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ABSTRACT

Bismuth-containing compounds inherit the high spin-orbit coupling and bandgap bowing effects of the Bi atom. Here, we report the
growth of InBi films using molecular beam epitaxy. By growing in a Bi-rich regime, we obtain coalesced and crystalline films with a sharp
interface to the high-resistivity Si(111) substrate. Temperature-dependent transport and resistivity measurements exhibit a nonlinear Hall
effect and parabolic magnetoresistance, suggesting two-carrier semimetallic behavior. In In-rich films, metallic temperature-dependent resis-
tivity is observed. In Bi-rich films, we observed semiconductorlike temperature-dependent resistivity as well as superconductivity.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5109542

1. INTRODUCTION

Bismuth-containing compounds and alloys have historically
been well-studied materials due to the heavy-atom effects of bismuth
and are garnering increasing interest. In 1930, the unique electronic
structure of pure Bi allowed for the discovery of the Shubnikov-de
Haas' and de Haas-van Alphen effects.” Bi-based compounds, such
as Bi,Ses, BiyTes, and Bi;_,Sby, later became very popular materials
for thermoelectrics due to the heavy Bi element and narrow bandg-
aps.” Heavy elements increase phonon scattering, which decreases
thermal conductivity, while narrow bandgaps increase electrical con-
ductivity. Low thermal conductivity and high electrical conductivity
are necessary to maximize the ZT figure of merit for thermoelectric
materials. Such Bi-based compounds and their alloys were found to
be topological insulators and have seen applications in spintronics
and spin-orbitronics.™® Even for Bi-based materials that are not
topological insulators, the large spin-orbit coupling has led to large
spin polarization effects, such as that seen in CuBi.”

The heavy-atom effects of Bi also make it appealing to inte-
grate into III-V semiconductors. Epitaxial growth of III-V materials

and heterostructures has seen great success in the past few decades
with semiconductors such as GaN, InP, GaAs, and InSb being the
subjects of countless research topics and commercial devices. Bi is
the heaviest stable group V element, in the same column as N, P,
As, and Sb in the period table. The contribution of bismuth to epi-
taxial ITII-V materials has mainly been in the form of dilute bismide
alloys.” When alloyed into a III-V semiconductor, bismuth pro-
duces a large bandgap bowing effect by significantly reducing the
bandgap of the semiconductor with only dilute amounts of
bismuth incorporation.” This is analogous to the dilute nitrides,
where dilute amounts of nitrogen incorporation into GaAs lowers
the bandgap'”'" by decreasing the conduction band minimum."”
Bismuth, on the other hand, decreases the bandgap of a III-V semi-
conductor by increasing the valence band minimum."” This
bandgap bowing effect, in addition to large spin-orbit coupling, has
made bismuth an element of high interest for alloying in the
III-phosphide,l/l’15 [I-arsenide,”' “~*° and IlI-antimonide”'"** mate-
rial families in order to tune the bandgap for infrared photonic
device applications. However, III-Bi binary compounds have been
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relatively unexplored. To understand the properties of the dilute
bismide ternary alloys, the binary extremum, where Bi completely
replaces the other group V material, is of significant interest.

InBi has recently been theoretically predicted to be a potential
topological insulator,” " an efficient spin Hall material,”’ and a
topological semimetal.’"”” Experimentally, InBi has been identified as
a possible topological crystalline insulator,” topological semimetal,”’
and superconductor.””™’ However, InBi has previously only been
grown in the bulk crystal form,”*°~** as uncoalesced thin films,” or
as a single or interfacial layer.””***' Previous attempts of growing
InBi epitaxially as a thin film led to heavy droplet formation and lack
of coalescence.”” In this work, we obtain conditions for molecular
beam epitaxial growth of coalesced InBi films on high-resistivity Si
(111) substrates. Subsequent magnetotransport measurements on the
films reveal nonlinear Hall effect and superconductivity.

