer allotropic structure similar to black 

phosphorus is stable. This puckered-layer structure is expected to exhibit unique 

properties, including a larger band gap and increased spin splitting, which may be useful 

for 2-D spintronics; however, the tendency of this structure to grow in small islands 

inhibits characterization.  

This dissertation explores the growth of both bulk-like and puckered-layer Bi and 

Bi1-xSbx  on Si(111), and discusses how the unique properties of this system may be 

controlled through the growth parameters, film thickness, and composition. We find that 
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while alloying bulk-like Bi with Sb in the quantum confinement thickness regime may 

increase the band gap, the crystalline orientation changes with increasing concentrations 

of Sb. This effect has not been observed in epitaxial Bi1-xSbx on other substrates, and 

signficiantly impacts the electronic properties of the films. In contrast, alloying Sb with 

nanoscale puckered-layer Bi improves the crystallinity and continuity, suggesting a 

promising route towards tuning the band structure of puckered-layer Bi and producing 

large-area films for electrical measurements. Finally, we demonstrate that epitaxial Bi 

and Bi1-xSbx films exhibit surprisingly weak adhesion to the Si(111) growth substrate, 

which may originate from the early allotropic transition. This weak adhesion enables the 

straightforward transfer of these films, opening a route toward the integration of 

epitaxial-quality Bi and Bi1-xSbx films with arbitrary substrates for novel heterostructures.  
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Chapter 1 

  Introduction 

 

1.1 MOTIVATION FOR SPINTRONIC DEVICES 

Spintronics is a developing field of electronic device research in which the spin of 

electrons contributes to information transmission and storage. The first spintronic devices 

were spin valves and magnetic tunnel junctions that utilized the giant magnetoresistance 

effect (GMR) for memory storage.[1] These devices consisted of alternating layers of 

ferromagnetic and non-magnetic materials, and played an important role in the 

development of hard drives. While a spintronic analog of the field effect transistor (FET) 

was proposed as early as 1990[2], the development of spin-based logic devices faces 

significant challenges, including efficient injection and detection of spin-polarized 

currents, and maintaining spin-polarized transport over practical length scales[3].  

If these difficulties can be overcome, spin FETs are predicted to require 

significantly less switching energy than their electronic counterparts, facilitating the 

development of low-power, high density integrated circuits.[4] More recent innovations 

including optical manipulation of electron spin[1,5], thermoelectric devices based on the 

spin-Seebeck effect[6,7], and spin-orbit torque (SOT) and spin torque transfer (STT) 

magnetization switching[8] suggest that spintronic devices may be very promising for a 

wide variety of applications, particularly in the areas of low power devices, non-volatile 

memory, and quantum computing[1,9].    
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1.2 SPIN HALL EFFECTS AND SPIN-TORQUE MAGNETIZATION SWITCHING 

Historically, directing a charge current through a ferromagnetic contact has been 

the predominant method used to inject a spin-polarized current in an adjacent 

semiconducting or non-magnetic metal. Disorder at the ferromagnetic/non-magnetic 

interface has been a significant issue reducing the efficiency of this injection process. 

Controlling the magnetization of ferromagnetic layers used for memory storage 

applications is another current challenge, as reversing the magnetization typically 

requires the application of a relatively large field.[10] As will be discussed in this section, 

materials with high spin-orbit coupling (SOC), and topological insulators (TIs) are 

potentially promising for addressing these ongoing challenges.   

The spin Hall effect (SHE) and inverse spin Hall effect (ISHE), predicted in 1999, 

are alternative methods for generating and detecting spin-polarized currents in non-

magnetic materials.[11] In the SHE, when an electronic charge current flows through a 

non-magnetic material with high SOC, spin-dependent scattering processes deflect charge 

carriers to opposite directions depending on the spin of the charge carrier, creating an 

imbalance of spins in the direction transverse to the charge current. In the ISHE, the 

opposite effect occurs, and an injected spin-polarized current generates a transverse 

charge current. These processes can enable the generation and detection of spin currents 

without the involvement of interfacial scattering, and also forms the basis for the spin-

Seebeck effect in thermoelectrics[7]. These effects have been demonstrated experimentally 

in Bi thin films[12,13] and bismuth chalcogenide (Bi2X3, where X is Te or Se) TIs[14,15]. In a 

TI, spin accumulation may be further facilitated by the helical spin-momentum locking of 

the surface states[16], a characteristic feature of TIs that is theorized to protect the surface 

states from back scattering[17].  
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When a magnetic layer is adjacent to non-magnetic layer with high SOC, it’s 

magnetization can be controlled by spin torque transfer (STT) or spin-orbit torque (SOT) 

processes originating from the SHE in the non-magnetic layer. In STT, a spin-polarized 

current generated either by the SHE or by spin pumping is injected into the magnetic 

layer, applying a torque to the magnetization vector of the ferromagnet and rotating the 

magnetization.[18] In SOT, an SHE-generated spin current transfers angular momentum to 

the ferromagnetic layer without spin injection. Although the origin of this process is an 

ongoing area of research, it is theorized to involve the exchange interaction of the 

magnetic layer.[8] Both of these processes have also been recently demonstrated in TIs, 

including epitaxial Bi1-xSbx thin films.[8,19,20]  

 

1.3 EPITAXIAL BI AND BI1-XSBX THIN FILMS  

Due to their high mobilities[21], large SOC[22], and long spin diffusion lengths[23], Bi 

and Bi1-xSbx are promising materials for emerging spintronic device applications, 

particularly in the areas of conversion between spin and charge currents and 

magnetization switching. Although bulk Bi is semi-metallic, quantum confinement 

effects become significant in relatively thick films due to it’s long mean free path, 

opening a small, thickness-dependent indirect band gap in films on the order of 100 nm 

and thinner.[24–28] Because of the high SOC in Bi, spin-split, conductive surface states 

originate within the indirect band gap due to the Rashba effect.[29–31] Although 

topologically trivial, the large spin-splitting of these surface states[32] suggests that they 

may positively affect spin current generation similarly to the protected surface states in 

TIs. Unlike many spintronic and 2-D materials, Bi thin films may be epitaxially grown on 

Si(111) substrates[33], suggesting a route towards large scale integration with mainstream 
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CMOS technology. As we will demonstrate in this dissertation, epitaxial Bi films 

additionally exhibit unusually weak adhesion to the Si(111) growth substrate due to their 

unique early growth mode, allowing the transfer of epitaxial-quality Bi films with precise 

thicknesses to arbitrary substrates for novel device design and measurement.  

Alloying Sb with bulk Bi opens a narrow, direct band gap between 7-22% Sb 

through inversion of the valence and conduction bands at the L point, which also induces 

TI behavior.[34] In a TI, a bulk band gap coexists with spin-momentum locked surface 

states, which are in principle protected from backscattering by non-magnetic impurities 

by time reversal symmetry, theoretically enabling generation of robust spin-polarized 

currents.[35–38] Bi1-xSbx thin films are also expected to demonstrate quantum confinement 

effects, which may enhance the bulk band gap and improve isolation of the surface state 

transport.[39,40] Their relatively high conductivity compared to other TIs additionally 

makes them uniquely suitable for SOT and STT applications, as the high conductivity can 

prevent current dissipation into the ferromagnetic layer.[20] Recent in situ measurements 

suggest that Bi1-xSbx may also be epitaxially grown on Si(111), although these films have 

not yet bet characterized ex situ.[41] In this dissertation we study the epitaxial growth on 

Bi1-xSbx on Si(111) and find both that the crystal structure is highly sensitive to the Sb 

concentration, and also that Bi1-xSbx exhibits weak adhesion consistent with Bi, and may 

be similarly easily transferred.  

 

1.4 GROUP V ALLOTROPES FOR 2-D SPINTRONICS  

2-D structures of Group V elements, which include Bi and Sb, are a recent area of 

increasing research interest since the recent discovery of their stability in multiple crystal 

structures, known as allotrope. While single monolayer (ML) black phosphorus, known 
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as phosphorene, has been the most extensively studied due to it’s suitability for high 

mobility 2-D FETs,[42–45] single monolayers of As, Sb, and Bi are also predicted to exhibit 

electronic properties that differ significantly from their semi-metallic bulk 

counterparts[46], including high mobility and semiconducting behavior[47,48].  

Few-layer (< 7-12 ML) Bi films grown epitaxially on specific substrates, 

including Si(111), has been demonstrated to form a unique (012)-oriented allotrope with 

a puckered-layer crystal structure that resembles black phosphorus.[49] Like other Group 

V allotropes, this puckered-layer Bi structure is expected to exhibit unique electronic 

properties, including a larger band gap than may be achieved through quantum 

confinement of bulk Bi[50,48] and increased spin-orbit splitting[51]. Puckered-layer Bi1-xSbx 

alloys are also predicted to be stable in single monolayers[52], and may enable tuning of 

the puckered-layer band structure through the composition.  

Although these expected properties make nanoscale allotropes of Bi and Bi1-xSbx 

interesting for 2-D spintronic devices, the tendency of this structure to grow in small area 

islands, which form a continuous, high quality film only after the allotropic 

transformation, has limited ex situ characterization and device development based on this 

structure. In Chapter 6, we determine how epitaxial growth parameters, including 

substrate temperature and growth rate, may be tuned to improve the coverage area of the 

nanoscale islands, and find that alloying with Sb significantly improves the crystallinity 

and continuity of the (012)-oriented phase.  

  

1.5 ORGANIZATION OF DISSERTATION   

 The intent of this dissertation is to explore the relationship between growth, 

structure, and the material and electronic properties in epitaxial Bi and Bi1-xSbx films on 
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Si(111) substrates. Developing a thorough understanding of the interplay between these 

factors is a critical step both towards tuning the band structure of these films toward 

specific applications in spintronics, and towards the eventual scalability of devices that 

utilize this material system.  

In Chapter 2, we briefly review the growth and characterization techniques used, 

proving background that informs the remainder of the dissertation. In Chapter 3, we 

identify the critical thickness for the allotropic transformation in our Bi films, discuss 

how the substrate temperature and growth rate influence bulk-like film quality using X-

ray diffraction (XRD) and atomic force microscopy (AFM), and identify the coexistance 

of quantum well states and conductive surface states in our thin films using temperature-

dependent sheet conductance, reflectance, and variable-field Hall effect measurements. 

Chapter 4 investigates the growth of Bi1-xSbx thin films within the expected quantum 

confinement thickness regime on Si(111). We find that while Bi1-xSbx thin films with < 

8% Sb exhibit increased semiconducting behavior, Bi1-xSbx films with higher 

concentrations of Sb undergo a change in crystalline orientation that originates in early 

growth, and has not been observed on other growth substrates. In Chapter 5, we 

demonstrate that Bi and Bi1-xSbx films exhibit surprisingly weak adhesion to the Si(111) 

growth substrate, and may be easily transferred to arbitrary substrates with good 

maintenance of their structural and electronic properties. In Chapter 6, we show that the 

substrate temperature and growth rate may be used to control the morphology and crystal 

structure of (012)-oriented nanoscale Bi films, as well as the critical thickness for the 

allotropic transformation, suggesting two potential routes toward achieving large-area 

continuous films with the puckered-layer structure. Alloying with Sb is found to further 

improve the continuity of the films while maintaining a (012) orientation. This result, as 



 7 

well as the weak adhesion of bulk-like Bi1-xSbx, suggests that puckered-layer Bi1-xSbx may 

be grown epitaxially on Si(111).  
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Chapter 2 

  Experimental Methods 

 In order to develop a comprehensive understanding of the relationship between 

growth, crystal structure, and electrical transport in the epitaxial Bi1-xSbx/Si(111) system, 

many different characterization techniques are used in this dissertation. This chapter 

provides a brief background on the epitaxial growth, electrical measurement, and some of 

the materials characterization techniques, in order to facilitate understanding of the later 

chapters.  

 

2.1 MOLECULAR BEAM EPITAXY (MBE)  

The Bi and Bi1-xSbx films used in this dissertation are grown using molecular 

beam epitaxy (MBE). This section provides background on MBE growth techniques, as 

well as growth procedures specific to the Bi1-xSbx/Si(111) system. Due to the high vapor 

pressure of Bi, the unique allotropic transformation in Bi on Si(111), and the 

substitutional alloy nature of Bi1-xSbx, the growth processes used here vary significantly 

from the epitaxial growth of III-V compounds.  

 

2.1.1 Introduction to MBE  

MBE is an epitaxial growth method developed in the 1970s that enables very 

precise control over the thickness and composition of epitaxial layers.[53,54] Figure 2.1 

shows a diagram of a typical MBE system. The growth substrate is mounted in an ultra 

high vacuum (UHV) growth chamber separated from solid source effusion cells by 

pneumatic shutters. The effusion cells are heated above each element’s sublimation 

temperature to produce a “beam” of atoms or molecules. When the shutter for that source 
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is opened, these molecules, which have a very long mean free path due to the UHV 

environment, come into contact with the substrate, initiating epitaxial growth. Multiple 

shutters may be opened at once for the epitaxial growth of alloys, such as Bi1-xSbx. The 

growth rate is controlled by varying the temperature of the effusion cell in order to vary 

the flux of that element, and is calibrated using tungsten ion gauges mounted inside the 

chamber, which measure the background pressure of the chamber and the flux of atoms at 

the substrate surface. The substrate temperature is controlled by the a heating element 

within the substrate manipulator.  

 

 

Figure 2.1 MBE Growth Chamber  

 

2.1.2 Substrate Preparation (and Other Modifications for Si)   

All Bi and Bi1-xSbx thin films in this work are grown using a Varian Gen II MBE 

system with a base pressure of 5e-10 Torr. As this system is optimized for III-V growth 
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(primarily GaAs and GaSb), several modifications to the typical III-V substrate 

preparation methods are necessary. These modifications are based on the Bi growth 

procedure established by E. Krivoy, 2013 (Appendix A)[55].  

High resistivity ( between 4500 Ω-cm and intrinsic) Si(111) substrates are utilized 

in order to prevent parasitic contributions to the film conductivity during 

magnetotransport measurements. The Si wafers are 350 μm (+/- 25 μm), with a <111>  

+/- 0.5° orientation. Full 3” wafers are used for all growths due to the difficulty of 

cleaving Si(111) by hand, and the likely contamination of the UHV system that would 

result from wafer dicing. As the temperature range of the growth chamber substrate 

heater is not sufficient for the flash heating method typically used to thermally remove 

the native oxide from the silicon surface prior to Bi compound growth,[56,57] the Si(111) 

substrates are briefly dipped in a solution of 30:1 H2O:HF until a hydrophobic surface is 

observed (30-60 seconds) prior to growth. This method removes the native oxide and 

passivates dangling surface bonds with hydrogen.[58–60] Preceding the HF dip with an 

RCA1 clean was not found to improve the crystalline quality or morphology of the Bi 

films.  

Following the etch step, the Si wafers are rinsed with DI water, spin-dried, and 

loaded into the vacuum system within 20 minutes of completing the HF dip, in order to 

limit re-oxidation or contamination of the Si substrate. Wafers then undergo a load 

chamber bake for 3 hours at 350°C (nominal load chamber thermocouple temperature of 

450°C), a buffer heater station bake for 1 hour at 450°C, and a growth chamber bake 

facing away from the source flange for 15 minutes at 450°C.[55] These bakes facilitate the 

desorption of water and other contamination from the wafer surface, which is necessary 

to maintain the integrity of the high vacuum growth chamber and to enable high-quality 

epitaxial growth. The load chamber bake temperature is reduced compared to III-V 
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substrates in order to prevent desorption of the hydrogen passivation in the load chamber. 

Following the away bake, the substrate is rotated to face the source flanges and baked at 

the maximum substrate temperature of 990°C (thermocouple), corresponding to 765°C 

measured by pyrometer, for 15 minutes in order to desorb the hydrogen passivation and 

remove remnants of the native oxide. This high temperature bake was found to be a 

critical step for ensuring high-quality Bi film growth (bakes at 800°C thermocouple and 

below result in amorphous RHEED). In order to prevent damage to the bearings of the 

growth chamber substrate manipulator, the substrate is not rotated above 800°C 

thermocouple temperature.  

The substrate is then cooled to the growth temperature (10-100°C thermocouple). 

Rotating the substrate manipulator to face the internal cryoshroud (once the substrate has 

cooled below 800°C) accelerates this cooling progress, and may reduce contamination of 

the Si(111) surface. Due to the very low maximum flux of the Si dopant cell and concern 

regarding unintentional doping  of any Si layer grown, no Si buffer layer was grown prior 

to Bi growth (consistent with previous Bi growth studies)[33]. As the pyrometer is highly 

inaccurate at the low temperatures used for Bi growth, the substrate manipulator 

thermocouple is used to calibrate the Bi growth temperature. The substrate is rotated at 5 

rpm throughout growth in order to provide even coverage of the Bi film over the 3” 

wafer.  

 

2.1.3 Growth of Bi and Bi1-xSbx 

Due to the high vapor pressure of Bi, Bi films must be grown at relatively low 

substrate temperatures, below approximately 300°C. In most previous work, Bi is grown 

at “room temperature” or below on Si(111)[33,61], so a substrate temperature of 25-35°C 
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was chosen for initial Bi growths, at a growth rate of 0.1 Å/s[55].  The substrate 

temperature and growth rate are found to substantially influence the morphology and 

crystal structure of epitaxial Bi films; these effects are discussed in detail in Chapters 3 

and 6. As discussed in those chapters, a substrate temperature of 10-25°C is found to be 

beneficial for the high quality growth of the bulk-like, (001)-oriented Bi crystal structure. 

Because of the low substrate temperature, it is important to remove the wafer from the 

growth chamber immediately after completion of growth, to avoid the adsorption of As or 

other impurities onto the surface of the wafer.  

At this low substrate temperature, it may be assumed that both the Bi and Sb 

adatoms demonstrate unity sticking to the Si(111) substrate. As indicated by Figure 2.2, 

which plots the measured growth rates of Bi1-xSbx films growth with a total beam 

equivalent pressure (BEP) of 2E-7 Torr (the sum of both the Bi and Sb BEPs), the growth 

rate varies with the composition of Bi1-xSbx alloys, and must be re-calibrated for each 

composition. This is an important distinction from III-V growth, where the Group III 

element typically determines the growth rate, and the Group V element may be supplied 

in excess.  

 

Figure 2.2 Growth rate of Bi1-xSbx films at a BEP of 2E-7 Torr.   
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In the early stage of growth (< 4 nm), Bi films demonstrate island-mode growth, 

and RHEED oscillations, which are frequently used to measure the growth rate of 

epitaxial films, are observable. After the allotropic transition to the bulk-like A7 

structure, the (001)-oriented Bi films are expected to exhibit step-flow growth[33], and 

RHEED oscillations are not observed. Due to the crystal structure change at 

approximately 4 nm, the growth rate calibrated for the initial puckered-layer phase is not 

likely to apply to the bulk Bi crystal structure, and is at best an approximate method due 

to the distribution of islands heights in the film (see Chapter 6). Most Bi films used in this 

work are also below the resolution of cross-sectional scanning electron microscopy 

(SEM) measurements. Instead, X-ray reflectivity (XRR) measurements of the bulk-like 

Bi(001) films following growth are used to calibrate the growth rate of the bulk structure, 

and are extrapolated to estimate the growth rate of the puckered-layer structure. The 

puckered-layer growth rate is then further refined using atomic force microscopy (AFM) 

measurements of the island heights.  

 

2.1.4 Calibrating Bi1-xSbx Composition  

While Bi, which is evaporated from a Veeco thermal effusion cell, exhibits a very 

stable dependence of the flux on the cell temperature over time, Sb, which is evaporated 

from a valved-cracker source, is relatively unstable. An automated source turn on recipe 

(STO) is therefore very helpful for ensuring accurate Bi1-xSbx compositions; this recipe is 

included in Appendix D.  

The composition of the Bi1-xSbx films is calibrated using a combination of TEM 

with EDS (see Chapter 4) and X-ray photoelectron spectroscopy (XPS). In XPS 

measurements, a correction factor of 2/5 is multiplied with the machine-specific relative 
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sensitivity factor (RSF) in order to account for the overlap of the O 1s peak with half of 

the spin-split Sb 3d doublet.  

XPS measurements of Bi1-xSbx samples indicate that the Sb/Bi ratio is higher in 

the native oxide layer than in the unoxidized bulk of the sample. This suggests that Sb 

may oxidize faster than Bi, which is consistent with the higher enthalpy of Sb-O 

formation compared to Bi-O. The composition of Bi1-xSbx is calibrated using the total 

amounts of Bi and Sb from both the film and oxide layers in XPS, which agrees well with 

the EDS composition measurement, and is likely to more accurately reflect the influence 

of Sb alloying on the epitaxial growth in UHV conditions. The role of the thin native 

oxide layer in Bi and Bi1-xSbx, which is not found to substantially affect electrical 

measurements of Bi associated with the metallic surface states, is discussed in more detail 

in Appendix B.   

While the thickness of Bi films varies by less than 1 nm across the radial direction 

of the wafer, the composition of Bi1-xSbx films is found to vary by ~20% across the 3” 

wafer radius. This can cause in differences in crystalline orientation across the wafer in 

the 14-28% films. It is likely that this variation is caused by the relative positions of the 

Bi and Sb cells on the source flange, although variation in substrate temperature across 

the wafer may be a contributing factor. An area within 0.5-1” of the center of the wafer is 

therefore used to calibrate the composition and thickness of each Bi1-xSbx film. The same 

area is then used for all electrical measurements of that sample.  

 

2.1.5 Reflective High Energy Electron Diffraction (RHEED)   

During growth, the surface reconstruction of the epitaxial Bi1-xSbx films and 

Si(111) substrate are monitored through in situ reflective high energy electron diffraction 
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(RHEED) at 11 kV and 1.55 A. In this method, high energy electrons emitted from the 

RHEED gun strike and diffract from the surface at a grazing angle, creating a diffraction 

pattern on the fluorescent RHEED screen that varies with the arrangement of atoms in the 

first monolayer of the sample. As RHEED is non-destructive and acquired within the 

growth chamber, it can be used to monitor the progress of Bi growth in real time 

RHEED is a valuable indication of the progression of the Bi growth, as the 

surface reconstruction varies significantly between the puckered-layer and bulk crystal 

structures, as well as a useful method to qualitatively assess the morphology of several-

monolayer puckered-layer films. A streaky RHEED pattern suggests of 2-D, planar 

growth, while a “spotty” RHEED pattern typically suggests polycrystalline or 3-D, 

island-mode growth. As will be discussed in Chapter 6, a spotty RHEED pattern during 

the growth of the initial puckered-layer allotrope does not necessarily indicate poor 

quality of the post-transition Bi(001) film. A hazy RHEED pattern, which is observed in 

the first monolayer of Bi growth, is suggestive of an amorphous or highly disordered 

layer.  

 

2.2 MATERIALS CHARACTERIZATION  

This section introduces a few of the materials characterization techniques 

predominantly used to determine the crystal structure, surface roughness, morphology, 

composition, and optical properties of the Bi and Bi1-xSbx thin films.  
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2.2.1 X-ray Diffraction (XRD) and Reflectivity (XRR) 

X-ray Diffraction (XRD) is used to measure the crystal structure of the Bi and Bi1-

xSbx thin films, as well as the strain, while X-ray Reflectivity is used to measure the 

epitaxial film thickness. Figure 2.3 illustrates the difference between the two techniques.  

 

Figure 2.3 a) XRD and b) XRR measurements of epitaxial films   

 Coupled ω-2θ XRD scans are an extremely powerful characterization technique 

for thin films due to their ability to provide information on crystalline orientation, strain, 

and in some cases, composition, with a single measurement. In this measurement, 

incident X-rays are scattered by planes of atoms in the epitaxial film. The diffracted 

beams constructively interfere at measurement angles defined by Bragg’s law:  

2𝑑 sin𝜃 = 𝑛𝜆 

where λ is the Cu-Kα X-ray wavelength, n is an integer, and d is the spacing between 

planes of atoms. The spacing between atomic planes may therefore be determined from 

the ω-2θ position of measured peaks, and used to identify the crystal structure. High 

resolution, short range scans are used to measure distortion of the out-of-plane lattice 

parameter of Bi films from the bulk value, indicative of strain, while wide range scans are 
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used to confirm that the films are oriented along a single crystallographic direction.  The 

coupled ω-2θ XRD measurements of Bi and Bi1-xSbx films in this dissertation are aligned 

to the Si(111) substrate peak.  

 In XRR measurements, the incident X-rays are reflected from the top and bottom 

interfaces of the epitaxial film. Interference between the reflected X-rays results in 

Kiessig fringes, from which the film thickness may be calculated. This method is found 

to be significantly more consistent than calculating the film thickness from interference 

fringes surrounding the epitaxial layer peak in XRD measurements. The Rigaku Ultima 

Global Fit package is used to fit the measured specular reflection to determine the 

thickness and surface roughness of the epitaxial films.   

 

2.2.2 Atomic Force Microscopy (AFM)   

Atomic force microscopy (AFM) is used to determine the surface roughness of 

the bulk-like films, and to study the morphology and island size in the films below the 

critical thickness for the structural transition. A Digital Instruments AFM with a tip 

resolution of ~10 nm is used to measure the surface roughness of the bulk-like films. To 

provide higher resolution images of the films thinner than 4 nm, a Bruker Dimension 

Icon AFM using etched Si probes with a tip resolution of ~2 nm was used in 

collaboration with Professor Yu’s group. All AFM measurements are acquired in tapping 

mode. The histograms of island height distributions in Chapter 6 are calculated using the 

Digital Instruments Particle Analysis software.  
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2.2.3 X-ray Photoelectron Spectroscopy (XPS)    

 X-ray photoelectron spectroscopy (XPS) is a highly surface-sensitive technique 

used to measure the composition and electronic states of ultrathin films and surfaces. As 

most Bi and Bi1-xSbx films in this dissertation are fewer than 50 nm thick, electron 

dispersive X-ray spectroscopy (EDS) measurements acquired using scanning electron 

microscopy (SEM) are not accurate enough to verify the composition of Bi1-xSbx films 

due to the large volume of X-rays excited from the Si(111) substrate. XPS can also 

provide information regarding the composition of the native oxide, and the ratio of 

oxidized to unoxidized Bi in very thin films.   

 In an XPS measurement, a beam of X-rays interacts with the sample, leading to 

the emission of electrons from the first few nanometers of the sample. The kinetic energy 

of the emitted electrons is measured, from which the binding energy of electrons in the 

sample may be determined. This provides information about the binding states of the 

atoms in the sample. In this way, an XPS measurement can distinguish between Bi 

bonded to O and Bi bonded to another Bi atom. A Kratos XPS with a depth resolution of 

2-8 nm is used for this measurement. The areas of the XPS peaks are analyzed using the 

Casa XPS software, using a Shirley background fitting method, and converted to atomic 

percentages using relative sensitivity factors calibrated for the specific XPS chamber.  

 

2.2.4 Fourier Transform Infrared Spectroscopy (FTIR)   

Fourier Transform Infrared Spectroscopy (FTIR) is used to measure shifting of 

the reflectance spectrum with the film thickness and composition. FTIR measurements 

are performed at room temperature in a nitrogen-purged environment using a SiC mid-IR 

glowbar source and Bruker Hyperion 2000 microscope with a 36x IR and 0.5 numerical 
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aperture objective, at a range of 600-8,000 cm-1. The measured reflectivity is normalized 

to a standard gold bar.  

Although the Bi films are quite thin, they exhibit a relatively large reflectance, 

which is straightforward to measure. As the expected indirect band gap energy occurs at 

lower wavenumbers beyond the range of the FTIR setup, the reflectance feature at 1,000 

– 2,000 cm-1, which is associated with the larger, direct interband transition at the L point.  

  

2.3 ELECTRICAL CHARACTERIZATION METHODS   

This section briefly reviews the electrical characterization methods used to 

investigate the quantum confinement effect and conductive surface states in the Bi and 

Bi1-xSbx films. Three measurement systems are used: a room temperature Hall 

measurement station, a liquid Nitrogen-cooled Hall measurement station with a fixed 

magnetic field, and a liquid Helium-cooled Physical Property Measurement System 

(PPMS) with a variable magnetic field. A van der Pauw measurement geometry is used 

for all measurements.   

  

2.3.1 van der Pauw (vdP) Structure  

A van der Pauw (vdP) measurement configuration is chosen for electrical and 

magnetotransport measurements due to the elimination of contact resistance effects 

associated with this method, and the ability to simultaneously perform Hall and sheet 

resistance measurements. A diagram of the vdP configuration is shown in Figure 2.4. The 

vdP samples are square, 8-10 mm in length, with small, triangular contacts typically 

deposited using Indium solder. Evaporated metal contacts are used on the transferred 

samples, as the heat from the Indium soldering iron can damage the transferred films.  
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Figure 2.4 Measurement setup for (a-b) sheet resistance and (c-d) Hall resistance 
measurements  

To determine the sheet resistance of the sample, the resistance is first measured in 

two different orientations to obtain RA and RB, shown in Figure 2.4a and 2.4b. Two 

orientations are used in order to eliminate the effect of irregularities in sample geometry 

or contacts. The resistances are then converted into the sheet resistance, Rsh using the van 

der Pauw equation 

 

𝑒
!!!!

!!! + 𝑒
!!!!

!!! = 1, 

 

which may be solved using iterative numerical methods. This approached is used to 

measure the temperature-dependent sheet conductance and conductivity. For 
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𝑅!! =
1
2 𝑟!! +𝐵 + 𝑟!! −𝐵  

 

where B is the magnetic field and rxx is the as-measured resistance.[62]   

 The Hall resistance is similarly measured using two orientations, shown in Figure 

2.4c and 2.4d, and averaged. The magnetic field is oriented along the growth direction of 

the sample for the measurements in this dissertation. The positive and negative signs in 

Figure 2.4 indicate the signs of the electrical connections; in other words, the current is 

defined using the standard convention of flowing from the positive to the negative 

terminal, although in fact the electrons move the opposite way. The measurement 

orientation of the Hall voltage is such that the Hall voltage is positive when the sample is 

p-type, and negative when the sample is n-type. The Hall resistance Rxy is defined as  

 

𝑅!" =
1
2 𝑟!" +𝐵 − 𝑟!" −𝐵  

 

as Rxy(B) is antisymmetric.[62] This averaging removes the longitudinal resistance 

component from the Hall resistance. As multiple carriers contribute to conduction in Bi, 

the Hall coefficient is magnetic field dependent. The procedure for determining the 

carrier concentrations and mobility from Rxy(B) is discussed in Section 2.4.2.  

 

2.3.2 Temperature-Dependent Sheet Conductance Measurements 

 The temperature dependent sheet conductance is measured using a van der Pauw 

Ecopia Hall measurement system cooled with liquid nitrogen. The sample is loaded onto 

a stage and contacted using metal pins. A glass slide is placed under the sample to avoid 
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shorting to the metallic stage. After an initial room temperature I-V measurement to 

ensure that the Indium solder contacts are Ohmic, the sample stage is submerged in a 

chamber filled with liquid nitrogen, until the sample temperature stabilizes at 77 K. 

Measurements are conducted over a temperature range of 80-300 K, at a magnetic field 

of 0.558 T, and a current of 0.2-0.5 mA. The sheet resistance of the Bi films is on the 

order of 100 Ω, corresponding to a resistivity of approximately 5x10-4–cm. 

 

2.3.2 Magnetotransport Measurements  

Magnetotransport measurements were carried out using two different PPMS 

systems: a Quantum Design PPMS system at UT Austin, in which an external lock-in 

amplifier was used to perform the measurement and the magnetic field was varied 

between -9 and 9 T, and a Quantum Design PPMS Dynacool system at UIUC, in which 

the on-board system electronics were used and the magnetic field was varied between -8 

and 8 T. In both systems, the magnetoresistance and Hall measurements were performed 

at 2 K. Both systems showed good agreement regarding the sign of the Hall voltage and 

the observation of weak antilocalization (WAL) in the magnetoresistance at low magnetic 

fields.  

In order to electrically connect the Bi films to the PPMS chuck, a modified wire 

bonding procedure is used. A bond is initially formed on the bond pad of the PPMS 

chuck. The wire is then extended as if to form a second bond, but is instead cut. The end 

of the wire is then pushed into the Indium solder contact using tweezers. This method 

avoids clogging of the wire bonder tip, which frequently occurs during attempts to 

directly form a bond on the solder contact.  
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2.4 ELECTRICAL CHARACTERIZATION ANALYSIS 

The characterization procedures used to interpret the conductance and 

magnetotransport measurements of the Bi and Bi1-xSbx films are discussed in this section. 

Many of the electrical characterization method used here are adapted from techniques 

established to characterize Bi2X3 topological insulators;[63] however, there are some 

important differences due to the smaller band gap and increased number of distinct 

carriers in Bi.  

 

2.4.1 Thermal Activation Function for Conductivity  

Temperature dependent measurements of the sheet resistance using the Ecopia or 

PPMS systems can be used to identify transitions between a metallic (negative 𝑑𝜎 𝑑𝑇) 

and semiconducting (positive 𝑑𝜎 𝑑𝑇) dependence of the conductivity on the temperature. 

A metallic temperature dependence suggests that the Bi film is either above the critical 

thickness for quantum confinement, or, in thin films, that the conductive surface states 

dominate conduction,[31,40,64] while a semiconducting dependence suggests significant 

contributions from quantum confined bulk states.  

In addition, the small band gap of Bi thin films provides an advantage in that 

thermal activation of carriers from the valence band to the conduction band is significant 

at temperatures between 100-300 K. This allows estimation of the band gap of the Bi thin 

films from the conductivity measurements.  In a simple narrow band gap semiconductor, 

the band gap may be estimated by fitting the temperature-dependent conductivity 

measured in the intrinsic temperature regime to the thermal activation function 

 

𝜎 𝑇 = 𝛼𝑒 !!!
!!"  
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where k is Boltzman’s constant, α is a fitting constant, and ΔE is the thermal activation 

energy, which is approximately equal to the band gap.  

 In a Bi thin film, both the quantum confined bulk states and the conductive 

surface states contribute to the total conductance. While the bulk states may be described 

by the above equation, the surface states are expected to demonstrate a metallic 

temperature dependence. The total conductivity of a Bi thin film can therefore be 

expressed as  

 
𝜎 =

𝜎!!
𝑑 + 𝛼𝑒 !!!

!!"  

 

where σSS is the surface state conductivity and d is the film thickness.[31] Furthermore, the 

total sheet conductance of the film, G, may be expressed as  

 

𝐺 = 𝐺!! + 𝜎!"#$𝑑 

 

where each term is a sheet conductance.[31] Following the procedure established by S. 

Xiao et al., the sheet conductance G(d) at 25 K temperature increments between 100 – 

300 K is fitted to a linear function in order to obtain 𝜎!"#$(𝑇).[31] This temperature-

dependent bulk conductivity may then be fitted to the thermal activation function to 

estimate the band gap of the Bi films. Although this method does not take into account 

the dependence of the bulk band gap on the film thickness due to quantum confinement, 

it can be used to indicate that a band gap is opened in the epitaxial Bi through quantum 

confinement, and to compare between Bi and Bi1-xSbx films.  
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2.4.2 Multi-Carrier Conductivity Model   

As briefly mentioned in Section 2.3.1, multiple channels contribute to conduction 

in epitaxial Bi films, meaning that the simplified Hall effect equation 

 
𝑅! =

!
!"

, 

 

used to relate the carrier concentration, n or p, to the Hall coefficient RH in 

semiconductors is not valid in Bi. Semi-metallic Bi above the critical thickness for 

quantum confinement has similar concentrations of both electrons and holes, and may be 

described using a 2-band conductivity model.[21,65] In 2010, N. Marcano et al. 

demonstrated that the Hall resistance and magnetoresistance of quantum confined Bi 

films must be fitted with a 3-band conductivity model, considering both bulk carriers as 

well as the surface state carrier, which they identified to be holes.[30] This is in contrast to 

most Bi2X3 TIs, in which a 2-band model (one surface state carrier and one bulk carrier) 

may be used.[66,67] The general form of the multi-carrier conductivity model is 

 
𝜎!! =

𝑛!𝑒𝜇!
1+ 𝜇!!𝐵!!

 

 

and 

𝜎!" =
𝑆!𝑛!𝑒𝜇!!𝐵
1+ 𝜇!!𝐵!!

 

 

 where i is the carrier index, μi is the mobility of each carrier type and B is the applied 

magnetic field.[68] For a Hall measurement setup where the measured Hall resistance Rxy 

is positive at positive magnetic fields for a p-type sample, Si is -1 for holes and +1 for 
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electrons.[63,69]
 σxx is the diagonal element of the total conductivity tensor σ, and σxy is the 

off-diagonal element.  

 As the resistance is measured during electrical measurements rather than the 

conductivity, the measured sheet resistance data is converted to sheet conductance using 

the conductivity tensor, so that  

 

𝐺!!(𝐵) =
𝑅!!

𝑅!!! + 𝑅!"!
 

and  

 

𝐺!"(𝐵) =
−𝑅!"

𝑅!!! + 𝑅!"!
 

 

where the negative sign in Gxy comes from the definition of the conductivity tensor 

 
𝜎 =   

𝜎!! −𝜎!"
𝜎!" 𝜎!! . 

 

The obtained sheet conductance data is then converted to conductivity, and fitted to the 3-

band multi-carrier model to obtain the carrier concentrations and mobilities for epitaxial 

Bi in Chapter 3. An isotropic conductivity model is used as a first approximation due to 

the relatively similar in-plane effective masses in Bi(001); for (012)-oriented Bi or Bi1-

xSbx, this model would need to be appropriately modified to account for anisotropy. σxx 

and σxy are fitted simultaneously with enforced global fitting parameters between the two 

data sets in order to reduce error from the high number of fitting parameters in the 3-band 

model. A two-band model is applied before the three-band model for each sample in 

order to avoid overfitting the data.  
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2.4.3 Weak Antilocalization (WAL)  

The epitaxial Bi films and the (001)-oriented Bi1-xSbx films in this dissertation 

exhibit a sharp dip in the magnetoresistance at low fields, which is indicative of weak 

antilocalization (WAL). WAL can occur as a result of strong spin-orbit coupling (SOC). 

When there is no magnetic field, the spin of each electron in a high SOC material is 

coupled to it’s momentum, which results in negative interference between electron paths 

and lowers the resistivity[62]. When a magnetic field is applied, this effect is broken, and 

the resistance increases sharply.[70] For a material with high SOC, no magnetic scattering, 

and a large elastic scattering time[62], the WAL feature magnetoconductance may be fitted 

to the reduced form of the Hikami-Larkin-Nagoaka equation[71]:  

 

𝛿𝐺 𝐵 ≈ 𝛼!
𝑒!

2𝜋ℏ ln
𝐵!
𝐵 − 𝜓

1
2+

𝐵!
𝐵    

 
where 𝐵! =

ℏ
!!!!

!  is the dephasing field, ψ is the digamma function and Lϕ is the phase 

coherence length. The value of αϕ is -1/(2π) for an ideal 2-D conduction channel.  

Weak antilocalization features with values of αϕ close to this ideal value have 

been cited as evidence of topologically insulating behavior in Bi2X3 systems, as spin-

momentum locking of topological surface states also produces WAL.[37,62,72] The bulk 

states of 3-D Bi2X3 TIs have been proposed to demonstrate weak localization (WL) rather 

than WAL, which may explain the wide range of reported αϕ values as well as the 

apparent connection between WAL in TIs with the surface states[73].  

Due to the high SOC but expected topologically trivial surface states in Bi, the 

relative contributions of the surface and bulk states to the WAL feature is an area of 
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active research. While the relatively low magnitude of the αϕ parameter observed in Bi 

thin films has been attributed to hybridization of the surface states with bulk WL 

contributions similar to TIs[64], other reports attribute the WAL feature to the bulk states, 

with contributions from surface states taking the form of classical magnetoresistance[74]. 

The origin of WAL in quantum confined Bi1-xSbx is even less understood, as very few 

magnetotransport studies of Bi1-xSbx films in this thickness regime have been conducted 

since the discovery of topological surface states in Bi1-xSbx. In this dissertation, the WAL 

feature of a Bi1-xSbx film is fitted before and after transfer in order to attempt to quantify 

whether transfer significantly impacts the characteristic transport properties. However, 

further thickness- and composition-dependent measurements would be necessary in order 

to determine the relative contributions of the bulk and surface states to the observed 

WAL feature.   
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Chapter 3 

  Epitaxial Growth of Quantum Confined Bi Films 

This chapter provides background on the unique mechanism by which Bi thin 

films grow on Si(111), as well as previous work establishing the changes in the band 

structure of Bi films as the film thickness is reduced. Additionally, we describe the 

process used to epitaxially grow the Bi(001) films used in the remainder of this work, 

including adjustments to the growth parameters found to improve film quality, as well as 

characterization of the thickness-dependent electronic properties of the films. These 

results indicate that, as expected, the Bi(001) films grown using this method exhibit a  

quantum confined bulk coexisting with metallic surface states.  

While thickness-dependent sheet conductance, magnetoresistance, and hall effect 

measurements have been previously demonstrated for Bi thin films, many of these are 

performed on substrates other than Si(111)[30,31], or in situ[64]. The good agreement 

between our measurements and these results indicates both that the resistivity of the 

Si(111) substrate is sufficient so as to not contribute to electrical measurements of the 

film, and that the characteristic electrical properties of the Bi(001) films are surprisingly 

robust to air exposure. Additionally, as very little data on the growth of Bi(001) at 

different growth rates and substrate temperatures is available, the relationship between 

film quality and the growth parameters presented here may be useful to future studies, 

particularly those conducted in situ. 