Il. METHODS

The InBi epitaxial films were grown in a Veeco Gen Xplor
molecular beam epitaxy (MBE) system on high-resistivity Si(111)
substrates. Silicon substrates are nonpolar and cubic while having
a smaller lattice constant than III-V semiconductors, making them
promising for demonstrating that coalesced InBi can grow on a
widespread semiconductor platform. Si(111) was also predicted to
be ideal substrates for realizing nontrivial topological behavior in
InBi.”>***" A dual-filament hot-lip effusion cell was used for 7N
pure indium flux, and a standard Knudsen effusion cell was used
for 6N pure bismuth flux. Elemental fluxes were measured as
beam-effective pressures (BEPs) by a nude Baynard-Alpert ion
gauge, and cell temperatures were measured by thermocouples. A
BEP of about 107° Torr of bismuth, corresponding to a cell tem-
perature of 600 °C, was used for all growths. The indium BEP was
varied from 2.19-5.50 x 1077 Torr, corresponding to temperatures
of 816-858°C on the cell tip and 716-758°C on the cell base. The
growth rates of the InBi films were at least 7.8 nm/min depending
on the indium flux. A table of the samples studied in this paper
is shown in Table 1. In situ surface morphology was monitored
by a reflection high-energy electron diffraction (RHEED) system
from Staib instruments. Before growth, the Si(111) substrates
were flashed at 1000-1200°C to desorb native oxides, and a 7 x 7
surface reconstruction was visible by RHEED upon cooling
down. The substrate was left to cool to a thermocouple-measured
growth temperature of 50 °C.

After growth, the films were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and magnetotransport.

TABLE I. List of MBE-grown InBi and Bi samples compared in this study.
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To further explore the structure of the films, transmission electron
microscopy (TEM) was used. Cross-sectional energy-dispersive
X-ray spectroscopy (EDS) was used in STEM mode to measure
the indium and bismuth content as a function of depth in the
film. By taking angle-dependent selected area diffraction (SAD) of
the cross-section of the film, the crystal structure of the InBi,
films were the determined.

Magnetotransport measurements were taken on a Quantum
Design Physical Property Measurement System (PPMS). Van der
Pauw contacts were placed on the grown films by soldering indium
dots onto the corners of 1 x 1cm? square samples. Electrical mea-
surements were made with direct current using a Keithley 6220
current source and a Keithley 2182A nanovoltmeter. A Keithley
7001 system was used to switch between the Van der Pauw contacts
for accurate Hall effect measurements.

lll. RESULTS
A. Growth and structure

Initial MBE growths of InBi at substrate temperatures ranging
from 200 to 500 °C resulted in uncoalesced droplets, which is in
line with the report of Keen et al.”® The RHEED screen during
growth at these temperatures was completely dark, but ex situ XRD
measurements revealed crystal peaks associated with Bi, In, InBi,
and In,Bi. This suggests that liquid droplets formed during the
higher-temperature growths, and those droplets crystallized upon
cooling to room temperature. The temperatures at which these
initial growths were done cover the temperature range at which
most III-V dilute bismides are grown. Therefore, growers of metal-
rich, indium-containing dilute bismides may expect InBi droplet
formation that crystallizes onto their films upon cooldown. For this
study, however, we aim for coalesced films of InBi compound and
proceed to lower-temperature growths.

By reducing the growth temperature to 50 °C, the droplets
were observed to merge together to form films. Whether the films
coalesced or not was found to depend on the Bi:In flux ratio.
Coalescence of the samples increases with increased Bi:In flux, as
seen in Figs. 1(a)-1(d). We attribute this to the melting points of
the indium-bismuth eutectic system. The indium-bismuth phase
diagram®” shows that the melting point of the indium-bismuth
system is lower than that of both indium and bismuth. As the
bismuth content of an indium-bismuth melt is increased, the
melting point increases. Films with higher Bi:In flux ratios should,
therefore, have higher melting points.

Sample Growth temperature Bismuth BEP Indium BEP Bi:In BEP Growth duration Superconducting
1D (c) (1077 Torr) (1077 Torr) ratio (min) T. (K)

A 50 9.97 5.50 1.81 60

B 50 9.96 4.66 2.14 60

C 50 9.67 391 247 60

D 50 10.6 2.19 4.84 60 2.28

E 150 15.5 co 80
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FIG. 1. Surface SEM images of > 500nm thick indium-bismuth samples
grown with Bi:In flux ratios of (a) Sample A, (b) Sample B, (c) Sample C, and
(d) Sample D. Coalescence is seen to increase as the indium flux is lowered.
(e) XRD of InBi, grown at different Bi:In flux ratios. Purple peak labels indicate
XRD peaks of stoichiometric InBi. Samples from lowest to highest Bi:ln flux
ratios are labeled Samples A, B, C, D, and E, respectively (see Table |).

The crystalline compounds within the InBi, films were iden-
tified with XRD, as shown in Fig. 1(c). The four InBi, samples
studied had BiIn BEP ratios ranging from 1.81 to 4.84 and were
labeled Samples A-D, respectively (see Table I). Sample E, a pure
Bi sample, is shown for comparison and predominantly displays
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the Bi (111) and (222) peaks. We see that Samples B-D have inclu-
sions of pure Bi crystallytes, and as Bi:In flux ratios decrease, the
relative intensity of the pure Bi peaks decreases. The contribution
of pure Bi decreases until no clear pure Bi peak can be seen for
Sample A. For all InBi, samples, the InBi(111) peak is strongest,
but for Samples B-D, peaks corresponding to the InBi (110), (101),
(200), and (211) planes can be seen. For Sample A with the lowest
Bi:In ratio, these additional InBi peaks are not seen, but contribu-
tions from the In,Bi phase become apparent.

The different phases of indium-bismuth alloys that form
could also be a contributing factor to the coalescence of the InBi,
films. To further explore the phases within the film, we use TEM
and cross-sectional EDS. Cross-sectional EDS, shown in Fig. 2,
reveals that the film grown with 4.84 Bi:In BEP ratio (Sample D)
is bismuth-rich with an average of 55.7% Bi and 44.3% In, while
a film grown with 2.47 Bi:In BEP (Sample C) is indium-rich with
an average of 37.1% Bi and 62.9% In. The TEM of these two coa-
lesced samples are shown in Fig. 3. Sample D is highly crystalline
and shows a sharp interface with the Si(111) substrate. Sample C,
while also crystalline, shows more defects and a rougher interface.
This roughness could potentially be due to etching of silicon due
to excess indium. To confirm the structure of the two films, mul-
tiple SAD images were studied while rotating the film plane. The
Bi-rich InBi layer of Sample D was found to have a tetragonal
structure with an in-plane lattice constant of ¢ = 4.98 A and an
out-of-plane lattice constant of ¢ =4.81A. The structure and
lattice constants are in agreement with the expected values
(a=5.015A, c =4.771 A)" for the most stable tetragonal phase
of InBi. However, the Sample C is found to have a hexagonal
structure with an in-plane lattice constant of @ = 5.48 A and an
out-of-plane lattice constant of ¢ = 6.54 A, which is in agreement
with the expected hexagonal structure and lattice constants
(a=5455A, c=6.502A)"" for In,Bi.

Despite the clear indications of In,Bi in Sample C (In-rich)
under cross-sectional TEM, cross-sectional EDS, and selected area
diffraction, measurements of XRD showed strong evidence of near-
stoichiometric InBi. This puzzling behavior may be due to mixed
InBi phases throughout the film when the Bi:In flux ratio is low

&  Birich InBi @ inrichingi
100 ||—— Bismuth
------ Indium

80— Silicon

Atomic Percentage
Atomic Percentage

0 AT .4
0 100 200 300 400 500 600 700
Depth (nm)

0 AN
0 100 200 300 400 500 600
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FIG. 2. Depth-dependent EDS measurement and corresponding TEM images
of the In, Bi, and Si content of (a) Sample D and (b) Sample B.

J. Appl. Phys. 126, 103901 (2019); doi: 10.1063/1.5109542
Published under license by AIP Publishing.

126, 103901-3


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

=498A
i =481A (c)

In-rich
InBi

silicon

FIG. 3. (a) Selected area diffraction pattern and (b) cross-sectional TEM of
Sample D with a Bi:In BEP ratio of 4.84. A sharp interface can be seen, and
the SAD pattern shows the expected tetragonal phase of InBi. (c) Selected
area diffraction pattern and (d) cross-sectional TEM of Sample B grown with
a Bi:In BEP ratio of 2.14. The SAD pattern shows evidence of the hexagonal
In,Bi phase.

enough. This is supported by the appearance of mixed SAD pat-
terns for Sample C, as shown in Fig. 3(c). The larger fluctuations in
cross-sectional EDS atomic percentage for Sample C compared to
Sample D (Bi-rich), as shown in Fig. 2, may also be indicative of
phase mixing. However, such phase mixing within the crystallite
analyzed by TEM does not fully account for how large the InBi
peak seen by XRD was, so there could exist large crystals of InBi
outside of the areas that were examined by TEM.