 

3.1 INTRODUCTION TO BI GROWTH ON SI(111)  

Unlike many 2-D and spintronic materials, high quality Bi thin films are 

potentially compatible with contemporary CMOS integrated circuit technology due to 
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their ability to be grown at the wafer scale on Si(111) substrates using MBE. While the 

epitaxial growth of high quality metallic and semi-metallic thin films on semiconducting 

substrates is typically challenging, very high quality Bi thin films may be grown on the 

7x7 reconstruction of the Si(111) surface[33,75]. As will be discussed in this section, highly 

crystalline and planar thin film growth is enabled by the very unique growth mode of Bi 

on Si(111), which proceeds in three stages: 1) disordered wetting layer formation, 2)  

puckered-layer Bi(012) growth, and 3) an allotropic transformation to the bulk-like 

Bi(001) structure, aligned through a “magic mismatch” with the Si(111) substrate.[49,76–78] 

The orientation notation used here is with respect to a hexagonal unit cell, which 

is an interchangeable notation describing the R-3m A7 crystal structure of bulk Bi[33,75] 

that simplifies the interpretation of X-ray diffraction (XRD) measurements; Bi(001) is 

equivalent to Bi(111) in the primitive rhombohedral cell, and Bi(012) is equivalent to 

rhombohedral Bi(110). 

 

3.1.1 Disordered Wetting Layer and Puckered-Layer Allotrope  

In situ low energy electron diffraction (LEED) and scanning tunneling 

microscopy (STM) studies of Bi growth on Si(111) demonstrate that a single-monolayer 

(ML) disordered wetting layer initially forms on the Si(111)-7x7 reconstruction, followed 

by the growth of a puckered-layer allotrope of Bi with an A17 crystal structure analogous 

to the crystal structure of black phosphorus[49,76]. This puckered-layer structure is oriented 

in the (012) direction, creating a pseudocubic surface. Few-layer (012)-oriented Bi 

typically forms small (~30 nm diameter) islands, which are stable at heights that 

correspond to even numbers of ML. The stability of the islands in even-numbered ML is 

attributed to layer-pairing in the bulk-like (012)-oriented Bi structure to minimize surface 
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energy[49,79], leading to the formation of the puckered-layer phase. This layer-pairing 

mechanism is illustrated in Figure 3.1, which is adapted from T. Nagao et al., Phys. Rev. 

Lett. 2004.  

 

 

Figure 3.1 (012)-oriented bulk-like A7 (left), and puckered-layer A17 structure (right), 
from T. Nagao et al., Phys. Rev. Lett. 2004.  

The islands grow primarily laterally, and are observed to coalesce after 

approximately 4-7 ML of growth. Shortly following coalescence, the structure undergoes 

an allotropic transformation to the (001)-oriented A7 structure of bulk Bi[49,76]. While the 

puckered-layer structure is more energetically favorable than the bulk-like (001) structure 

in very thin films due to it’s lower density of dangling bonds and correspondingly lower 

surface energy, this effect diminishes as the film thickness increases, while strain-induced 

energy due to buckling remains in the puckered-layer structure.[49,76]  The resulting energy 

crossover is expected to drive the (012)- to (001)- transition.  

 

3.1.2 Bulk-like Bi(001) on Si(111) 

Despite the large in-plane lattice constant difference between bulk-like Bi(001) 

(4.54 Å) and the interatomic spacing of the Si(111) surface (3.84 Å), the growth of bulk-

like Bi(001) films following the structural transformation is highly planar and 
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crystalline.[33] The difference in lattice-matching between Bi(001) and Si(111) is ~15%, 

which is much larger than is typical for high quality heteroepitaxy. The high crystalline 

quality of the epitaxial Bi(001) film can be explained by a “coincidence” lattice match 

that has been demonstrated to form between Bi(001) and the Si(111) substrate, in which 

every 6th Bi atom aligns with every 7th  Si atom.[49] This creates an effective Si lattice 

constant of 4.48 Å, and a lattice mismatch of less than 2%[49].	  	  

The formation of this coincidence alignment is apparently dependent on the 

previous growth steps. When the initial disordered wetting layer is replaced by a prepared 

𝛽 − 3  × 3 Bi surface, bulk-like Bi(012) forms instead of the puckered-layer allotrope, 

and the final (001)-oriented structure is polycrystalline, with a lattice constant consistent 

with unstrained bulk Bi.[78] This dependence on the early stages of growth is attributed to 

the simultaneous formation of Bi(001) nuclei along with the puckered-layer structure 

before the allotropic transformation; Bi(001) nuclei have been observed early in growth 

through STM, and are thought to transfer the Si(111)-7x7 atomic alignment to the post-

transition Bi(001) structure.[78] 

 

3.2 GROWTH OF EPITAXIAL BI THIN FILMS  

This section discusses the growth of the epitaxial Bi films used in this work, 

including the dependence of the crystal structure on the film thickness, and optimization 

of the Bi growth conditions. Bi films between 0.9 – 200 nm are grown on Si(111) 

substrates prepared according to the procedure described in Section 2.1.2. The growth 

rates are primarily calibrated using X-ray reflectivity (XRR), with cross-sectional 

transmission electron microscopy (TEM) as a supplemental method.  
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3.2.1 Confirming Allotropic Transformation 

As briefly discussed in Section 2.1.3., in situ reflective high energy electron 

diffraction (RHEED) is used to monitor the surface reconstruction of the Bi thin films 

during growth. Previous work linking the observed RHEED pattern to the crystal 

structure through in situ scanning tunneling microscopy (STM)[49,76] allows approximation 

of the critical thickness at which the predicted allotropic transition occurs using RHEED.  

 

 

Figure 3.2 Thickness dependence of Bi/Si(111) RHEED pattern.  
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Figure 3.3 Confirming structural transition in Bi   

The thickness dependence of the Bi RHEED pattern is depicted in Figure 3.2. 

When the Bi shutter is opened, the observed Si surface reconstruction becomes 

immediately hazy for approximately 1 ML of growth, likely corresponding to the 

formation of the disordered wetting layer. The hazy pattern then transforms into a 

characteristic double line pattern, corresponding to the formation of the puckered-layer 

allotrope, which may coexist with small percentages of Bi(001) nuclei[78]. After 

approximately 4-6 nm of deposition, this pattern transitions into the 1x1 reconstruction of 

bulk bismuth, which remains consistent for films up to ~200 nm. In films thicker than 

200 nm, the 1x1 RHEED pattern becomes significantly more dim, likely due to 

significant surface roughening. The consistently clear and streaky nature of the 1x1 
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RHEED reconstruction suggests a well-defined, planar interface, likely corresponding to 

high-quality Bi(001) growth.  

X-ray diffraction (XRD) measurements of the Bi thin films following growth in 

Figure 3.3 indicate a transition from a (012) orientation to an (001) orientation at a 

critical thickness between 4-8 nm, agreeing well with the observed critical thickness of 

the RHEED transition. The films in Figure 3.3 are grown at a growth rate of 0.1-0.2 Å/s 

and a substrate temperature of 35°C. The interference fringes surrounding the Bi(003) 

peak in 8-30 nm Bi(001) films indicate high quality interfaces, suggesting highly planar 

growth despite the large lattice mismatch between Si(111) and Bi(001). The clearly 

defined Bi/Si interface in the high-resolution TEM image of a representative Bi(001) film 

in Figure 3.4 further indicates high quality epitaxial growth.  

 

Figure 3.4 Cross-sectional TEM of Bi(001) on Si(111) 

The properties of the Bi(012) films between 3-12 ML (1 ML = 3.28 Å, defined 

from the puckered-layer Bi structure[49]) and the relationship between the critical 

thickness for the structural transition and the growth parameters, are discussed in detail in 

Chapter 6. We observe the structural transition at approximately 12 ML of growth, while 
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previous work typically reports the same transition at approximately 7 ML[49,76–78]. This is 

likely due both to differences in effective substrate temperature between UHV systems 

(as will be discussed further in Chapter 6), and to differences in thickness calibration 

(STM studies typically discount the initial wetting layer in the thickness measurement, or 

the RHEED transition itself is used to calibrate the growth rate). The remainder of this 

chapter focuses on the structural and electronic properties of Bi(001) films thicker than 8 

nm, with the bulk-like rhombohedral crystal structure, which are expected to exhibit 

significant quantum confinement and spin-split surface states.   

 

3.2.2 Coherent Strain and Surface Roughness in Bi(001) on Si(111)  

XRD measurements indicate that the position of the Bi(003) peak approaches the 

bulk d-spacing (indicated by the dashed black line in Figure 3.5a) as the film thickness 

increases. The percent change in the out-of-plane lattice parameter from the bulk value 

(11.86 Å)[80] calculated from the Bi(003) peak position is plotted as a function of 

thickness in Figure 3.5b. The ~1% increase in the out-of-plane lattice parameter in thin 

films, indicative of compression of the in-plane lattice constant, suggests that the 

expected 6/7 alignment at the Bi(001)/Si(111) interface is occurring, and that the Bi(001) 

thin films exhibit coherent strain to the Si(111) substrate despite the large difference in 

in-plane lattice constant. As full relaxation has been previously observed in ~8 nm 

Bi(001) films when the formation of the initial puckered-layer phase is suppressed[78], this 

result also suggests that the (012) phase in early growth likely corresponds to the 

puckered-layer Bi allotrope, rather than the (012) orientation of bulk-like Bi.   
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Figure 3.5 Relaxation of Bi(001) thin films with increasing film thickness 

Atomic force microscopy (AFM) measurements of the RMS surface roughness of 

the Bi(001) films indicate smooth, planar surfaces in thin films, with gradual roughening 

as the film thickness increases. This roughening is likely to explain the gradual 

suppression of the interference fringes, which are correlated with interface quality, 

surrounding the Bi(003) peak in Figure 3.3. Representative AFM images of a 6 nm and 

a) 

b) 
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50 nm Bi films are shown in Figure 3.6 a and b, while the measured surface roughness of 

films grown at 0.1 – 0.2 Å/s and 35°C is plotted in Figure 3.6c. Roughening effects are 

not typically considered in thickness-dependent magnetotransport measurements of Bi 

thin films[30,64], and the influence of surface scattering on the topologically trivial spin-

split surface states in Bi has not yet been determined. 

 

   Figure 3.6 Thickness-dependent surface roughness of Bi(001) thin films  
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3.2.3 Effect of Growth Parameters on Bi(001) Film Quality 

In order to determine whether the substrate temperature and growth rate 

significantly impact Bi(001) film quality, 8 nm and 30 nm Bi films are grown at growth 

rates that varied between 0.02 – 0.40 Å/s, and at temperatures between 10 - 100°C. 

Determining suitable growth parameters to obtain the highest quality films can help to 

avoid unwanted contributions from factors like grain boundary scattering or surface 

roughness in transport measurements, which is especially important for transport 

measurements performed in situ. Understanding how growth parameter variations affect 

the allotropic transformation is also critical, and will be covered in Chapter 6.  

 

Figure 3.7 Wide-angle XRD measurements of 8 nm Bi films  

Wide-angle XRD measurements of 8 nm Bi films grown at 35°C in Figure 3.7 

indicate anomalous phases in films grown at relatively high growth rates, despite the 
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apparent high interface quality implied by the interference fringes around the Bi(003) 

peaks. The intensity of these anomalous peaks is suppressed as the growth rate is 

reduced, indicating that a low growth rate is necessary for high quality Bi growth.  

 

 

Figure 3.8 Droplet formation in epitaxial Bi   

Lowering the growth rate also resulted in a smoother surface morphology, as 

shown in the representative AFM measurements in Figure 3.8a for 30 nm Bi films. The 

raised white dots evident in the higher-growth rate AFM images are confirmed as Bi 

droplets through scanning electron microscopy (SEM) in Figure 3.8b and high-angle 

annular dark-field scanning transmission electron microscopy (HAADF STEM) with 
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electron dispersive spectroscopy (EDS) measurements in Figure 3.8c. Bi droplets are a 

well-studied phenomena in dilute bismide III-V compounds[81,82], and occur when the Bi 

flux exceeds the maximum solubility of Bi in the III-V. The formation of droplets in Bi 

thin films at high growth rates may similarly be caused by a the arrival rate of Bi adatoms 

at the surface exceeding the maximum rate of Bi incorporation into the Bi(001) A7 

crystal structure. This phenomena could also explain the emergence of anomalous phases 

at high growth rates.  

 

Figure 3.9 Effect of substrate temperature on surface roughness 

We additionally find that a lower substrate temperature during Bi growth further 

improves the morphology of the Bi thin films. AFM measurements of 30 nm Bi films 

grown at various growth rates and substrate temperatures in Figure 3.9 indicate that 

increasing the substrate temperature during Bi growth to 100°C results in a ~10% 

increase in surface roughness in the films grown at 0.06	   Å/s, and a ~20% increase in 

surface roughness in the films grown at 0.20 Å/s. This increase is in contrast to the 
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growth of Group IV and III-V semiconductors, in which increasing the substrate 

temperature (within the limits of significant desorption from the substrate) typically 

improves the film quality by increasing adatom mobility. In Chapter 6, we demonstrate 

that the decreasing the substrate temperature actually improves coalescence of the 

puckered-layer phase, which is likely translated to the reduced surface roughness of the 

post-transition Bi(001) films.  

 

3.3 THICKNESS-DEPENDENT ELECTRICAL AND OPTICAL PROPERTIES  

The electrical and optical properties of the Bi(001) films are found to exhibit a 

strong dependence on the film thickness. While a straightforward relationship between 

the film thickness and the semiconducting nature of the films may be expected due to the 

dependence of the indirect band gap on the extent of quantum confinement, other factors, 

including the balance between metallic surface states and semiconducting bulk states[31], 

shifting of the Fermi level as the film thickness is reduced[83], and hybridization between 

top and bottom surface states in very thin films[64], complicate this picture. The sheet 

conductance, reflectance, and low-temperature magnetotransport measurements of 

Bi(001) films in this section demonstrate that Bi films thinner than 50 nm do experience 

quantum confinement effects; however, while the sheet conductance of 30-50 nm Bi 

films exhibit a semiconducting temperature dependence, films thinner than 20 nm are 

predominantly metallic. This result is consistent with previous measurements of 

conductive surface states in Bi(001) thin films, which are briefly reviewed in this section, 

and indicates that the Bi(001) films may be tuned between metallic and semiconducting 

behavior, and between dominance of the surface and bulk states, using the film thickness.  
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3.3.1 Background: Quantum Confinement in Bi Thin Films 

 This section briefly reviews the significant changes that are expected to occur in 

Bi(001) thin films as the film thickness is reduced, from which the characteristic 

properties that make Bi(001) films suitable for spintronic device applications originate. 

These include quantum confinement, which occurs at relatively long length scales in Bi 

due to the long mean free path, and the spin-split but topologically trivial surface states 

that significantly contribute to conduction when the film thickness is further reduced.  

 

3.3.1.1  Semi-metal to Semiconductor Transition 

Historically, Bi thin films have been frequently studied as a model system for the 

experimental observation of quantum size effects[24,25,84–86] due to their unusually long 

Fermi wavelength and mean free path,[25,87] which allows the observation of oscillations in 

electronic properties with the film thickness due to quantum confinement in relatively 

thick Bi films. A Bi thin film may be visualized as a quantum well, with the Bi/vacuum 

and Bi/Si(111) interfaces acting as the barriers confining the interior of the film. 

Assuming a simple particle-in-a-box scenario, the minimum energy of the conduction 

band is raised to the energy level of the first quantized sub-band, expressed as 

 

𝐸(𝑘!) =
ℏ!𝜋!𝑛!

2𝑑! 𝛼∗ 

 

where ℏ is Planck’s constant, n = is the integer sub-band index (starting with 1 for the 

first quantized energy level), 𝛼∗is the inverse effective mass in the film growth direction, 

and d is the film thickness.[39] Similarly, the maximum energy of the valence band is 
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lowered by the equivalent amount (taking into account the effective mass of the valence 

band). As the film thickness is reduced, the energy difference of each band increases, 

resulting in a smaller energy overlap between the conduction and valence bands as the 

film thickness is reduced. Because as the film thickness is varied, the position of the 

bands also varies due to the quantum confinement, characteristic properties such as the 

magnetoresistance and the Hall coefficient may be observed to also oscillate with the film 

thickness.[24,65,84]  

Because the overlap between the conduction and valence bands in semi-metallic 

bulk Bi crystals is relatively small (~ 30 meV), a transition from semi-metallic to 

semiconducting behavior was predicted to occur in Bi films below a critical thickness on 

the order of 100 nm due to the expected band shifting caused by quantum confinement. 

As semiconducting Bi thin films could be very useful for electronic devices due to their 

high mobility, many investigations attempted to confirm this transition; however, these 

studies yielded conflicting results[25,26,88].    

 

3.3.1.2  Surface states  

In the 2000s, angle-resolved photoelectron spectroscopy (ARPES) measurements 

of epitaxial Bi by T. Hirahara et al. revealed that although quantum confinement does 

open a small band gap in Bi thin films, highly conductive, spin-split surface states 

originating from the Rashba effect[22,87] also form within that bandgap[61,87]. The band 

structure of Bi films below the critical thickness for quantum confinement therefore 

consists of coexisting bulk quantum wall states and conductive surface states, resulting in 

a balance of semiconducting and metallic behavior that is highly sensitive to the film 

thickness.[30,31,64,74] The transition from the semi-metallic band structure of bulk Bi  to the 
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quantum confined band structure with surface states is depicted in Figures 3.10a and 

3.10b, adapted from N. Marcano et al., Phys. Rev. B 2010.[30] The bulk band gap is small, 

approximately 40 meV (depending on the film thickness), and indirect.  

 

 

Figure 3.10 Quantum confinement and spin-split surface states in Bi. Adapted from (a-b) 
N. Marcano et al., Phys. Rev. B 2010, and (c-d) T. Hirahara et al., Phys. 
Rev. B- Cond. Mater. & Mat. Phys. 2017.   

Spin-resolved ARPES (SRARPES) measurements of representative quantum 

confined Bi film are shown in Figure 3.10c, with the ab initio calculation counterpart in 

Figure 3.10d, both depicting the observed surface state dispersion. It is clear from Figure 

3.10d that the metallic surface states in Bi exhibit strong spin-splitting, which may be 

useful for applications in spintronics.  

Based on this picture, conductivity and magnetotransport measurements of 

epitaxial Bi thin films on SiO2/Si(001) and BaF2 have identified four main electronic 

transport thickness regimes.[30,31] These are briefly summarized in Table 3.1. While the 

temperature dependence of the conductivity does not conclusively determine 

a) 

b) 

c) d) 
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semiconducting behavior, it is often used to distinguish between the bulk quantum well 

state and conductive surface state transport regimes. A change in the sign of the Hall 

coefficient is also associated with the transition from bulk- to surface state-dominated 

behavior.[30]  

 

Thickness (nm) σ (T), RH 

> 180 nm Metallic (semi-metal) 

15 – 180 nm Semiconducting (quantum confinement), n-type 

2 – 15 nm Metallic (surface states), p-type 

< 2 nm Unknown (allotropic transition) 

Table 3.1 Thickness-dependent electrical properties of Bi(001) thin films   

Recent magnetoresistance and ARPES measurements have additionally suggested 

a fifth transport regime in films thinner 8-10 nm, in which significant hybridization 

between the bulk and surface states occurs, creating a single, coherently coupled 

channel[64] and shifting the position of the bulk Fermi level into the valence band[83]. 

However, as the onset of this thickness regime is not clear, it is not included in the table.   

While Bi is expected to be topologically non-trivial in single- or few-bilayers[89–91] 

(which must be grown on specific substrates to avoid the puckered-layer allotrope)[92], the 

surface states of quantum confined but 3-D Bi are typically considered to be 

topologically trivial[93–95]. However, the nature of the Bi surface states remains somewhat 

ambiguous, with some theoretical studies predicting a combination of topological surface 

states and trivial surface states[96], and others predicting that 3-D Bi is in general 

topologically non-trivial due to an overlooked L-point band inversion[97]. The 

experimental methods used here do not allow us to determine whether the surface states 
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are topologically protected; we therefore focus on the presence or absence of surface 

states, which are likely to be promising for spintronic devices to their high spin-splitting 

regardless of their topological nature.  

 

3.3.1 Temperature-Dependent Sheet Conductance 

Temperature-dependent sheet conductance measurements of the Bi(001) films in 

Figure 3.11 indicate strong dependence of the electronic properties on the film thickness. 