B. Magnetotransport properties

Magnetotransport measurements were taken on a pure Bi epi-
taxial film grown by MBE as the control sample (Sample E), the
Bi-rich InBi sample (Sample D), and an In-rich InBi sample
(Sample C). The Bi layer of Sample E was grown to be 500 nm thick
by molecular beam epitaxy. Since those three samples were coalesced
films on high-resisitivity Si(111) substrates, the charge transport
occurs in the epitaxial layer and not the silicon. This is especially
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true for Sample D, which exhibits a sharp interface with the sub-
strate. However, we acknowledge that the Bi crystallites in the InBi
films that were previously detected by composition and structure
measurements will also contribute to the transport properties of the
InBi films. By comparing the InBi results to that of the control Bi
sample and maintaining that the InBi properties, both structural and
transport, overshadow the Bi properties in the InBi films, we aim to
elucidate the transport properties of InBi.

The Hall effect and magnetoresistance (MR) curve shapes of
the three samples show clear semimetallic behavior, indicated by
the nonlinearity of the Hall effect and saturating magnetoresis-
tance with B? dependence, as can be seen in Fig. 4. In general,
pure Bi (Sample E) has a lower carrier concentration than Bi-rich
InBi (Sample D), which has a lower concentration than In-rich
InBi (Sample C). This can be immediately seen in Fig. 4(a), where
the magnitude of p,, varies significantly between the three samples.
The transport data can be fit with the two-carrier model, given by
the following equations:

(g + puy) + (ot + pugiy)B*
e[(nu, + puy)* + (n — p)u2u2B?]

1

— nu,)B + wu(p — n)B?
Py = (ot — 1) B + pypt (p — 1) 2

el(mu, + puy)? + (n — pYu2B?]

where Py is the Hall resistivity, # is the electron concentration, p
is the hole concentration, u, is the electron mobility, u;, is the hole
mobility, and B is the magnetic field. Due to the sensitivity of the
fits when using two equations to fit four parameters, the individ-
ual mobilities of electrons and holes cannot be reliably reported.
However, the total sum of carriers in each sample at room
temperature can be extracted from the fits and plotted with con-
ductivity, as shown in Fig. 5(a). The total carrier concentrations
for Samples C, D, and E are 1.0 x 102 cm™3, 1.4 x 10! cm™3,
and 3.4 x 10%° cm 3, respectively. The conductivities and carrier
concentrations of Samples D and E lie between those of semicon-
ductors and metals, which is expected for semimetals. The carrier
concentration of Sample C is comparable to that of common
metals. The sensitivity of carrier concentration to InBi, composition
may explain why extreme magnetoresistance is not seen in these
samples despite being recently reported by Okawa et al.””> Extreme
magnetoresistance occurs in semimetals with nearly-compensated
electron and hole concentrations, so additional carriers resulting
from impurities and defects potentially masks the observation of
extreme magnetoresistance in these samples.

The resistivity vs temperature is shown in Fig. 5(b). Samples D
and E display semiconductorlike temperature dependence, indica-
tive of resistivity dominated by the thermal activation of carriers.
By fitting the resistivity vs temperature to an Arrhenius function,
we obtain a thermal activation energy of 8.7 meV for Sample E and
10.2 meV for Sample D. On the other hand, Sample C shows
metallic temperature dependence dominated by phonon scattering.
This temperature-dependent behavior agrees with the observation
that Sample C has a higher carrier concentration than Samples D
and E. The temperature dependence of Sample C can be fitted to
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FIG. 4. (a) Hall effect and (b) magnetoresistance of In-rich InBi (Sample C), Bi-rich InBi (Sample D), and pure Bi (Sample E). In the second row, the plot is zoomed in for
Sample C and zoomed out for Sample E in order to display the shape of the Hall effect.

Fermi liquid behavior, and the intercept of the fit allows us to The magnitude of the magnetoresistance (MR) also shows an
extract a residual resistivity ratio (RRR) of 30.3. This RRR is rather interesting difference between Samples C, D, and E. The MR per-
low yet consistent with our TEM images in Fig. 2(a), which shows centage, which is shown in Fig. 5(b) at a magnetic field of 5T and
that Sample C has more defects and a rougher interface than temperatures from 2 K to 300 K, is given by

Sample D. While a RRR for Sample D cannot be extracted from

the semiconductorlike temperature dependence, we maintain from

XRD, cross-sectional EDS, and TEM that the quality of Sample D MR = Pu(B) = P(0) x 100%, (3)
is much higher than that of Sample C. Pix(B)
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(Sample E) compared to InSb and various metals. (b) Magnetoresistance of
Samples C, D, and E at 5T for various temperatures. Bi shows a nearly mono-
tonic behavior. (c) Resistivity vs temperature of Samples C, D, and E.

where p,, is the longitudinal resistivity. The temperature depen-
dence of MR is quite simple for Sample E and almost monotonic.
The band structure of pure Bi is fairly well-studied, and the Fermi
surface of Bi(111) was shown to contain one electron pocket and
six hole pockets."™* The InBi samples (Samples C and D) show
more complex temperature dependence, perhaps due to a more
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FIG. 6. (a) Resistances at low temperature for Bi-rich InBi (Sample D) at
various fields between 0 and 5000 Oe. (b) Upper critical field vs critical tempera-
ture for Sample D. Black dots are experimental data extracted from the resis-
tance vs temperature curves in (a), and the red line is a Ginzburg-Landau fit to
the black dots.

complex Fermi surface. This would be in agreement with the the-
oretical calculations and photoelectron spectroscopy reports of
Nicolai et al.”” and Ekahana et al.,”’ which have discovered addi-
tional carrier pocket contributions and crossings in the band
structure of InBi that are not present in pure Bi. In terms of MR
magnitude, the three samples are somewhat comparable at low
temperatures, but in general, pure Bi (Sample E) has larger MR
than Bi-rich InBi (Sample D), which has larger MR than In-rich
InBi (Sample C).

On the other hand, as shown in Fig. 6(a), the onset of super-
conductivity is visible with the sudden drop of p,, at the lowest
temperatures in Bi-rich InBi (Sample D). Temperature-dependent
resistivity measurements were performed down to 0.45 K, using the
He-3 option of the PPMS, to measure the superconducting critical
temperature as a function of an external magnetic field. The results
of these measurements are shown in Fig. 6. The critical temperature,
T,, was defined as the temperature at which resistance was 90% the
resistance at 3.5 K, and the superconducting transition width, AT, is
the temperature difference between resistances 90% and 10% of the
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resistance at 3.5K. That is, T, = T2 and AT = T2** — T'%%, For
zero external magnetic field, a T, of 2.28 K and a AT of 1.17 K were
obtained. The superconductor is then quenched by magnetic fields
between 0 and 5000 Oe, and the temperature-dependent resistance
is plotted in Fig. 6(a). The T, at each magnetic field is extracted and
plotted in Fig. 6(b). The plot can then be fitted with the
Ginzburg-Landau function

1—(T/T.)?

H(T) = H.(0) 1+ (T/TC)Z .

(4)

The fit indicates an upper critical field H.(0) ~ 4.43 T. Previous
studies have reported superconductivity in indium-rich indium-
bismuth alloys, with T. measured to be between 5.6 and 59K for
the In,Bi phase and between 4.1 and 427K for the InsBis
phase.”**>*” Gandhi et al. reported that in multiphase indium-
bismuth alloys, the different critical temperatures of the phases
resulted in a steplike descent to the zero-resistance superconducting
state.”” Since Sample D transitions to its superconducting state in
one smooth step in Fig. 6(a), the superconductivity should be from
a single dominant indium-bismuth phase. Pure indium has a
T, ~ 3.4K, but no pure crystallites of indium were seen in Sample
D through XRD or TEM. Pure bismuth crystallites were seen in
Sample D by XRD, but the T, of pure bismuth was measured to be
much lower at 0.00053 K by Prakash et al.,"’ so pure bismuth cannot
be responsible for the T, measured here. Furthermore, because no
superconductivity was seen in Sample C, which should contain more
pure In, In,Bi, and InsBi crystallites, this suggests that the supercon-
ductivity observed in Sample D comes from the InBi phase. Previous
studies of InBi superconductivity have suggested that the T. was less
than 1.5 K™ but could be raised up to 3.5K at 10 GPa of pressure.’
The higher T, observed here for Sample D compared to bulk-
synthesized InBi crystals could either be from higher carrier concen-
trations, higher InBi crystallite quality, or strain within the films.

IV. CONCLUSION

Coalesced InBi films on high-resistivity Si(111) substrates by
molecular beam epitaxy have been attained. The indium flux
during growth was responsible for large variations in morphology,
crystal structure, temperature-dependent transport, and carrier con-
centration. The highest-quality InBi epitaxial layer, grown with a
Bi:In flux ratio of 4.84, coalesced in the tetragonal InBi phase with
a smooth, epitaxial interface on the Si(111). These InBi layers are
comparable to Bi in terms of temperature-dependent resistivity but
have smaller magnetoresistance, higher carrier concentrations, and
potentially more complex Fermi surfaces. Bi-rich InBi films dis-
played single-phase dominated superconductivity with a T, higher
than previously seen for the InBi phase at atmospheric pressure.
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