The sheet conductance of 30 and 50 nm Bi films, increases with increasing temperature 

in Figure 3.10a, which is typically associated with semiconducting behavior, while the 

thinner films exhibit the opposite trend. This transition at thicknesses between 15-20 nm 

is also depicted in Figure 3.10b, which shows the conductivity normalized to the value at 

300 K. As introduced in the previous section, a transition to metallic behavior of the 

temperature-dependent conductivity at thicknesses below 15-20 nm has been previously 

observed in Bi thin films, and attributed to increasing relative contribution of the metallic 

surface states.[31]  

The band gap of the Bi thin films is estimated by fitting G(d) measured from 100-

300 K to a linear function to extract the bulk conductivity, which is then fitted to the 

thermal activated function, according to the method described by Xiao et al.[31] The 

details of this procedure are given in Section 2.3.2, and the fit to the thermal activation 

function is shown in in Figure 3.12. The estimated band gap is 33 meV, agreeing well 

with previous calculations and temperature-dependent measurements of Bi thin films[31,39]. 
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Figure 3.11 Thickness-dependent sheet conductance and conductivity   

 

 

Figure 3.12 Bulk conductivity of Bi fitted to thermal activation function   

 

3.3.2 Reflectance Measurements 

Reflectance measurements of the 8 – 50 nm Bi films using Fourier Transform 

Infrared Spectroscopy (FTIR) in Figure 3.13a similarly indicate a strongly thickness 

a) b) 
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dependence of the optical properties. The shift in the reflectance feature observed around 

1,000 cm-1 to higher wavenumbers with decreasing film thickness is consistent with 

previous reflectance measurements of Bi nanowires, which attributed the reflectance 

feature to the direct L-point interband transition.[98] This feature has been reported around 

300 cm-1 in bulk semi-metallic Bi.[99], The shifting of the reflectance feature to higher 

wavenumbers in thinner films, together with the semiconducting temperature dependence 

of the 50 nm films, suggests that the 8-50 nm Bi films all exhibit an increased bulk state 

band gap due to quantum confinement, and that the metallic behavior of the 8-15 nm 

films does not originate from a smaller band gap.   

 

 

Figure 3.13 a) Reflectance measurements indicating shift to higher wavenumbers with 
decreasing film thickness, and b) L-point direct band gap. 
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3.3.3 Magnetotransport and Carrier Mobilities 

Hall resistance (Rxy) measurements at 2 K in Figure 3.14a indicate a change from 

p-type conduction in the 30 nm Bi film to n-type conduction in the 8 nm Bi film, agreeing 

well with the critical thickness for the transition in the temperature dependence of the 

sheet conductance. The agreement between these results suggests that electronic transport 

changes significantly as the film thickness is reduced below 15 nm.  
 

 

Figure 3.14 a) Variable-magnetic field Hall resistance and b) low-field 
magnetoresistance measurements of 8 and 30 nm Bi films at 2 K.  

Both the 8 nm and 30 nm Bi films demonstrate a sharp dip in the 

magnetoresistance at low fields characteristic of weak antilocalization (WAL), which is 

consistent with previous in situ measurements of epitaxial Bi on Si(111). The “shoulder” 

in the 30 nm MR around 0.25 T has been previously observed in Bi thin films, and 

attributed to the presence of surface states, with the lower-field WAL originating from 

the high SOC bulk states,[74] although evidence of surface-bulk state hybridization 

contributing to the WAL peak has also been reported[64].   

 

a) b) 
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Figure 3.15 2-band and 3-band fitting of a) σxy of 30 nm Bi, b) σxx of 30 nm Bi, c) σxy of 
8 nm Bi, and d) σxx of 8 nm Bi. σxx	   and	   σxy are fitted simultaneously to 
ensure that the mobility and carrier concentrations are global fitting 
parameters for both data sets.    

Rxy is nonlinear with the magnetic field, indicating that the one-band Hall effect 

model is not sufficient to determine the carrier concentration and mobility. As Bi is a 

quantum confined semi-metal rather than a true semiconductor, both the bulk holes and 

bulk electrons may be present in significant quantities, as well as the expected surface 

state carriers. The carrier mobilities and concentrations are therefore obtained by 

simultaneously fitting the Hall resistance and magnetoresistance (excluding the WAL 

feature) to the multi-band conductivity model[69] described in Section 2.3.3. The fits to the 

8 nm and 30 nm films are shown in Figure 3.15, with the extracted carrier concentrations 

a) b) 

c) d) 
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and mobilities summarized in Table 3.2 and 3.3, respectively. The mobilities and carrier 

concentrations obtained using this method are very high for both films– on the order of 

300-600 cm^2/Vs for bulk electrons and holes, and 2,000 cm^2/Vs for surface state holes 

in the 30 nm film. 

 

d (nm) p1 (cm-3) n (cm-3) p2 (cm-3) 

30 1.3x1019 1.5x1019 5.7x1017 

8 1.1x1019 3.8x1019 N/A 

Table 3.2 Carrier concentrations for 8 and 30 nm Bi films   

 

d (nm) v1 (cm2/Vs) u (cm2/Vs) v2 (cm2/Vs) 

30 365 300 2,930 

8 303 674 N/A 

 

Table 3.3 Mobilities for 8 and 30 nm Bi films   

In agreement with previous measurements of Bi films on SiO2/Si(001) by N. 

Marcano et al.,[30] a 3-band model is found to be necessary to accurately fit the 30 nm Bi 

data, suggesting that surface states are present in the 30 nm Bi film. While N. Marcano et 

al. initially reports p-type behavior in thicker films and n-type behavior in thinner films, 

which they attribute to surface state electrons[30], they later issue a correction, reporting 

the opposite signs of the Hall resistance, with surface state holes[100]. In contrast to this 

result, we measure a positive Hall resistance for the 30 nm film and a negative Hall 
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resistance for the 8 nm film, in agreement with N. Marcano et al.’s original measurement; 

however, as indicated in Table 3.2, we find that the third band tentatively attributed to the 

surface states actually consists of holes.  

While this result initially appears counter-intuitive due to the negative Hall 

resistance in the 8 nm film, where the surface states would be expected to be dominant, it 

can be explained by the observation that the 8 nm Bi film may actually be accurately 

described using a 2-band model, with one electron and one hole channel. As Hall 

resistance measurements on Bi films as thin as 8 nm have not been previously reported, 

and the 10 nm Bi films measured by N. Marcano et al. exhibited significantly lower 

mobilities (~30 cm2/Vs), potentially due to the poorer film quality of Bi grown on 

SiO2
[30], this transition from 3-band to 2-band transport was not apparent from earlier 

measurements.  

From the metallic temperature dependence of the conductivity and sharp WAL 

feature in the 8 nm Bi film, it appears unlikely that the transition to 2-band transport is 

simply caused by removal of the surface states through sample degradation. From 

previous measurements indicating hybridization of surface and bulk states,[64] which may 

lead to shifting of the bulk Fermi level[83] in Bi films thinner than 8-10 nm, a plausible 

explanation is that one or both of these factors affects the magnetotransport 

measurements in the 8 nm sample. Hybridization could result fewer identifiable, 

independent bands in the multiband carrier model, while shifting of the Fermi level into 

one of the bulk bands could significantly reduce contributions from the opposite bulk 

band, leaving one bulk and one surface state band contributing to transport. In order to 

clarify this interesting situation, measurements of Bi films with intermediate thicknesses 

between 8-30 nm, or gated magnetotransport measurements where the Fermi level may 

be tuned between the various bands, could be useful. In Chapter 5 we introduce a method 



 54 

for easily transferring epitaxial Bi films to arbitrary substrates, which could provide a 

straightforward approach to integrating epitaxial Bi with back-gated substrates for this 

purpose.   
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Chapter 4 

  Epitaxial Bi1-xSbx on Si(111) 

While alloying Sb with Bi is a well-established method for tuning the band 

structure and achieving a high thermoelectric figure of merit in bulk crystals[101–103],  Bi1-

xSbx films thin enough to exhibit quantum confinement effects analogous to Bi have not 

been extensively studied, despite the prediction of a similar critical thickness[39,104]. As the 

majority of Bi1-xSbx electrical measurements predate the discovery of topological surface 

states in this alloy[102,103,105–109], the contribution of these surface states to transport is also 

not well understood. Although a recent study reports the growth of Bi1-xSbx on 

Si(111)[110], it is also currently unknown whether an allotropic transition consistent with 

Bi occurs in the early stages of growth, and how Sb alloying affects the crystal structure 

and other properties. Understanding these effects can help enable band structure tuning 

through quantum confinement or the crystal structure, facilitating better isolation of the 

surface states in transport measurements, as well as the use of Bi1-xSbx thin films in 

spintronic devices.  

In this chapter, we explore the growth of epitaxial Bi1-xSbx thin films between 2-

50 nm with up to 40% Sb on Si(111). We find that the Bi1-xSbx films transition from a 

(001) to a (012) orientation as the Sb concentration is increased above 14%. This 

transition may originate from changes in coherent strain related to lattice constant 

reduction through Sb alloying, or potentially from suppression of (001) nuclei formation 

early in growth. Despite this unexpected transition, which is accompanied by a slight 

decrease in conductivity, the Bi1-xSbx(012) films appear to be of relatively comparable 

quality.  Electrical measurements of the (001)-oriented Bi0.92Sb0.08 films suggest metallic 

surface states coexisting with a semiconducting bulk, and indicate that quantum 
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confinement may increase the semiconducting composition regime in Bi1-xSbx. The (012)-

oriented Bi1-xSbx films, however, exhibit consistent semiconducting temperature-

dependent conductivity across all thicknesses measured, indicating that the transport in 

these films is altered significantly.  

 

4.1 BI1-XSBX ALLOY BACKGROUND  

Early work on Bi1-xSbx alloys focused mainly on their application towards 

thermoelectrics, particularly those operating at lower temperatures.[103,111–113] Like Bi, Bi1-

xSbx alloys consistently exhibit very high room temperature mobilities[102,109] as well as 

large spin-orbit coupling (approximately 0.6 eV for Sb, and 1.5 eV for Bi)[104]. In 2008, 

Bi0.9Sb0.1 became the first experimentally verified 3-D topological insulator (TI)[114],  

generating interest in applying the Bi1-xSbx material system towards spintronics. Although 

Bi1-xSbx has been less frequently studied than more recently discovered TIs due to its 

relatively complex surface state band structure and nature as a substitutional alloy, it’s 

high conductivity, large spin-orbit coupling, and conductive surface states make Bi1-xSbx 

very promising for applications requiring conversion between spin and charge currents, 

and motivates further investigation of Bi1-xSbx alloys with the bulk rhombohedral 

structure.  

 

4.1.1 Composition-Dependent Band Structure 

Unlike stoichiometric Bi2X3 TIs, the band structure of Bi1-xSbx is tunable between 

a semi-metal and a semiconductor by varying the Sb concentration. Figure 4.1, adapted 

from Lenoir et al. and Tang et al., depicts the shifting energy of the valence and 

conduction bands with increasing Sb concentration.[39,108] At 0% Sb, the valence band at 
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the T point is higher than the conduction band at the L point by ~35 meV, corresponding 

to the bulk Bi band structure. Alloying with increasing amounts of Sb lowers the valence 

band at the T point, while the conduction and valence bands at the direct L-point band 

gap approach each other, invert, and then continue moving apart. Between 7-9% Sb, the 

valence band at the T point moves below first the inverted L-point conduction band and 

then the valence band, opening a direct band gap at the L point between 9-22% Sb. The 

maximum band gap (approximately 30 meV) is expected between 15-18% Sb[90,106].  

 

Figure 4.1 Dependence of bulk Bi1-xSbx band structure on composition 

The TI composition regime, characterized two surface state bands[34] with five 

distinct Fermi level crossings,[114] has been attributed to the 7-22% and 9-22% Sb 

composition ranges in various studies[34,114,115]. Outside of this range, an even number of 

Fermi level crossings is observed, characteristic of a topologically trivial material. As the 

topological surface states evolve smoothly evolve from the two spin-split surface states of 
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pure Bi[22,32,34], it is likely that the Bi1-xSbx states are similarly spin-split, even when not 

topologically protected. A third surface state band, observed in some experimental 

ARPES studies but not predicted by theory, is attributed to impurities or to hybridization 

between surface states; however, the presence of this band does not affect the TI nature of 

the system.[34,93,116] As TI surface states are widely considered to be promising for 

spintronics due to their predicted resistance to backscattering, the majority of Bi1-xSbx 

studies have focused on the 7-22% composition regime[34,93,116–118]; however, the large 

spin-orbit coupling and likely spin-splitting of the trivial surface states suggest that Bi1-

xSbx remains promising for spin Hall effect applications across a much wider range of 

compositions. 

 

4.1.2 Additional Tuning Variables in Thin Films  

Recent work motivated by exploring the role of surface states in Bi1-xSbx thin 

films[40,110], as well as earlier transport measurements targeting thermoelectric 

applications[103,107], suggest that the semiconducting composition range and maximum 

band gap of Bi1-xSbx are both larger in thin films compared to bulk crystals. This effect is 

attributed to two main mechanisms: strain induced by lattice-matching to an epitaxial 

substrate and quantum confinement effects. As both of these effects are predicted to 

extend the semiconducting composition regime and increase the maximum band gap, 

epitaxial growth of Bi1-xSbx in thin films appears to be a promising route towards 

improving isolation of the surface states in electrical transport, as well as introducing the 

two additional tuning variables of film thickness and strain.  

When an epitaxial film is coherently strained to match the in-plane lattice constant 

of the growth substrate, the ratio between the c and a lattice parameters in the film 
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increases or decreases depending on the sign of the lattice constant mismatch. First 

principles calculations of the topologically insulating Bi1-xSbx band structure indicate that 

uniaxial pressure along the (001) axis (which reduces the c/a lattice constant ratio) can 

extend the indirect band gap semiconducting regime to a wider range of Bi1-xSbx 

compositions[116]. An equivalent reduction of the c/a ratio can be achieved experimentally 

by growing Bi1-xSbx on a substrate with a larger in-plane lattice constant, inducing tensile 

strain. Assuming that the Bi1-xSbx thin films exhibit the same 6/7 alignment to the Si(111) 

substrate as pure Bi(001), epitaxial Bi1-xSbx thin films on Si(111) may be tuned between 

compressive and tensile strain through the Sb concentration, with a crossover between 

28-30% Sb expected from Vegard’s law.  

Quantum confinement effects are expected to become relevant in Bi1-xSbx at a 

similar length scale to pure Bi due to the similar physical properties and the comparable 

overlap between the valence and conduction bands in Bi and Sb.[39,104] In Figure 4.1, it is 

clear that if the T-point valence band is already lower than the L-point conduction band at 

0% Sb due to quantum confinement, the semiconducting composition range will be 

shifted significantly, and likely extended to a wider range of compositions. Similarly, the 

combined effects of Sb alloying and quantum confinement at compositions between 7-

22% are expected to lead to a larger maximum bandgap.  However, it is currently 

unknown how quantum confinement, which has been predicted to reduce the inverted L-

band composition region despite extending the overall semiconducting composition 

regime[39], may impact the topological nature of the surface states. 
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4.1.3 Epitaxial Growth 

Bi1-xSbx films with thicknesses between 0.1 – 1.0 μm have been previously grown 

epitaxially on BaF2
[107,119], CdTe[80,120], and on Bi buffer layers on Si(111)[34]. Slight 

reduction in the electron and hole mobilities,[107] as well as increased surface roughness 

and twinning[80], are generally observed in these films with increasing Sb concentration. 

This is attributed to alloying disorder, indicated by increasing full width half maximum 

(FWHM) of the Bi1-xSbx XRD peak[80], and to  lower adatom mobility with the addition of 

Sb adatoms[119]. In these studies, raising the substrate temperature to 70–250°C was found 

to improve the quality of the Bi1-xSbx films compared to those grown at lower 

temperatures.[107,119,121] Although the thickness of these films puts them outside of the 

expected quantum confinement thickness regime, the range of semiconducting 

compositions is found to shift to lower percentages of Sb in films on BaF2 and CdTe(111) 

substrates compared to bulk Bi1-xSbx. In both cases, this is attributed to coherent strain to 

the substrate, although the expected strain would be in opposite directions (compressive 

on BaF2 and tensile on CdTe(111)). [107,121]  

Recently, the growth of epitaxial Bi1-xSbx films thin enough to experience 

quantum confinement effects have been demonstrated on GaAs(111)[40] and Si(111)[110]. A 

substrate temperature of 200-250°C was found to be necessary on GaAs, while high 

quality growth on Si(111) was possible at room temperature[40,110]. From XRD 

measurements of Bi1-xSbx films on GaAs(111) indicating lack of strain in the epitaxial 

films, the authors conclude that Bi1-xSbx on GaAs(111) grows via van der Waals 

epitaxy.[40] The semiconducting composition range in these films is shown to be extended 

compared to bulk crystals, indicating that quantum confinement effects do occur in 

epitaxial Bi1-xSbx films thinner than 100 nm.  
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In situ RHEED measurements of Bi1-xSbx on Si(111) suggest that early growth 

may be consistent with Bi on Si(111), including the allotropic transformation; however, 

the occurrence of this transition in Bi1-xSbx has not yet been experimentally confirmed.[110] 

On both substrates, Bi1-xSbx films 10 nm and thicker demonstrate a metallic temperature-

dependent conductivity even within the expected semiconducting composition range, 

which is attributed to increasing dominance of the expected surface states[40,110].  

 

4.2 GROWTH OF EPITAXIAL BI1-XSBX THIN FILMS ON SI(111)   

Bi1-xSbx films with up to 41% Sb are grown on Si(111) using a very similar 

procedure to that used for the growth of pure Bi. As will be discussed further in Section 

6.4, alloying with even small amounts of Sb is found to significantly reduce the formation 

of droplets on the Bi surface. This allowed the use of higher growth rates of 0.1-0.5 Å/s 

for the Bi1-xSbx films, which was helpful for ensuring a repeatable Sb flux to improve the 

accuracy of the Sb composition (see Section 2.1.4), which was determined using XPS and 

TEM with EDS. The Bi1-xSbx films in this section are grown at a substrate temperature of 

20-35°C.  

 

4.2.1 RHEED 

In situ RHEED measurements of the Bi1-xSbx thin films during growth in Figure 

4.2 indicate that the epitaxial growth of Bi1-xSbx on Si(111) is generally quite consistent 

with Bi growth on Si(111). RHEED images of a 10 nm Bi film grown at 0.5 Å/s in Figure 

4.2a demonstrate the expected transition from an (012) orientation in very thin films (1 

nm), suggested by the double line RHEED pattern, converts to the 1x1 RHEED pattern 

associated with the bulk (001) structure at a critical thickness of approximately 4 nm. A 
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Bi0.92Sb0.08 film grown at the same conditions in Figure 4.2b demonstrates qualitatively 

consistent RHEED, including a partial transition around 4 nm, although some reduced 

remnants of the double lines are present even after 10 nm of growth. This agrees well 

with previous RHEED measurements of Bi1-xSbx films with up to 32% Sb by T. Hirahara 

et al,[41] and suggests that Bi1-xSbx demonstrates a similar growth mechanism to Bi on 

Si(111). Like T. Hirahara et al., we find that the Bi0.59Sb0.41 film in Figure 4.2c does not 

undergo any apparent transition, displaying a clear double line RHEED pattern even after 

10 nm of growth. The origin of this behavior will be explored in more detail in the 

remainder of the chapter.  

 

Figure 4.2 RHEED measurements of Bi1-xSbx films showing consistency with epitaxial 
Bi on Si(111)  
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4.2.2 Sb Incorporation  

The incorporation of Sb into the Bi1-xSbx films is confirmed following growth 

using a variety of techniques, including both EDS measurements acquired using TEM 

and Raman spectroscopy, shown in Figure 4.3. From the TEM and EDS measurement, Sb 

appears to be distributed evenly throughout the sample, without observable phase or 

surface segregation. This is important, as most models of the Bi1-xSbx band structure and 

structural properties assume that the Sb is thoroughly intermixed throughout the sample.  

Raman measurements of 10 nm Bi1-xSbx films in Figure 4.3b indicate a blue shift 

in the Bi Eg mode with increasing Sb. A blue shift in both the Eg and A1g Bi modes with 

increasing Sb is expected from Raman measurements of bulk Bi1-xSbx crystals[122]; the 

lack of change in the A1g position here may be related to strain to the Si(111) substrate, 

which would oppose the reduction of the in-plane lattice constant length caused by Sb 

alloying. Higher frequency Sb modes become apparent around 40% Sb, which is also 

consistent with studies of bulk alloys with compositions around 50%[122].  

 

 

Figure 4.3 a) TEM and EDS measurement of a representative 40 nm Bi0.72Sb0.28 film  
showing even distribution of Sb, and b) Raman measurements of 10 nm Bi1-

xSbx films. Sb Raman modes become apparent with increasing Sb 
concentration.  

Sb 

Bi 
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4.3 PHASE TRANSITIONS    

XRD measurements of the Bi1-xSbx thin films indicate a transition in orientation 

with increasing percentage of Sb. The critical composition for this transition agrees well 

with RHEED measurements suggesting a lack of allotropic transformation in films with 

relatively high percentages of Sb. While a change in crystalline quality above ~30% Sb 

has been suggested by in situ RHEED measurements from other groups[41], this difference 

in the orientation of Bi1-xSbx thin films has not been previously confirmed experimentally, 

and may be specific to growth on Si(111)[40].  This section discusses the composition 

dependence of the crystal structure for epitaxial Bi1-xSbx thin films on Si(111), as well as 

the film quality both before and after the transition.   

 

4.3.1 Composition-Dependent Crystal Structure and Film Quality  

XRD measurements of 10 nm Bi1-xSbx thin films in Figure 4.4a indicate a clear 

transition from an (001) orientation to an (012) orientation between 8-14% Sb. This 

transition has not been previously observed in epitaxial Bi1-xSbx on other substrates, and 

is likely to significantly impact the extent of quantum confinement due to the anisotropic 

effective mass in Bi and Bi1-xSbx
[104,123]. As the direct band gap composition range is 

anticipated to begin at 9% Sb, with the maximum band gap expected around 12% Sb[108], 

this difference in crystal structure significantly complicates identification of quantum 

confinement and TI effects in epitaxial Bi1-xSbx on Si(111).  

Despite the structural transition, the FWHM of the epitaxial Bi1-xSbx (003) or 

(012) peak in Figure 4.4b is less than 1 degree for all samples, and increases by only 27% 

between pure Bi and the 28% Sb film. In comparison, previous measurements of ~ 1 μm 

Bi1-xSbx on CdTe report a 400% increase in the FWHM after increasing the Sb percentage 
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to 15%[80]. As a smaller FWHM is associated with improved crystalline quality, this result 

suggests that the structural disorder induced by Sb alloying is relatively limited, and that 

the crystalline quality of Bi1-xSbx on Si(111) may be significantly improved compared to 

other substrates.  

 

Figure 4.4 a) XRD measurements of 10 nm Bi1-xSbx films indicating an (012) 
orientation above 14% Sb. b) Composition dependence of full width half maximum of 
epitaxial peak.   

Similarly, although measurements of 10 nm Bi1-xSbx films in Figure 4.5 indicate 

that the conductivity is reduced and the surface roughness is increased following the 

structural transition, both remain relatively consistent with pure Bi. The conductivity is 

reduced by approximately a factor of 3 between 8 and 14% Sb. However, all 

compositions agree well with previous conductivity measurements of Bi1-xSbx(001) films 

on GaAs(111), which reported values between 1 – 4 x103Ω-1cm-1 for 0-80% Sb films 

under 25 nm at 270 K.[40]  The surface roughness also remains lower than 0.5 nm for all 

a) b) 
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10 nm Bi1-xSbx films, which is well within the typical range of high quality epitaxial thin 

films.   

 

 

Figure 4.5 a) Room-temperature (300 K) conductivity, and b) RMS surface roughness 
of 10 nm Bi1-xSbx films. The films with 14% Sb and higher are (012)-oriented, while the 
0-8% films are (001)-oriented.  

These results suggest both that the Bi1-xSbx/Si(111) system is in general quite 

promising for scaling Bi1-xSbx towards the 2-D limit due to the high epitaxial film quality, 

and that the transition to the (012) orientation with increasing Sb percentage, while 

unexpected, is not significantly detrimental to the material quality of the epitaxial films. 

Studying the electronic properties of both Bi1-xSbx(001) and Bi1-xSbx(012), and the 

dependence on the film thickness and composition in each case, is therefore motivated, as 

both orientations could potentially be suitable for different applications. This is 

particularly true for the (012) orientation, which has not been widely investigated 

experimentally for the bulk-like crystal structure of either Bi or Bi1-xSbx.   

10 nm Bi1-xSbx 

a) b) 

c) d) 
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4.3.2 Vegard’s Law in Bi1-xSbx  

In order to interpret XRD data for the Bi1-xSbx films, it is important to understand 

how the composition and orientation determine the spacing between atomic layers, dhkl, 

which is related to the angle measured using XRD through Bragg’s law. The expected 

bulk lattice constant and dhkl values at a given Sb composition may be calculated using 

Vegard’s law for alloys, which is very accurate for Bi-rich Bi1-xSbx due to the similar 

crystal structure and lattice parameters.[80]  Using Vegard’s law, the in-plane lattice 

constant of the hexagonal unit cell of the unstrained alloy is given by 

 

𝑎!"!!!!"! = 1− 𝑥 𝑎!" + 𝑥𝑎!", 

 

and the out-of-plane lattice constant is described by  

 

𝑐!"!!!!"! = 1− 𝑥 𝑐!" + 𝑥𝑐!", 

 

where 𝑎! and 𝑐! are the lattice parameters of the individual constituents, and 𝑥 is the 

atomic fraction of Sb. The value of dhkl for unstrained bulk crystals may then be 

calculated from the alloy lattice constants using the reciprocal lattice vector 𝑔!!" =
1
𝑑!!". For a hexagonal unit cell, the reciprocal lattice vector 𝑔!!"  is  

 

𝑔!!" =
!
!!!

ℎ! + 𝑘! + ℎ𝑘 + !
!!
𝑙!

!
!, 

 

where (h k l) identifies the plane normal to the growth direction.[124] For (001)-oriented 

films, this equation is reduced to simply 
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𝑑!!" = 𝑐
3. 

 

However,  for the (012)-oriented films, d012 simplifies to  

 
𝑑!"# =

!
!

!!!!
!
!!

!
!
 , 

 

meaning that the measured angle and corresponding dhkl are dependent on the change in 

both the a and c lattice constants. Furthermore, the (012) surface of Bi and Bi1-xSbx is 

pseudocubic but not truly symmetric; the effective 2-D surface unit cell has an a lattice 

parameter of 4.54 Å	  and	  a	  b	  lattice	  parameter	  of	  4.75	  Å.	  	  

These	   factors	   make	   determining	   the	   change	   in	   the	   out	   of	   plane	   lattice	  

constant	   using	   a	   coupled	  ω-‐2θ	  measurement	   challenging	   for	   (012)-‐oriented	   films.	  

To	  avoid	  this,	  we	  instead	  quantify	  the	  role	  of	  strain	  in	  the	  films	  through	  the	  change	  

in	  dhkl.	  Going	   forward,	   reciprocal	   space	  mapping	  may	  be	  helpful	   for	  measuring	   the	  

change	  in	  individual	  lattice	  parameters;	  however,	  the	  absence	  of	  off-‐angle	  Si	  peaks	  

in	  the	  immediate	  vicinity	  of	  Bi(012)	  due	  to	  the	  differences	  in	  crystal	  symmetry	  may	  

make	  this	  approach	  quite	  time	  consuming.	  	  

 

4.3.3 Origin of Crystal Structure Transition 

By calculating the expected strain in (001)-oriented films with increasing Sb 

concentration, we find that the critical composition for the orientation transition agrees 

well with the composition at which the lattice constant mismatch is expected to be 

minimized. As discussed in Chapter 3, epitaxial Bi(001) films on Si(111) form a 6/7 

alignment with the Si(111) surface, resulting in less than a 2% lattice mismatch despite 
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the large difference in lattice constant[49]. This mismatched alignment can also be 

understood as epitaxial growth of the Bi(001) film on an effective Si(111) lattice constant 

of 4.48 Å. 

 

Figure 4.6 Reduction in compressive strain of Bi1-xSbx(001) to the effective Si(111) 
lattice constant and true Si(111) lattice constant through Sb alloying.   

As indicated by the black line in Figure 4.6, the in-plane lattice constant of 

unstrained Bi(001) is reduced through Sb alloying according to Vegard’s law. At 

approximately 27.5% Sb, the in-plane lattice constant of the Bi1-xSbx(001) is sufficiently 

reduced such that it is identical to the effective Si(111) lattice constant, and the expected 

in-plane strain due to the lattice mismatch (the blue line in Figure 4.6) is zero. As the 

composition of Sb alloying continues to increase past this point, the expected strain to the 

effective lattice constant changes sign and becomes tensile. Indicated by the red line in 

Figure 4.6, the amount of compressive strain to the pure Si(111) lattice constant remains 
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very large, suggesting that direct lattice matching of Bi1-xSbx(001) to Si(111) is not likely 

to be possible even at large compositions of Sb.  

As the expected transition from compressive to tensile strain to the effective 

Si(111) lattice constant agrees well with the composition at which the orientation 

changes, it is possible that this change in lattice-matching contributes to the change in 

orientation, with the differences in critical composition arising from either irregularities 

in Vegard’s law at relatively large Sb concentrations[80], or to faster reduction of strain 

than expected in the Bi1-xSbx films due to relaxation with increasing film thickness 

analogous to that observed in pure Bi (the calculation in Figure 4.6 does not consider the 

film thickness). However, the reason for the preferred (012) orientation at minimum 

strain, which is expected to have a higher surface energy than the (001) orientation in Bi, 

is not clear. 

The measured dhkl values of the Bi1-xSbx(012) films are found to change by less 

than 1.5% across all Sb concentrations, which may indicate a favorable rotational 

alignment with the Si(111) substrate that reduces strain, similar to the case of β-FeSi2 on 

Si(111)[125], effective van der Waals epitaxy[40], or significant relaxation due to the 

formation of defects. Another explanation for the (012) orientation may be that alloying 

with Sb suppresses the simultaneous nucleation of the Bi(001) phase with the puckered-

layer phase early in growth[78]. AFM measurements of 3-12 ML Bi1-xSbx films in Section 

6.4 suggest that Sb alloying significantly increases the density of the initial islands and 

increases coalescence; however, STM measurements are needed to clarify whether the 

presence of Bi(001) islands is impacted.  
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Figure 4.7 XRD measurements of Bi0.72Sb0.28 films showing consistent (012) orientation 
between 6 ML (~2 nm) and 50 nm. 

From thickness-dependent XRD measurements of Bi0.72Sb0.28 films in Figure 4.8, 

it is clear that the (012) orientation is consistent from very early growth. This results 

suggests that either the (012)-oriented rhombohedral bulk structure is present even during 

initial growth, or that the bulk (012)-oriented structure evolves from a (012)-oriented 

puckered-layer allotrope analogous to Bi, without an accompanying change in 

orientation. The puckered-layer allotrope case is expected to be more energetically 

favorable[49,52], and is further supported by the weak adhesion of B1-xSbx films to the 

Si(111) substrate demonstrated in Chapter 5.  However, determining the effect of Sb 

alloying on the cohesive energy of both structures, STM measurements indicating 

buckling of the puckered-layer structure, or ARPES measurements determining whether a 
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clear band structure transition occurs, would be needed to confirm the puckered-layer Bi1-

xSbx allotrope.    

 

4.4 Electrical and Optical Properties of Bi1-xSbx(001) 

From temperature-dependent sheet conductance and normalized conductivity 

measurements of Bi and Bi0.92Sb0.08 films in Figure 4.9, it is clear that (001)-oriented Bi1-

xSbx shares many similarities with pure Bi. Like Bi, Bi0.92Sb0.08 is found in Figure 4.9a to 

demonstrate a metallic temperature-dependent sheet conductance at 10 nm, and a 

semiconducting temperature-dependent sheet conductance at 20 nm. Although XRR 

measurements confirm that the 20 nm Bi and Bi0.92Sb0.08  films are the same thickness to 

within 2 nm, a much larger change in sheet conductance between 100-300 K is observed 

in the Bi0.92Sb0.08  film. The temperature dependence of the 10 nm films, however, is 

almost identical, and metallic.  

 

Figure 4.8 a) Temperature-dependent sheet conductance and b) normalized 
temperature-dependent conductivity of Bi and Bi0.92Sb0.08 films.  

a) b) 
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As metallic behavior with reduced film thickness is associated with surface states 

in Bi[31] and Bi1-xSbx
[40] (see Section 3.3), this result suggests that Bi0.92Sb0.08  also exhibits 

the expected semiconducting interior with metallic surface states. Similarly, the 

conductivity minimum observed in liquid Helium-cooled measurements in Figure 4.9b, 

which is associated with “freezing out” of the bulk semiconducting states, is also 

attributed to conductive surface states in Bi.[31] The larger change in sheet conductance 

over the 100-300K temperature range, and the shift in the conductivity minimum to 

higher temperatures compared to 30 nm Bi both suggest that the band gap of the 

Bi0.92Sb0.28 film is increased compared to pure Bi; based on the consistent conductivity of 

the 10 nm films, it is unlikely that a reduced density of surface states in Bi0.92Sb0.28 could 

account for this effect.  

 

Figure 4.9 Reflectance measurements of Bi and Bi0.92Sb0.08 thin films  
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Reflectance measurements of the 10-20 nm Bi1-xSbx(001) films indicate that 

Bi0.92Sb0.08 films exhibit a similar shift in the reflectance feature to higher wavenumbers 

with decreasing film thickness as epitaxial Bi. As discussed in Section 3.3, shifts in this 

reflectance feature are associated with changes in the L-point direct band gap in quantum 

confined Bi nanowires.[98] The consistent change in wavenumber between Bi and 

Bi0.92Sb0.08 suggests that the L-point band gap in Bi0.92Sb0.08 is strongly dependent on the 

film thickness, indicative of quantum confinement. 

It can additionally be observed from Figure 4.10 that the reflectance feature of the 

Bi0.92Sb0.08 films is slightly shifted to lower wavenumbers than the same thicknesses of 

pure Bi, despite the apparent increased bulk band gap in the conductivity measurements. 

This suggests that the 8% Sb composition is close to the low end of the semiconducting 

composition regime, where the L bands are either close to inverting or have just inverted, 

and that the semiconducting temperature-dependent conductivity originates from the 

indirect band gap between the L and T points. This result also agrees well with the 

expected onset of the L-point band inversion between 7-9% Sb in bulk Bi1-xSbx.[108] It 

would be interesting to investigate whether the reflectance feature shifts to higher 

wavenumbers as the Sb concentration increases further and the L-point band gap is 

expected to open; however, the transition to an (012) orientation with increasing Sb 

makes a direct comparison difficult.  

 

4.5 Electrical Properties of Bi1-xSbx(012) 

The temperature-dependent conductivity of (012)-oriented Bi1-xSbx thin films is 

found in Figure 4.11 to be quite different from the (001)-oriented Bi and Bi1-xSbx films. 

Figure 4.11a shows that, in addition to the slight decrease in conductivity associated with 
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the (012) to (001) transition in 10 nm Bi1-xSbx films, a transition from a metallic 

temperature dependence to a semiconducting temperature dependence also occurs.  

 

Figure 4.10 Temperature-dependent conductivity of a) 10 nm Bi1-xSbx thin films, and b) 
Bi0.72Sb0.28 films with various thicknesses. 

Thickness-dependent conductivity measurements of Bi0.72Sb0.28 films in Figure 

4.11b show that films between 6-50 nm all exhibit increasing conductivity with 

temperature. While this semiconducting temperature dependence of the 10 nm films 

suggests the absence of surface states, it is also clear from Figure 4.11b that the change in 

conductivity of the Bi0.72Sb0.28 films over the 100-300 K temperature range increases with 

increasing film thickness. The temperature-dependent conductivity of the 50 nm 

Bi0.72Sb0.28 film also varies significantly from 50 nm Bi, and is not easily fitted to the 

exponential thermal activation function. Further work is needed in order to determine 

whether this difference originates from the absence of surface states, differences in 

quantum confinement or band structure in the (012) direction, or grain boundary 

a) b) 
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scattering effects on the conductivity, which can also be temperature dependent. 

Regardless, it is clear that the transition to the (012) orientation significantly impacts the 

electrical properties of the Bi1-xSbx films.   
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Chapter 5 

 Weak Adhesion and Dry Transfer of Bi and Bi1-xSbx
1   

In this chapter, we demonstrate that, unlike conventional Group IV or III-V films, 

epitaxial Bi and Bi1-xSbx thin films exhibit unexpectedly low adhesion to Si(111) ) growth 

substrates, allowing films to be easily transferred with good maintenance of the structural 

and electronic properties despite the expected covalent bonding at the film/substrate 

interface. Initial transfer and adhesion energy measurements of epitaxial Bi are performed 

using an epoxy-based double cantilever beam (DCB) Mode I fracture method[126,127]  

similar to methods used to transfer CVD-grown graphene.[126–128] In order to expand the 

range of substrate materials and geometries compatible with transfer, we further 

demonstrate Bi transfer using a simple thermal release tape method to directly transfer 

the films to arbitrary substrates without the use of an intermediate epoxy layer.  

Both of these techniques are significantly simpler than typical epitaxial film 

transfer methods, such as the incorporation of cleaving structures,[129] chemical removal 

of the host substrate,[130] and etch-release[131–133] or low-adhesion energy intermediate 

layers[134,135] to achieve epitaxial liftoff. Finally, we transfer Bi1-xSbx thin films using the 

same method, demonstrating an approach towards integrating the uniquely tunable 

topologically insulating (TI) behavior of Bi1-xSbx with arbitrary substrates. The consistent 

weak adhesion of Bi1-xSbx thin films to Si(111) additionally suggests that Bi1-xSbx exhibits 

similar growth to Bi on Si(111), providing preliminary evidence to support a consistent 

puckered-layer allotrope of Bi1-xSbx.  

                                                
1Parts of Section 5.1 and 5.2 have been adapted from work previously published in “Large-Area Dry 
Transfer of Single-Crystalline Epitaxial Bismuth Thin Films,” E.S. Walker, S.R. Na, D. Jung, S.D. March, 
J. Kim, T. Trivedi, W. Li, L. Tao, M.L. Lee, K.M. Liechti, D. Akinwande, and S.R. bank, Nano Letters 16, 
11, 2016 6931-6938. Epitaxial growth, XRD, AFM and conductivity measurements were performed by 
E.S. Walker. Adhesion energy measurements and DCB transfer were performed by S.R. Na.  
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5.1 MOTIVATION FOR TRANSFER  

Many spintronic applications for Bi and Bi1-xSbx thin films, including conversion 

between spin and charge currents, spin-Seebeck thermoelectrics, and spin torque transfer 

applications, require the integration of the thin film with a ferromagnetic or magnetically 

insulating substrate.  While smooth, highly crystalline Bi(001) thin films may be grown 

on Si(111)[33,49,136], and Bi1-xSbx thin film growth has been demonstrated on selected 

substrates[40,110], many ferromagnetic and metallic substrates are not well-lattice-matched 

to Bi or Bi1-xSbx. High quality epitaxial growth on these substrates is therefore expected 

to be very challenging. Unlike the quintuple-layer Bi2X3 TIs[137], the A7 rhombohedral 

structure of Bi and Bi1-xSbx demonstrates covalent interlayer bonding, preventing growth 

by van der Waals epitaxy[138,139] or exfoliation of single layers.[67,140] Due to these 

limitations, inverse spin Hall effect (ISHE) measurements of Bi in the quantum 

confinement regime commonly utilize Bi films deposited using evaporation[12,13], which 

are polycrystalline and relatively rough, as is typical for sputtered and evaporated 

Bi.[141,142]  

The ability to easily transfer epitaxial Bi and Bi1-xSbx thin films from their lattice-

matched growth substrates could provide a route towards integrating highly crystalline, 

epitaxial-quality Bi and epitaxial Bi and Bi1-xSbx films with arbitrary substrates for the 

first time. Potential applications include not only spintronic measurements on magnetic 

substrates, but also strain measurements on flexible substrates, optical and phonon 

dynamics measurements on transparent substrates, and transport measurements on back-

gated substrates, as well as other novel heterostructures for emerging electronic and 

spintronic devices.   
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5.2 DOUBLE CANTILEVER BEAM (DCB) TRANSFER   

DCB fracture is a common method in materials science and mechanical 

engineering used to measure the fracture adhesion energy of bulk materials,[143] as well as 

the adhesion of 2-D materials such as graphene to specific substrates[126,128].  In the case of 

2-D materials, the adhesion energy is extracted from load-displacement measurements 

that are simultaneous with the transfer of the 2-D film to a secondary substrate. This 

section discusses the use of DCB transfer methods to measure the adhesion energy of 

epitaxial Bi to Si(111), and to transfer Bi to a secondary Si(111) substrate, for the first 

time.   

 

5.2.1 Sample Preparation  

 

 

Figure 5.1 Sample preparation for DCB transfer, including a) bonding as-grown 
Bi(001)/Si(111) to a secondary Si(111) strip using epoxy, and b) attaching 
aluminum tabs to bonded stack.  

 

A rectangular 8 mm x 40 mm strip is first cleaved from the as-grown epitaxial 

Bi(001)/Si(111) wafer. The epitaxial Bi face of the strip is then bonded to a secondary 
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bare Si(111) strip using a 3-10 μm layer of low viscosity Masterbond EP30 epoxy. Use of 

the same material and dimensions for both substrates in the DCB test can ensure 

measurement of Mode-I adhesion energy by avoiding shear effects due to differences in 

geometry or Young’s modulus.[144] In order to obtain the maximum adhesion strength 

between the epoxy and Bi, the laminated samples were cured at 100°C for 2 hours, 

followed by gluing aluminum loading fixtures onto the silicon strips. In final prepared 

DCB samples a pre-notch acts as the initial crack, and the adhesion energy is measured 

over the a fully-bonded region of the strip.  These sample preparation steps are shown in 

Figure 5.1.  

 

5.2.2 Adhesion Energy Measurement and Transfer   

During the transfer process, the aluminum tabs are separated at a rate of 0.02 

mm/s using a servo hydraulic loading device. The reaction force (P) and applied 

displacement (Δ) are measured as the aluminum tabs are separated, allowing the 

calculation of the adhesion energy.  According to simple beam theory, the relationship 

between the reaction force and the applied displacement may be described by 

 

𝑃 =    !"!
!

!!!
∆, 

 

where E is the in-plane Young’s modulus of Si(111) (169 GPa), b and h are the width and 

thickness of the silicon strips, and a is the length of the crack from the loading point to 

the crack front. By using this relationship to determine the crack length a, the adhesion 

energy at the Bi(001)/Si(111) interface may be estimated from the energy release rate 

(G), which is given by  
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and is defined as the energy available for the creation of two new surfaces.[126] A 

schematic of the transfer and adhesion energy configuration as well as the resistance 

curve G(a) plotted for a representative 30 nm Bi film are shown in Figure 5.2.  

 

 

Figure 5.2 a) Adhesion energy measurement configuration for epitaxial Bi. b) 
Measured energy release rate as a function of crack length indicating stick-
slip crack growth   

From the energy release rate plotted as a function of crack length in Figure 5.2b it 

can be observed that the initial crack length is approximately 11 mm. The initial steep 

increase in the energy release rate indicates that very little crack growth occurs at release 

rates lower than ~1 J/m2. Between approximately 1-1.25  J/m2 slow crack growth occurs 

until reaching the peak value. The subsequent sharp drop in the energy release rate as the 

crack growth continues to increase indicates rapid crack growth culminating in the arrest 

of the crack propagation. The cycle of alternating fast growth and arrest observed 

throughout the transfer of the Bi thin film indicates stick-slip crack growth. The 
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uniformity of the energy release rate response across all stick-slip cycles additionally 

indicates the uniformity of Bi(001) film growth on the Si(111) substrate, which is 

expected from the highly planar nature of the as-grown films. The adhesion energy, or 

fracture toughness, of the Bi(001)/Si(111) interface may determined by averaging the 

peak values of the energy release rate across all stick-slip events, resulting in an average 

adhesion energy of 1 J/m2 for 15-30 nm epitaxial Bi(001) films grown on Si(111).  

 

5.2.3 Comparison with Other Thin Films   

The adhesion energy measured for the epitaxial Bi(001)/Si(111) interface is 

compared to experimental values for graphene on a variety of substrates as well as an 

epitaxial AlAs film on GaAs in Table 5.1. These values are calculated using blister and 

nano-scratch techniques as well as DCB methods. It is apparent that the adhesion of the 

Bi(001) to the Si(111) is extremely weak, comparable to graphene transferred onto SiOx 

or grown on metal substrates by CVD.[126] This weak adhesion is very surprising for a 

film grown by conventional heteroepitaxy (as opposed to van der Waals epitaxy), and has 

not previously been reported for films with covalent interlayer bonding such as bulk-like 

Bi.  

In order to directly compare the Bi(001)/Si(111) interface to a typical 

heteroepitaxial III-V system, transfer of a 15 nm film of aluminum arsenide (AlAs) with 

a 2 nm gallium arsenide (GaAs) cap epitaxially grown on GaAs is attempted using the 

same method. The EP30 is observed to delaminate from the GaAs capping layer at an 

adhesion energy of roughly 7 – 8 J/m2, without successful delamination of the epitaxial 

film. This transfer failure further emphasizes the unique nature of the Bi(001)/Si(111) 
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interface, which may be related to the early puckered-layer allotrope formation, a growth 

mechanism that is not shared by Group IV and III-V compounds, or Bi2X3 TIs.  

 

Interface Adhesion Energy (J/m2) 

Exfoliated graphene/SiO2 0.15 - 0.45[145–147] 

Bi(001)/Si(111) ~1 

Wet transferred graphene/SiO2 0.35 - 2.98[144,148] 

CVD graphene / seed Cu 0.72 – 6.0[126,128] 

Epitaxial AlAs/GaAs > 7 - 8 

CVD graphene / seed Ni 12.8[149] 

 

Table 5.1 Experimental adhesion energy values for various interfaces  

 

5.2.4 Characterization of DCB Transferred Bi Films   

The structural and electronic properties of the 15-30 nm Bi films are found to be 

very robust to transfer, confirming that films of both thicknesses may be transferred in 

good condition using the DCB method. As shown in Figure 5.3a, the DCB transfer 

method resulted in very large areas of transferred Bi, bonded with the epoxy to the 

Si(111) handle substrate. These areas are visible optically from the contrast difference 

between the Bi and the Si, and with the composition of the transferred Bi confirmed using 

electron dispersive spectroscopy (EDS). EDS measurements of the original Si substrate 

after transfer did not indicate the presence of Bi, suggesting that the film is fully 
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delaminated from the Bi(001)/Si(111) interface, rather than partially delaminating due to 

crack propagation in the interior of the Bi film.  

 

 

Figure 5.3 a) Image of the transferred Bi film showing large transfer area. b) SEM, c) 
XRD, and d) sheet conductance measurements of transferred Bi films 
indicating good maintenance of the structural and electronic properties after 
transfer    

Scanning electron microscopy (SEM) measurements in Figure 5.3b show that the 

transferred Bi on epoxy/Si(111) is smooth, featureless, and continuous in large areas, 

consistent with the as-grown Bi film. Atomic force microscopy (AFM) measurements 

confirm the smooth morphology after transfer, apart for small, localized areas in which 

bubbles formed in the epoxy during application prevent local transfer of the Bi film. The 
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step height of AFM these gaps shows good agreement with the as-grown film thickness, 

again suggesting that the entirety of the film is transferred. 

XRD measurements in Figure 5.3c of both films indicate that the Bi(003) peak is 

maintained after transfer, with the full width half maximum (normalized to the Si(111) 

peak) within 5% of the as-grown value, suggesting that the crystal structure of the film is 

not significantly damaged. The position of the Bi(003) peak is observed to shift to the 

bulk d-spacing value after transfer, which we attribute to the elimination of substrate-

induced strain when the film is transferred. This shift additionally confirms the 

observation in Chapter 3 that the epitaxial Bi films are coherently strained to the Si(111) 

substrate, suggesting well-ordered epitaxial growth. Sheet conductance measurements of 

the transferred 30 nm Bi film in Figure 5.3d indicate a consistent semiconducting 

temperature dependence post-transfer. The slight divergence in conductance at low 

temperatures may be due to differences in the local dielectric environment or to 

temperature dependent effects in the underlying epoxy.  

 

5.2.5 Origin of Weak Adhesion Energy in Bi    

The independence of the characteristic electronic properties of the Bi thin film 

from the Si(111) substrate, as well as the weak adhesion at the interface enabling transfer, 

are both consistent with previous ARPES measurements indicating that the band structure 

of epitaxial Bi on Si(111) closely resembles a freestanding Bi film, in which space-

inversion symmetry is preserved.[87] This is notable mainly in the quantum well states of 

the bulk energy bands, which do not exhibit spin-splitting from the Rashba effect despite 

the expected lack of inversion symmetry originating from one Bi(001)/vacuum and one 

Bi(001)/Si(111) interface[87]. In other words, both surfaces of as-grown Bi(001) films 
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behave as if in contact directly with vacuum. This result is consistent with previous first 

principles calculations indicating that the wetting layer appears to be chemically 

inactive.[79] Surface-sensitive in situ XRD measurements of epitaxial Bi films on Si(111) 

additionally suggest that the weak adhesion originates from weak interaction both 

between the Si(111) substrate and the initial disordered Bi wetting layer, and between the 

same wetting layer and the remainder of the Bi(001) film following the allotropic 

transformation, evidenced by large spacings between the relevant layers.[150] While the 

role of the puckered-layer allotropic transition in the origin of this weak adhesion is yet to 

be determined, the weak adhesion of Bi appears closely linked to its unique early stages 

of growth on Si(111), resulting in an equally unique ability to be transferred directly from 

the growth substrate.   

 

5.3 THERMAL RELEASE TAPE TRANSFER TO ARBITRARY SUBSTRATES    

Although the DCB transfer method discussed in the previous section successfully 

facilitates the transfer of large areas of high-quality epitaxial Bi, it also presents several 

obstacles to subsequent use of the Bi films in devices. Because the DCB method requires 

a beam-type geometry to initiate a crack at the interface between Bi(001) and Si(111), the 

geometry of the Bi film and the handle substrate is significantly restricted. Additionally, 

the epoxy layer between the transferred Bi film and the secondary substrate may restrict 

future processing steps and potential device fabrication. In this section, we demonstrate 

the transfer of epitaxial Bi to using a simple thermal release tape method that enables 

direct transfer without the use of an intermediate epoxy layer, and regardless of the 

sample geometry.  
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5.3.1 Thermal Release Tape Method    

Like the  DCB transfer method, thermal release tape has also been previously 

used for the transfer of CVD-grown graphene,[151] from which the Bi transfer procedure is 

adapted. The dry transfer of epitaxial Bi using thermal release tape is depicted 

schematically in Figure 5.4. In this method, the single-sided thermal release tape is first 

applied to an approximately 2 cm x 1 cm area of Bi(001)/Si(111), so that a small portion 

of the tape hangs over the edge of the Bi film. Nitto Denko Revalpha No. 3195 thermal 

release tape is found to be highly suitable for Bi(011) transfer – the use of higher 

adhesion tapes does not significantly improve the continuous area transferred, and 

resulted in increased residue on the transferred Bi film. The Si(111) strip is firmly 

grasped with tweezers, and the tape is quickly peeled away from it’s overhanging edge, 

similar to methods used to exfoliate 2-D layered materials. During this quick peeling 

motion, the Bi(001) film delaminates from the Si(111) interface. It is important to 

reiterate that this method is not designed to transfer single- or few- atomic layers of 

Bi(001); since the weak adhesion is at the Bi(001)/Si(111) interface rather than between 

atomic layers, the entire film is delaminated.  

 

 

Figure 5.4 Transfer process for epitaxial Bi films using thermal release tape 

Bi 

Heat 

New Substrate 

1 mm 
 

Bi 

Si(111) 

SiO2 

Bi 

Bi 

Glass 

Thermal 
Tape 

New Substrate 

Bi 

Si(111) 

a) b) c) 



 88 

The thermal tape with the attached Bi film is then placed on the desired substrate 

and heated to a temperature of 210°C for approximately 10 seconds using a hot plate. The 

heating temperature chosen is significantly above the stated release temperature of the 

tape (90°C), as a faster release rate is found to reduce the density of wrinkles in the 

transferred Bi film. The tape exhibits a distinct color change as it loses it’s adhesion, and 

is then easily removable using tweezers, leaving the transferred Bi film behind on the 

handle substrate. The Bi films are weakly adhered to the handle substrates following 

transfer, again analogous to exfoliated layered 2-D materials. As indicated in Figure 5.5, 

which shows a 50 nm Bi film transferred to various substrates, the qualitative area and 

continuity of the Bi films transferred using this method does not depend on the handle 

substrate material or geometry, allowing direct dry transfer to arbitrary substrates.  

 

 

Figure 5.5 50 nm Bi(001) film transferred to a) Si(111), b) SiO2/Si(100), and c ) a glass 
slide. 

Bi(001) films are transferred to Si(111) for XRD measurements, as well as to 

SiO2/Si(100), glass, and yttrium iron garnet (YIG) substrates (not pictured due to the poor 

contrast difference between Bi and YIG). Transfer to SiO2/Si(100) can potentially enable 

thermoelectric measurements that benefit from the insulating substrate, as well as back-

gated measurements of the Bi(001) films, similar to those previously used to tune the 

Fermi level between bulk and surface bands in wet-transferred Bi2Se3 films[67]. Transfer to 
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a transparent substrate such as glass could be useful for optical or phonon dynamics 

measurements, particularly those involving multiple measurement configurations, while 

transfer to magnetically insulating YIG is promising for ISHE and spin-Seebeck 

measurements of epitaxial-quality Bi thin films.  

 

5.3.2 Characterization of Thermal Release Tape Transferred Bi Films     

The quality of the Bi thin films following thermal release tape transfer is 

determined using optical profilometer, XRD, AFM, and sheet conductance 

measurements. While the area and continuity of the Bi films transferred using thermal 

release tape are reduced compared to the very high quality DCB transfer, the advantage 

of direct integration with arbitrary substrates can still make this method preferable for 

highly substrate-dependent applications.  

Figure 5.6 shows a selection of these measurements, which indicate the successful 

transfer of  ~100 μm2 continuous areas with good maintenance of the structural and 

electronic properties. Many small lines across the transferred film may be observed in the 

optical microscopy image in Figure 5.6a of a 50 nm Bi film on SiO2. Profilometer 

measurements, shown for a representative sample in Figure 5.6b indicate that the 

majority of these lines correlate with wrinkles in the transferred film, rather than 

extensive microcracking, with continuous areas on the order of 100 μm2. This wrinkling 

likely originates from the weak bonding to the handle substrate, such that the transferred 

Bi film exhibits similar mechanical properties to a freestanding membrane. Using 

tweezers to ensure uniform contact of the thermal tape with the Bi film before 

delamination is found to reduce the density of wrinkles in the transferred film.  
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Figure 5.6 a) optical microscopy, b) optical profilometry, c)  XRD, and d) sheet 
conductance measurements of epitaxial Bi transferred using thermal release 
tape. 

XRD measurements of Bi films before and after transfer using thermal release 

tape in Figure 5.6c indicate a consistent orientation after transfer, showing good 

agreement with XRD measurements of DCB-transferred films. The shift to the bulk 

position after transfer is likewise consistent. Interference fringes surrounding the 40 nm 

Bi film after transfer initially suggest that the interface between the transferred Bi film 

and the handle Si(111) substrate is relatively smooth. Despite the reduced conductance 

observed after transfer in Figure 5.6d, which is likely related to discontinuities in the 

transferred film over the large (~ 1 cm2) area measured, the sheet conductance normalized 
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to the room temperature value, shown in the inset, is highly consistent. The temperature 

dependence of the sheet conductance, which is closely related to quantum confinement in 

the film, is therefore very robust to transfer. Reflectance measurements of the transferred 

Bi films on various substrates are also highly consistent. These results suggest that the 

unique electronic properties of the Bi films, particularly semiconducting behavior 

induced by quantum confinement effects, may be accessed on diverse substrates 

following transfer.  

 

5.4 TRANSFERRING EPITAXIAL BI1-XSBX ALLOYS    

The surprisingly weak adhesion of epitaxial Bi(001) films to the Si(111) growth 

substrate raises the question of whether other epitaxial films assumed to exhibit strong 

covalent bonding at the interface may also demonstrate unexpectedly weak interfacial 

interactions. In Section 5.2.3, we observe that, as expected, a conventional III-V 

heteroepitaxial AlAs/GaAs interface does not exhibit weak adhesion and is unable to be 

transferred. As the unique wetting layer and allotropic transition characteristic of 

epitaxial Bi growth on Si(111) and other substrates may be related to the weak adhesion 

of the Bi(001)/Si(111) interface[150], the logical next step is to examine whether covalently 

bonded epitaxial films with similar growth modes to Bi may also be easily transferrable.  

While it is currently an open question whether epitaxial Bi1-xSbx thin films on 

Si(111) exhibit an analogous allotropic transformation[110], recent first-principles 

calculations predict the stability of puckered-layer Bi0.5Sb0.5 monolayers[52], and in situ 

RHEED measurements of Bi1-xSbx thin films on Si(111) are promisingly similar to Bi[110]. 

As their large spin-orbit coupling, unique tunability, high conductivity, and TI surface 

states[34,117,152] make Bi1-xSbx thin films an exciting system both for spintronic device 
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applications[20] and for the study of exotic physical phenomena[153,154], the ability to easily 

transfer high-quality epitaxial  Bi1-xSbx to arbitrary substrates could facilitate a broad 

spectrum of novel measurements and applications.  

By applying the same thermal release tape transfer method to the (001)-oriented 

epitaxial Bi1-xSbx films introduced in Chapter 4, we are able to demonstrate that epitaxial 

Bi1-xSbx thin films do in fact exhibit weak adhesion to Si(111), and may be easily 

transferred using simple dry transfer methods. XRD and sheet conductance 

measurements of a 20 nm Bi0.92Sb0.08 film before and after transfer to a highly resistive 

Si(111) handle substrate are shown in Figure 5.7.  

 

 

Figure 5.7 a) XRD and b) normalized sheet conductance of a 20 nm Bi0.92Sb0.08 film 
indicating consistent properties after transfer with thermal release tape.  

The (001)-oriented crystal structure and the semiconducting temperature 

dependence of the sheet conductance are both found to be robust to transfer. The non-

monotonic feature in the transferred film at ~150 K could be caused by local 

discontinuities within the transferred film, small impurities introduced during the transfer 

process, or potentially by shifting of a wire-bonded contact as the temperature is changed. 

Regardless, the consistent semiconducting temperature dependence, the overall close 

a) b) 
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agreement of the percent change in conductance over the temperature range measured, 

and the crossover to metallic behavior below 100 K, which has been attributed to surface 

states in Bi[31], suggest that the electronic properties of the  Bi0.92Sb0.08 film are maintained 

after transfer. While the effect of Sb alloying on the electronic properties is discussed in 

more detail in Chapter 4, it is worth noting here that 20 nm Bi films exhibit a metallic 

temperature dependence, suggesting that Sb alloying is an effective approach towards 

modifying the properties of epitaxial Bi thin films in the quantum confinement thickness 

regime both before and after transfer.  

 

 

Figure 5.8 a) Magnetoresistance measurements of 20 nm Bi0.92Sb0.08 film before and 
after transfer, and b) fit to the reduced HLN equation. 

Low-temperature magnetotransport measurements of the same 20 nm Bi0.92Sb0.08 

film before and after transfer in Figure 5.8a indicate that the characteristic weak 

antilocalization (WAL) feature at low fields is present in the transferred film. By fitting 

the magnetoconductance to a reduced[71] version of the Hikami-Larkin-Nagoaka (HLN) 

equation[62,71,155] in Figure 5.8b, the alpha prefactor (αΦ)	  and	  phase	  coherence	  length	  (lΦ)	  

may	  be	  obtained.	  These	  values	  are	  summarized	   in	  Table	  5.2. The HLN equation, as 
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well as interpretation of the WAL effect in Bi and Bi1-xSbx thin films, is discussed in 

further detail in section 2.4.3. The value of αΦ	  before	  transfer	  agrees	  well	  with	  values	  

typically	   attributed	   to	   surface	   states	   in	   Bi2X3	   TIs[37,62,72], as well as with values 

measured for relatively thick Bi films[64]. While the alpha prefactor is reduced following 

transfer, it remains within the range of values associated with coexisting bulk and surface 

channels in epitaxial Bi films, where significant surface and bulk state interactions have 

been claimed[64].  

The presence of two dips in the magnetoresistance, one at low fields and one 

around 1 T is intriguing, as it is not typical for either epitaxial Bi films or Bi2X3 TIs, and 

may potentially originate from either WAL originating from more than one independent 

channel, or from WL contributions from the bulk. As an alpha parameter value greater 

than 0.5 would be expected for the case of multiple conduction channels[62], the reason for 

this unique behavior is unclear. Further magnetotransport measurements of Bi1-xSbx films 

at compositions between 0-8% Sb,  and at various film thicknesses are necessary in order 

to determine how this behavior evolves with the Sb concentration, and whether it 

originates from surface or bulk states.  

 

 As-grown Transferred 

αΦ 0.40 0.10 

lΦ (nm) 456 344 

 

Table 5.2 Alpha prefactor and phase coherence length values obtained from 
magnetoresistance measurements.  
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As WAL may originate both from spin-momentum locking of TI surface 

states[37,62,70,72], and from high spin-orbit coupling in topologically trivial thin films (such 

as epitaxial Bi)[64], it cannot be concluded from these measurements whether the Bi1-xSbx 

film is topologically non-trivial either before or after transfer, although TI behavior is 

expected at the given film composition. However, the similarity of the structure and 

temperature-dependent sheet conductance, as well as the observation of a WAL feature 

both before and after transfer, indicate that dry transfer is a promising route toward 

integrating the unique properties of Bi1-xSbx thin films in the quantum confinement 

regime with arbitrary substrates. Additionally, the weak adhesion at the Bi1-xSbx/Si(111) 

interface, apparent from the ability to easily transfer the films using identical methods to 

Bi, strongly suggests that the growth of Bi1-xSbx on Si(111) is highly consistent with 

epitaxial Bi. This result points toward the possibility of a stable puckered-layer Bi1-xSbx 

structure in early growth of Si(111), potentially introducing a method for tuning the band 

structure of puckered-layer Bi through the composition, analogous to the tunable band 

structure of bulk Bi1-xSbx alloys.   
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Chapter 6 

 Nanoscale Growth of Bi and Bi1-xSbx 

While puckered-layer Bi(012) allotrope formation in the early stages of growth is 

important for ensuring the quality of the bulk-like Bi(001) film following the structural 

transition[78], this nanoscale structure is also interesting in it’s own right for potential 

device applications. Like other 2-D Group V allotropes[46,156], puckered-layer Bi(012) 

monolayers have been predicted to exhibit electronic properties that are very distinct 

from the bulk structure, including a larger band gap than quantum confined Bi(001)[48], 

and increased spin splitting of the surface states[51]. Increasing the bulk band gap could 

help to improve isolation of the surface states for transport measurements, and potentially 

enable gate control of the semiconducting bulk states or optical probing of the material 

properties, while the increased spin splitting can contribute to spintronic applications. 

However, due to the tendency of the puckered-layer Bi(012) allotrope to grow in very 

small islands up until the critical thickness for the structural transition[77,78,157], 

experimental measurements of this structure’s electronic properties have so far been 

limited, particularly ex situ.  

In this chapter, we demonstrate that varying the substrate temperature and growth 

rate during nanoscale Bi(012) growth on Si(111) significantly impacts the crystallinity 

and continuous area of the films. While the paired-layer stability of puckered-layer 

Bi(012) on Si(111) and it’s allotropic transition to Bi(001) has been extensively studied 

through STM[77,78], the influence of growth parameters on the continuity and quality of 

nanoscale Bi on Si(111) has not yet been determined. In agreement with previous studies 

of Bi(012) growth on Al13Co4 and sapphire[158,159], we find that reducing the substrate 

temperature during growth improves the continuity of nanoscale films by increasing the 
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density of 2-D Bi(012) islands. However, in contrast to growth on these substrates, we 

find that the earlier coalescence at low temperatures is accompanied by a lower critical 

thickness for the transition from Bi(012) to Bi(001) on Si(111). Furthermore, we find that 

while increasing the substrate temperature increases the average island size and delays 

the allotropic transition, it also results in a wider distribution of island sizes, along with 

the formation of anomalous, unwanted phases obesrvable in XRD. These results suggest 

two potential paths toward nanoscale Bi(012) on Si(111): either reducing the substrate 

temperature and growth rate to encourage early coalescence, or increasing the substrate 

temperature at low growth rates to achieve large, widely spaced islands.  

We additionally explore the growth of nanoscale Bi1-xSbx alloys with the 

puckered-layer structure, which have been predicted from first principles calculations to 

be stable[52], but not yet measured ex situ. The ability to grow nanoscale puckered-layer 

Bi1-xSbx alloys could assist in tuning the band structure and electronic properties of 

puckered-layer Bi(012) in a manner similar to the tuning of the A7 Bi(001) band structure 

in bulk crystals. Using X-ray diffraction (XRD) and high resolution atomic force 

microscopy (AFM), we demonstrate that nanoscale Bi1-xSbx exhibits an (012) orientation 

consistent with Bi at thicknesses below the structural transition, and that alloying with Sb 

actually significantly improves the continuity and crystallinity of the ultrathin Bi.  These 

results suggest that alloying puckered-layer Bi with Sb can improve the continuity of 

nanoscale films, making Sb alloying a feasible approach to tuning the band structure of 

puckered-layer Bi. 
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6.1 INTRODUCTION TO NANOSCALE BI  

While the puckered-layer Bi(012) allotrope was first demonstrated on Si(111)[49], 

similar Bi(012) structures have since been demonstraed on sapphire[159], highly oriented 

pyrolytic graphite (HOPG)[160], and quasicrystal substrates.[161] Apart from the early 

observation that increasing the substrate temperature during growth qualitatively delays 

the allotropic transition for Bi(012) on Si(111)[49], the majority of studies in which the 

effect of varying the growth parameters on nanoscale Bi(012) growth is considered are 

conducted on these non-Si(111) substrates. This section briefly reviews these studies, and 

their application toward the Bi/Si(111) system, as well as the characteristic electronic and 

physical properties expected from the puckered-layer allotrope.  

 

6.1.1 Stability and Electronic Properties of Bi(012) on Si(111)  

In 2004, T. Nagao et al demonstrated through in situ low-energy electron 

diffraction (LEED) and scanning tunneling microscopy (STM) that the growth of high 

quality Bi(001) on Si(111) is facilitated by an initial Bi(012) allotrope, with a puckered-

layer structure similar to black phosphorus, which forms in the first few monolayers 

(ML) of growth before undergoing a structural transition to the (001)-oriented A7 

structure of bulk Bi.[49] This transition, and the growth of the bulk structure, are covered 

in more detail in Chapter 3.   

The structure of the nanoscale puckered-layer allotrope is quite similar to the 

(012) orientation of bulk-like Bi, which is also pseudocubic in the (012) direction. 

However, in nanoscale Bi(012) films, individual atomic layers form pairs in order to 

reduce surface energy from dangling bonds[79], stabilizing the puckered-layer A17 

structure and causing characteristic buckling that is observable in STM[77,136] (see Figure 

3.1). This pairing of layers results in the exclusive stability of the puckered-layer Bi 
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islands at thicknesses corresponding to even numbers of ML[77–79]. In situ STM 

measurements further reveal that annealing Bi(012) islands with heights corresponding to 

2 and 4 ML induces Ostwald ripening, causing rearrangement into larger-diameter islands 

with 4 and 6 ML heights[77]. However, the role of the substrate temperature and growth 

rate on the continuity and crystallinity of the Bi(012) films on Si(111) have not yet been 

systematically studied. It has therefore not been determined whether growth may be 

improved so as to allow growth of a continuous, puckered-layer allotrope film.  

Despite the apparent similarity of the puckered-layer Bi structure to phosphorene, 

a 2-D semiconductor[42,44], in situ STS measurements of multi-layered puckered-layer Bi 

demonstrate that, although the allotrope is less metallic than (001)- or (012)-oriented bulk 

Bi, it still retains weakly metallic behavior[51]. This metallic behavior is postulated to 

originate from strain induced by buckling of the layers, which is not present in 

phosphorene.[51] In contrast to these results, recent first principles calculations indicate 

that single monolayers of the allotrope will exhibit a bulk band gap on the order of 0.1 – 

0.3 eV[48], and a band gap consistent with that measurement has been observed through 

STS in 4 ML Bi(012) nanoribbons[50]. In nanoribbons, this effect is attributed to 

modifications of the structure due to the edge reconstruction.  

As the growth in small islands is a significant challenge to angle resolved 

photoemission spectroscopy (ARPES) measurements[51], which would enable direct 

measurement of the band structure and surface states, improving the continuity and grain 

size in nanoscale Bi(012) is an important step towards clarifying the band gap and surface 

states, which exhibit increased spin splitting[51], in this unique 2-D allotrope, and how 

they might vary with film thickness and morphology.   

 



 100 

6.1.2 Substrate Influence on Early Growth and Allotrope Formation  

The epitaxial growth of Bi on HOPG[157,160], quasicrystals[158,161], sapphire[162], and 

graphene/silicon carbide (SiC)[50] has been since demonstrated to exhibit a similar growth 

process to Si(111), with (012)-oriented islands forming in early growth. In contrast, few-

layer Bi grown on silicon carbide (SiC)[163] and bismuth telluride (Bi2Te3)[164] exhibits an 

(001)-oriented structure analagous to a distorted bulk bilayer. This observation suggests 

that despite the weak interactions between epitaxial Bi and the Si(111) substrates, the 

substrate does play some role in determining the stability of the puckered-layer A17 

structure. One proposed explanation is that the influence of the substrate manifests in the 

competition between the increased surface energy of (001)- or (012)-oriented bulk-like 

A7 Bi compared to the puckered-layer allotrope and the relatively increased energy of the 

puckered-layer Bi / substrate interface due to the reduced contact area.[78] While the 

(001)-oriented nanoscale Bi is also expected to be promising for 2-D device applications 

due to it’s expected topologically non-trivial behavior, and is also often referred to as 

“bismuthene”[48,163], we restrict our discussion here to the (012)-oriented puckered-layer 

structure.   

 

 6.1.3 Growth of Bi(012) on Other Substrates  

While Bi growth on HOPG varies from growth on Si(111) significantly, forming 

elongated nanorods and star-shaped clusters[157,165], and Bi growth on several quasicrystal 

substrates is non-uniform and governed primarily by quantum confinement[161], Bi growth 

on sapphire[159] and Al13Co4(100)[158] substrates is more similar to the Bi/Si(111) system. 

Bi deposited by electron beam evaporation on Al13Co4(100) exhibits coexisting (001)- 

and (012)- oriented islands on an initial wetting layer, similar to epitaxial Bi on 
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Si(111)[158]. The (012)-oriented islands are also similarly found to prefer heights 

corresponding to even numbered of ML, strongly suggesting a puckered-layer structure. 

Similar coexistence of (012)- and (001)-oriented islands are observed in epitaxial Bi 

growth on sapphire substrates[159], although the identification of the orientation through 

XRD does not allow for the identification of preferred heights or other evidence of layer-

pairing. 

Reducing the substate temperature is found to increase the relative stability of 

Bi(012) compared to Bi(001) on both substrates.[158,159] Bi(012) islands on Al13Co4(100) 

transition to the Bi(001) structure after 5.5 ML of growth, which is approximately the 

critical thickness at which Bi(012) islands begin to interconnect. Annealing following 

growth is found to improve coalescence and continuity of the Bi(001) islands.[158] Bi(012) 

on sapphire may be grown up to 14 nm at low temperatures of 40 K, transitioning to well-

ordered Bi(001) as the film is annealed to room temperature following growth.[159] In both 

cases, decreasing the substrate temperature is also found to increase the nucleation 

density of the Bi(012) islands.[158,159] These studies of Bi(012) on other substrates suggest 

that decreasing the substrate temperature during Bi(012) growth on Si(111) may improve 

the continuity of nanoscale film by increasing the density of 2-D islands, and additionally 

delay the (012)- to (001)- allotropic transition. 

 

6.2 CONFIRMING ISLAND-MODE GROWTH  

As was introduced in Chapter 3, epitaxial Bi films grown at 0.1-0.2 Å/s and 35°C 

undergo a structural transition from an (012) orientation to an (001) orientation as the 

thickness is increased from 4 – 8 nm (12 – 24 ML). XRD measurements of this structural 

transition are shown in Figure 6.1a. The thickness of the 6 ML and thinner films are 
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extrapolated from XRR measurements of thicker films at the same growth rate and 

substrate temperature, and include the thickness of the initial Bi wetting layer.  

 

 

Figure 6.1 a) XRD and b)-e) SEM measurements of Bi thin films with increasing film 
thickness. The island area increases with the intensity of the Bi(012) XRD 
peak, and the transition from interconnected islands to a continuous film (d-
e) coincides with the structural transition in XRD.  

Top-down scanning electron microscopy (SEM) measurements of Bi films at 

various stages of growth in Figures 6.1b-e demonstrate that Bi(012) films below the 

critical thickness for the structural transition do exhibit island mode growth, as is 

expected from previous STM measurements of the puckered-layer Bi(012) allotrope[49,136]. 

The area of the islands qualitatively increases between 2 and 3 ML (Figure 6.1b and 6.1c, 

respectively). After 12 ML (4 nm of growth) in Figure 6.1d, the individual islands begin 

to interconnect, although there are still significant gaps in the film. At 24 ML (8 nm), 

immediately following the structural transition in XRD, the film appears smooth and 

featureless, as expected for a planar epitaxial film, as shown in Figure 6.1e. Although the 

2 ML 3 ML 

4 nm (12 ML) 8 nm (24 ML) 

100 nm 

a) b) c) 

d) e) 
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critical thickness of 4 nm is larger than that observed previously[77], this transition in 

morphology also agrees well with previous measurements indicating continuous films 

only after the transformation to the bulk structure[49,136].  

 

6.3 IMPACT OF GROWTH PARAMETERS ON NANOSCALE GROWTH  

In order to attempt to improve the coverage area and continuity of the nanoscale 

Bi(012), the growth rate and substrate temperature are varied so that their effects on the 

structure and morphology may be understood and optimized. To this end, 6 ML Bi films 

are grown at growth rates of 0.03 and 0.40 Å/s and substrate temperatures of 10, 35, and 

100°C. 6 ML is chosen as the minimum thickness due to the resolution of the XRD 

measurement.  

In situ RHEED measurements of the 6 ML Bi films in Figure 6.2. suggest that 

varying the growth parameters significantly impacts the film morphology. At both growth 

rates, the RHEED pattern becomes spottier as the substrate temperature is raised, which 

suggests 3-D island mode rather than planar, 2-D growth. At each substrate temperature 

the films grown at the higher growth rate are streakier, suggesting that a higher growth 

rate may help facilitate planar growth even at higher substrate temperatures. A double 

line RHEED pattern is observed in all 6 ML films, as expected for Bi(012) below the 

allotropic transition.  
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Figure 6.2 RHEED images of 6 ML Bi(012) films grown various substrate temperatures 
and growth rates. a)-c) are grown at a growth rate of 0.03 Å/s, while d)-e) 
are grown at a rate of 0.40 Å/s. 

 

6.3.1 Morphology and Island Size  

High resolution AFM measurements are used to determine the morphology of the 

6 ML films at different growth rates and substrate temperatures in Figure 6.3. The first 

row (a-c) indicates films grown at 0.03	  Å/s,	  while	  the	  second	  row	  (d-‐f)	  indicates	  films	  

grown	   at	   0.40	  Å/s The coverage area of Bi is relatively high for all films measured, 

suggesting that significant island coalescence occurs before the films reach 6 ML. 

Consistent with the spottier RHEED, the Bi films grown at at 0.03	  Å/s consist of distinct, 

small grains. Both the average area and spacing between these grains or islands increase 

with increasing substrate temperature. In contrast, the grains in Bi films grown at the 

10°C 100°C 35°C 10°C 

0.40 Å/s 

10°C 

0.03 Å/s 

a) b) c) 

d) e) f) 
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higher growth rate of 0.40	  Å/s	  appear	  larger	  and	  more	  interconnected	  at	  all	  substrate	  

temperatures,	  potentially	  explaining	  the	  relatively	  streakier	  RHEED.	  	  

 

 

Figure 6.3 High resolution AFM measurements of 6 ML Bi films at a-c) 0.03 Å/s	  and	  d-‐
f)	  0.40	  Å/s,	  at	  various	  substrate	  temperatures	  

The improved continuity of the 0.40 Å/s films is likely due to the higher island 

nucleation density expected at higher growth rates. A higher density of nucleation sites 

decreases the distance Bi adatoms must diffuse across the surface before joining an 

existing Bi cluster, reducing the average separation between clusters. It is also 

noteworthy that although both films grown at 10°C appear very close to coalescence, the 

grains in the 0.03 Å/s film appear uniform both in size and height, whearas the 0.40 Å/s 

film includes gaps and raised areas. 

Histograms of the island size distribution of the 6 ML 0.03 Å/s films at 35 and 

100°C are shown in Figure 6.4. From these results, we can conclude that raising the 

substrate temperature increases both the average height and the average diameter of the 

islands. In both cases this is accompanied by apparent broadening of the height 

10°C 35°C 100°C 

100 nm 

5 nm 

-5 nm 

a) b) c) 

d) e) f) 
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distribution. As the increase in average island diameter by ~33% at 100°C results in a 

lower density of islands, this broadening is partially due to the decreased number of 

islands measured in the 100°C film.  

 

Figure 6.4 Height (a-b) and diameter (c-d) distributions of nominally 6 ML Bi grown at 
35 and 100°C showing an increase in island height and diameter with 
increasing substrate temperature. 

In order to more closely look at how the substrate temperature affects island 

formation before coalescence, 3 ML Bi films are grown at 0.1 Å/s, at substrate 

temperatures of 10 and 100°C. AFM measurements of these films are shown in Figure 

6.5. The islands are more densely packed, uniformly circular, and smaller in area in the 

film grown at 10°C compared to the 100°C film. This result agrees well with the increase 

in grain size and spacing between grains in the 6 ML, 0.03 Å/s films in Figure 6.3a and 

6.3c, clearly indicating that increasing the substrate temperature results in larger, more 

widely spaced islands and grains.  

 

a) b) 

35°C 100°C 

c) d) 
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Figure 6.5 AFM images of 3 ML Bi grown at a) 10°C and b) 100°C, showing larger 
grains separated by increased distances at the higher substrate temperature. 

This	  effect	  may	  be	  explained	  by	  the	  Bi	  adatom	  mobility,	  which	  increases	  with	  

increasing	  substrate	  temperature.	  As	  the	  Bi	  adatoms	  become	  more	  mobile,	  they	  can	  

more	  easily	  diffuse	   to	  pre-‐existing	   large	  clusters,	   rather	   than	   forming	  many	  small-‐

area	   clusters,	   as	   they	   would	   if	   “frozen”	   in	   place.	   Increasing	   the	   growth	   rate	   and	  

lowering	  the	  substrate	  temperature	  therefore	  both	  have	  a	  similar	  positive	  effect	  on	  

the	  coalescence	  of	  the	  film 

 

6.3.2 Critical Thickness for Structural Transition 

As well as determining the morphology of the nanoscale films, the substrate 

temperature also directly influences the critical thickness for the structural transition. This 

effect is shown in AFM measurements of 6 ML (2 nm) and 18 ML (6 nm) Bi films grown 

at 0.03 Å/s	  in	  Figure	  6.6.	  The	  orientation	  of	  the	  main	  Bi	  peak	  measured	  with	  XRD	  is	  

listed	  in	  the	  bottom	  right	  corner	  of	  each	  AFM	  image.	  	  

5 nm 

-5 nm 

a) 10°C b) 100°C 

100 nm 
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Figure 6.6 AFM measurements of 6 ML and 18 ML Bi at 0.03 Å/s and various substrate 
temperatures, showing an earlier transition in the films grown at 10°C 

From the listed orientations, as well as the characteristic triangular morphology in 

6.6d, we can determine that the 10°C film transitions to the bulk (001)-oriented structure 

between 6-18 ML of growth, while the other 18 ML films grown at warmer substrate 

temperatures have not yet transitioned. Like the few-layer islands in Figure 6.1, the 

average grain size increases with increasing nominal film thickness. After 18 ML of 

growth, the 35°C film is very close to coalescence, but has not yet transitioned, while the 

100°C film consists of many large islands that clearly include a variety of heights and 

sizes. As studies on other substrates indicate that a colder temperature typically helps to 

stabilize the (012) orientation, the observation of the opposite case here indicates that the 

increased spacing between islands at high substrate temperatures is a significant 

determining factor for the critical thickness[158,159]. 

10°C 35°C 100°C 
6 ML 

18 ML 

(001) (012) (012) 

(012) (012) (012) 

100 nm 

5 nm 

-5 nm 

a) b) c) 

d) e) f) 
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6.3.3 Crystallinity 

In addition to the effects of growth parameters on the film morphology, it is also 

important to understand their influence on the crystal structure of the Bi thin films. While 

the the (012) to (001) orientation change associated with the allotropic transition is 

critical for controlling the electronic properties of the films, excluding the presence of 

unwanted, alternative crystal structures is also very important.  

 

 

Figure 6.7 Wide-angle XRD measurements of 6 ML Bi films grown at a) 0.03 Å/s and b) 
0.40 Å/s indicating that lower substrate temperatures and growth rates 
improve the (012) orientation 

Ex situ wide-angle XRD measurements of the 6 ML Bi films grown at 0.03 Å/s in 

Figure 6.7a and at 0.40 Å/s in Figure 6.7b indicate that the crystalline orientation of the 

film depends on both the growth rate and the substrate temperature. The films grown at 

0.03 Å/s are well-oriented in the (012) direction expected for puckered-layer Bi, except 

for the film grown at the highest substrate temperature, 100°C. In this film, peaks 

corresponding to several anomalous phases coexist with the (012) peaks. The same 

a) b) 0.03 Å/s  0.40 Å/s  
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anomalous phases are present in the films grown at the higher growth rate, 0.40 Å/s, 

regardless of the substrate temperature, indicating that both relatively cold temperatures 

and low growth rates are necessary for well-oriented nanoscale Bi(012) growth. This 

result is consistent with the broader distribution of island heights at higher substrate 

temperatures in Figure 6.4, as well as with the non-uniformities of the coalesced 6 ML 

film in Figure 6.3d.  

The positions of the extra peaks observed in the high growth rate and substrate 

temperature films demonstrate good agreement with the anomalous phases in XRD 

measurements of bulk-like Bi(001) films in Figure 3.8, which correlate with Bi droplet 

formation This suggests that these droplets may actually originate early in growth, before 

the allotropic transition, and are maintained within the bulk structure in thicker films.  

The presence of the anomalous peaks at higher substrate temperatures and also at 

higher growth rates indicates that the formation of these phases is linked to the frequency 

of interactions between Bi adatoms. The higher mobility of Bi adatoms at warmer 

substrate temperatures and the higher density of adatoms at higher growth rates both 

facilitate interactions between Bi adatoms. Although the kinetics of Bi growth on Si(111) 

have not been previously extensively studied, it appears that isolating Bi adatoms within 

the Si(111) unit cell they initially impinge on is important for the formation of the 

puckered-layer (012) structure, while interactions between multiple adatoms is more 

likely to form an (014)-, (303)-, or (105)-oriented cluster.  

 

6.4 NANOSCALE BI1-XSBX(012) ALLOYS 

As discussed in Chapter 4, alloying bulk Bi with Sb is well-known to alter the Bi 

band structure, leading to semiconducting and topologically insulating behavior at 
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compositions between 7-22% Sb[108,109,166]. As bulk Bi and Sb share the same A7 crystal 

structure, with very similar lattice parameters[80], alloying does not significantly affect the 

structural properties. This situation becomes more complex, however, with the puckered-

layer allotrope. Although Sb may theoretically form an analogous puckered-layer 

structure[167], an (001)-oriented buckled-honeycomb allotrope similar to an individual 

bulk bilayer is predicted to be more stable[168], and is experimentally observed during 

epitaxial growth on most substrates[169–171]. While initial in situ RHEED measurements 

suggest that epitaxial Bi1-xSbx thin films exhibit a growth mode on Si(111) consistent with 

pure Bi[110], and our results in Chapter 4 indicate that alloying with high concentrations of 

Sb suppreses the allotropic transition, the growth of Bi1-xSbx films below the expected 

structural transition has not been investigated experimentally, and is not well understood. 

Determining whether puckered-layer Bi1-xSbx may be grown epitaxially, and how the Sb 

concentration affects the morphology and crystal structure, is an important step toward 

developing a method for tuning the metallic band structure of this Bi allotrope. 

AFM measurements of 8 nm (24 ML) Bi1-xSbx alloys grown at 0.1 Å/s are shown 

in Figure 6.8. These films are above the critical thickness for the structural transition in 

Bi, and are (001)-oriented. This growth rate is high enough to cause significant droplet 

formation on the surface of the pure Bi films, as discussed in Chapter 3. However, in the 

8 nm Bi0.95Sb0.05 film (with the composition approximated from the flux ratio), no droplets 

are observed on the surface despite the same high growth rate and substrate temperature. 

As droplets were found to originate in the puckered-layer phase stage of growth in pure 

Bi, the smoothness of the bulk-like Bi0.95Sb0.05 film suggests that nanoscale B1-xSbx may 

also demonstrate improved morphology.  
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Figure 6.8 AFM measurements of a) 8 nm Bi film, and b) 8 nm Bi0.95Sb0.05 film, grown at 
0.1 Å/s	  and	  35°C.	  

In order to determine the reason for the absence of droplets in the Bi1-xSbx films, 

we measure 3 ML Bi and Bi0.72Sb0.28 films grown at 0.1 Å/s and 35°C as well as 12 ML (4 

nm) films with the same composition grown at  0.5 Å/s and 20°C. The growth rate in the 

12 ML films is increased in order to improve composition calibration, which is difficult 

at low Sb fluxes. The absence of anomalous phases in both 12 ML films is confirmed 

using wide-angle XRD. Both 12 ML films are also confirmed by XRD to have an (012) 

orientation. 	  

In the 3 ML Bi film Figure 6.9a, the islands are relatively elongated, with visible 

gaps between them, consisent with previous SEM and AFM measurements of  Bi films 

grown at similar conditions. In the 3 ML Bi0.72Sb0.28 film in Figure 6.9b, however, the 

islands are very small, uniformly shaped, and closely packed- the film is actually too 

close to coalescence to accurately calculate the island size distribution using particle 

analysis. Similar effects are observed in the 12 ML Bi (Figure 6.9c) and 12 ML 

Bi0.72Sb0.28 film (Figure 6.9d). The Bi0.72Sb0.28 film appears significantly smoother, with 

less grain definition, compared to the Bi film at the same thickness. The surface 

0% Sb 5% Sb 5 nm 

-5 nm 

a) b) 
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roughness of the 12 ML Bi film is 0.49 nm, while the surface roughness of the 12 ML 

Bi0.72Sb0.28 film is 0.24 nm, showing a significant reduction in surface roughness through 

Sb alloying.  

 

 

Figure 6.9 AFM measurements of a) 3 ML Bi, b) 3 ML Bi0.72Sb0.28, c) 12 ML Bi, and d) 
12 ML Bi0.72Sb0.28 thin films showing improved continuity with Sb alloying. 

Alloying with Sb therefore appears to affect the morphology of nanoscale Bi in a 

way that is qualitatively very similar to decreasing the substrate temperature, as both 

reduce the island area, resulting in a high density of small islands that are close together. 

As the growth rate of this film is relatively high, the density of islands is further 
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increased, leading to even earlier coalescence. This is consistent with previous reports 

that Sb alloying decreases the mobility of Bi adatoms[119] in epitaxial Bi1-xSbx alloys, 

which on other substrates generally leads to increased surface roughness,[80]. In the case 

of epitaxial Bi1-xSbx growth on Si(111), however, Sb alloying actually improves the film 

quality by influencing the early island mode growth.  

Based on our results for the temperature dependence of the Bi structural 

transition, we would expect alloying with Sb to also decrease the critical thickness for the 

structural transition, as earlier coalescence of islands led to a lower critical thickness in 

pure Bi. As is discussed in Chapter 4, this is not exactly the case; when significant 

amounts of Sb is alloyed, the (012) orientation is actually maintained well past the 

expected critical thickness. Although the mechanism for this suppressed transition is still 

unclear, one possibility is that alloying with Sb prevents the co-nucleation of small 

Bi(001) islands within the puckered-layer structure, which has been theorized to drive the 

structural transition, and transmit Si(111) symmetry information to the bulk structure.[78] 

As the tiny Bi(001) islands are likely to small to appear in XRD measurements, this is a 

question likely best addressed by in situ STM studies, beyond the scope of the current 

work.  

However, the improvement in nanoscale film continuity through Sb alloying, as 

well as the observation of an (012) orientation in films 12 ML and thinner, are both very 

promising for the development of puckered-layer Bi1-xSbx alloys. The observation of an 

(012) orientation in nanoscale Bi1-xSbx films up to at least 28% Sb strongly suggests that a 

puckered-layer allotrope consistent with Bi is stable on Si(111) substrates, while the 

improved continuity may help to facilitate composition- and thickness-dependent ARPES 

measurements that have not yet been demonstrated for puckered-layer Bi. The absence of 

droplets in the Bi1-xSbx films further suggests increasing the growth rate may be a viable 
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method for continuing to improve the continuity of nanoscale Bi1-xSbx(012), while 

avoiding anomalous phase formation.  
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Chapter 7  

Conclusions and Outlook 

 

7.1 CONCLUSIONS 

 The goal of this dissertation is to investigate the relationship between epitaxial 

growth, crystal structure, and the material and electronic properties of Bi and Bi1-xSbx thin 

films on Si(111), in order to develop an understanding of how the properties of these 

films may be tuned through the growth parameters, film thickness, and Sb concentration. 

Thoroughly understanding these relationships is important for the development of 

practical spintronic devices based on this promising materials system. 

 In this dissertation, we first demonstrate that we can grow high quality epitaxial 

Bi(001) on Si(111), and confirm the critical thickness at which the (012) to (001) 

orientation change characteristic of the allotropic transformation occurs, as well as the 

presence of quantum confinement and surface states in the bulk-like films. As alloying 

Bi(001) with Sb is expected to open a band gap and produce topological surface states 

between certain compositions, we next investigate the growth of Bi1-xSbx within the 

quantum confinement thickness regime, which has not previously been studied ex situ on 

Si(111). We find that, in contrast to Bi1-xSbx growth on other substrates, the crystalline 

orientation is dependent on the Sb concentration, as shown in Figure 7.1, and that the 

thickness dependence of the electronic properties in the (012)-oriented films is 

fundamentally changed. The Bi1-xSbx(001) films, however, exhibit thickness-dependent 

electronic properties that suggest quantum confinement with metallic surface states 

analogous to Bi, which suggests that Sb alloying may be used to tune the Bi band 

structure within the (001)-oriented range of compositions.  
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Figure 7.1 Approximate phase diagram of Bi1-xSbx on Si(111) within the quantum 
confinement thickness regime. Data points indicate XRD measurements. 

In Chapter 5, we find that epitaxial Bi exhibits unexpected weak adhesion to the 

Si(111) growth substrate, comparable to epitaxial and exfoliated graphene, which allows 

high quality films to easily transferred to arbitrary substrates. Bi1-xSbx films exhibit a 

consistent weak adhesion, and may be easily transferred as well. Magnetoresistance 

measurements indicate that the characteristic weak antilocalization feature of the Bi1-xSbx 

is maintained after transfer, suggesting that the unique transport properties of this 

material system may be robust to transfer. Finally, we investigate the growth of nanoscale 

Bi and Bi1-xSbx, where the puckered-layer allotrope is expected to occur.  We find that the 

continuity of the (012)-oriented nanoscale Bi may be improved by lowering the growth 

rate and substrate temperature to encourage early coalescence of the islands; however, 

this method is accompanied by an earlier allotropic transition. Another potential route is 
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increasing the substrate temperature to form large, widely spaced islands, with the intent 

of forming single islands large enough for ARPES , STS, or ex situ electrical 

measurements. However, multiple crystal structures form when the substrate temperature 

is raised, making identification of (012)-oriented islands a concern.  

The third route toward improving continuity in nanoscale Bi is alloying with Sb; 

in contrast to the growth of Bi1-xSbx on other substrates, Sb alloying actually improves the 

film quality and crystallinity in Bi1-xSbx on Si(111). Sb alloying with nanoscale (012)-

oriented Bi increases island density, reduces island size, and encourages early 

coalescence in the same way as the reduced temperature, which we tentatively attributed 

to reduction of Bi adatom mobility. The Bi1-xSbx films are (012)-oriented, suggesting that 

a puckered-layer allotrope of Bi1-xSbx forms during early growth on Si(111). The stability 

of puckered-layer Bi1-xSbx suggests that Sb alloying in nanoscale films is a promising 

route toward tuning the band structure of the puckered-layer Bi alloy, as well as 

encouraging growth in larger, continuous areas.  

 

7.2 OUTLOOK  

 Based on this understanding of the various crystal structures and electronic 

behavior that may be achieved in epitaxial Bi and Bi1-xSbx on Si(111) depending on the 

film thickness and Sb concentration, the next logical step is to begin connecting these 

various structures with spintronic device performance. Conducting STT, SOT, or SHE 

measurements of the epitaxial Bi and Bi1-xSbx films and identifying relevant figures of 

merit would allow the crystal structure, thickness, composition, or electronic transport 

regime (surface state vs. bulk state dominating) to be linked more directly to device 

performance. Integration of the epitaxial films with magnetic layers for the purpose of 
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these experiments could be achieved either using the transfer process presented here, or 

by in situ deposition, potentially using the refurbished Auger chamber.  

 Another interesting route would be using ARPES to study the band structure of 

the (012)-oriented Bi1-xSbx films, particularly those less than 4 nm. Based on the results 

discussed in Chapter 6, nanoscale Bi1-xSbx films grown at low substrate temperatures, 

moderate growth rates, and moderate-to-high Sb concentrations are likely to be 

continuous enough to allow in situ ARPES measurements. A significant change in band 

structure as the film thickness is increased would help to confirm identification of a 

puckered-layer phase in Bi1-xSbx, as well as to study the properties of this structure. This 

could also potentially be achieved through magnetotransport measurements, as 4 nm 

Bi0.72Sb0.28(012) films were found to be continuous enough to perform low-temperature 

magnetoresistance measurements; however, in situ capping and transfer to an insulating 

substrate are likely necessary to avoid unwanted contributions from the native oxide layer 

or the Si(111) substrate.  
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Appendices 

 

APPENDIX A: ISOLATION OF BI ON EPOXY 

In Chapter 5, we demonsrate that epitaxial Bi and Bi1-xSbx may be easily 

transferred using double cantilever beam (DCB) and thermal release tape methods. While 

thermal release tape enables the transfer of Bi to arbitrary substrates, the continuous area 

of transferred Bi is reduced compared to the DCB case. On the other hand, the DCB 

method requires a specific geometry for the secondary substrate, which is difficult to 

achieve in some substrates, including YIG, and requires an intermediate epoxy layer 

between the epitaxial film and the new substrate.  

In this appendix, we discuss preliminary work toward a method for integrating 

large, continuous areas of Bi with arbitrary substrates using a combination of techniques. 

After DCB transfer, we find that the epoxy layer can be removed from the secondary 

Si(111) substrate with the Bi film intact, as demonstrated in Figure A1. 

 

 

 

Figure A1 Raman and TEM measurements of Bi on epoxy. 
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To isolate the Bi film on epoxy, the DCB method is first used to transfer Bi to a 

secondary Si(111) substrate. The Bi/epoxy/Si(111) strip is then cleaved by hand using a 

typical diamond scribe method assisted by a glass slide placed under the strip. While the 

Bi and Si(111) layers cleave cleanly, a ragged epoxy layer is left overhanging the cleaved 

edge of the strip. This epoxy edge may be grasped with tweezers and pulled away from 

the Si(111) strip, with the Bi film maintained on the epoxy layer. As shown in the AFM 

measurement in Figure A2, the Bi/epoxy film is continuous, with wrinkling due to lack of 

support from a substrate.  

 

Figure A2 AFM measurement of Bi on epoxy. 

 Although EP30 epoxy may be dissolved with several common solvents, it is 

difficult to remove the epoxy layer from between the Bi and Si(111) due to the lack of 

epoxy area directly exposed to the solvent. If the Bi is isolated on top of the epoxy layer 

using this method, however, it is likely that the epoxy can be removed easily with 

solvents once the Bi/epoxy stack is attached to a new substrate. This transfer procedure is 

illustrated in Figure A3.  
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Figure A3 Proposed epoxy transfer process 
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APPENDIX B: AIR STABILITY OF BI 

In most previous electrical and magnetotransport measurements of epitaxial Bi, 

the measurements are either performed in situ[64], or the Bi is capped with a protective 

metallic layer[30] in order to avoid effects of surface oxidation, which is known to 

significantly degrade the surface states in Bi2X3 TIs (through preferential oxidation of the 

chalcogenide element)[172–174]. As the growth chamber used in this dissertation is primarily 

outfitted with Group III or V sources (which would be likely to cause parasitic 

contributions to conductivity measurements if used in a capping layer), and is not 

equipped for in situ measurements, the measurements in this dissertation are conducted 

on uncapped samples. Despite this, the magntitude and temperature dependence of the 

conductivity presented in Chapter 3 are both very similar to measurements of capped 

samples. This is consistent with a previous study indicating that the electronic properties 

of Bi are robust to oxidation, but not to a magnetic capping layers.[175]  

 

 

 Figure B1 XPS measurements of Bi and native oxide 

 As indicated in Figure B1, XPS measurements were used to determine the 

composition of the native oxide on the Bi surface. In Figure B1a, red peaks indicate 
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unoxidized Bi, and blue peaks indicate Bi bonded to oxygen. The O1s peak in Figure B1b 

consists of 3 sub-peaks. The blue and green peaks have corresponding C1s peaks, and are 

tentatively attributed to C-O bonding; the remaining red peak is used to calculate the 

composition of the native oxide. The composition was between BiO and Bi4O3 for all 

samples measured. This result, as well as the absence of crystalline bismuth oxide peaks 

in wide-range XRD measurements, suggests that the native oxide is amorphous, rather 

than crystalline Bi2O3.  

 

 

Figure B2 Time dependent measurement of oxidation ratio 

In order to assess the stability of the uncapped Bi samples, XPS measurements of 

the ratio of unoxidized to oxidized Bi is measured over 60 days in Figure B2. After an 

initial increase in oxidation in the first 24 hours, the ratio remained relatively stable over 

the measurement time period. Conductivity measurements performed at the same time 

steps indicated an initial ~10% decrease in the maximum conductivity in both samples 

stored in a nitrogen purged desiccator and in samples stored in ambient conditions 

corresponding to the increase in oxidation observed in XPS. Although the oxide ratio and 
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change in magnitude of the conductivity are similar for the desiccated and non-desiccated 

samples, degredation of the metallic temperature dependence of the conductivity at low 

temperatures was observed in the ambient samples, which may indicate degredation of 

the surface states. The same effect was not observed in the desiccated samples. 

Consequently, all Bi samples used for a electrical measurements were stored in a 

desiccator, and their exposure to air was limited. 

 The stability of the unoxidized/oxidized Bi ratio over time may indicate that the 

native oxide is self-terminating, protecting the Bi samples from progressive oxidation. As 

no oxide layer is observed in XRR or TEM measurements, we estimate that the native 

oxide layer is on the order of 2 nm or thinner. We are currently working with the UT 

physics department to simulate the effect of a thin, amorphous native oxide on the surface 

states; preliminary simulations suggest that the surface states are maintained despite 

surface oxidation.  

While bulk-like Bi films are relatively robust to oxidation, the situation varies in 

Bi1-xSbx and puckered-layer Bi. As the puckered-layer Bi films are between 1-4 nm, a 2 

nm surface oxide becomes quite significant. In order to protect the puckered-layer Bi 

films from surface oxidation during XRD measurements, they are capped with spin-

coated PMMA immediately after removal from vacuum. As shown in Figure C3, this is 

found to significantly improve their air-stability. In measurements of Bi1-xSbx(012) films, 

the oxide layer is found to have a larger percentage of Sb than the unoxidized portion of 

the film, indicating that Sb may preferentially oxidize. While it has yet to be determined 

whether this effect is specific to the (001) orientation, the (001) orientation of Sb has 

been predicted to be more stable than the (012) orientation due to the lower density of 

dangling bonds at the surface.[171,176]  
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Developing an in situ capping method for Bi1-xSbx and puckered-layer samples 

would therefore be beneficial. One potential method is depositing a ~1-2 nm Al layer in 

situ, and allowing the Al to oxidize upon air exposure, forming an AlOx cap; however it 

is important to calibrate the thickness of Al exactly so that a conductive layer of Al does 

not remain between the epitaxial film and the oxide cap. Another possibility is installing 

metal sources on the refurbished Auger chamber, which is intended to be connected with 

the MBE chambers in situ; however the issue of preventing metallic contamination 

through shared wafer blocks remains to be addressed.  

 

 

Figure B3 Effect of PPMA capping on air stability 
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APPENDIX C:  BI/BI1-XSBX HETEROSTRUCTURES 

Bi/Sb and Bi/Bi1-xSbx heterostructures have previously been grown as methods for 

reducing alloy disorder or protecting the surface states of the inner layer.[119,177] Our initial 

growth of a 5-layer Bi/Bi1-xSbx heterostructure targeted at 20% Sb indicates that, while a 

20 nm Bi1-xSbx film grown with the same targeted composition was found to be (012)-

oriented, the heterostructue was oriented in the (001) direction. This suggests that 

growing Bi/Sb digital alloys or Bi1-xSbx on a Bi(001) buffer layer may assist in 

maintaining an (001) orientation even at relatively high concentrations of Sb, which 

could enable measurements of (001)-oriented Bi1-xSbx across the entire TI composition 

regime.  

 

Figure C1 Transfer of Bi/Bi1-xSbx Superlattice 

XRD measurements of the 5-layer heterostructure before and after transfer to a 

secondary Si(111) substrate are shown in Figure C1. The secondary peaks surrounding 

the main (003) peak suggest high quality interfaces between the Bi and Bi1-xSbx layers. 

However, although extensive diffusion of Sb is not expected due to the low growth 

temperature, interdiffusion should be ruled out through TEM and EDS measurements.  
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