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Abstract
InBi is a semimetal with topologically non-trivial electronic surface states, which is also chemically
and structurally compatible with conventional III-V semiconductors. Single crystal InBi has been
grown and its (001) cleave surfaces studied. They do not conform to the single Bi-Bi cleave plane
previously assumed in band structure studies of thematerial but instead expose both In- andBi-
terminated surface regions. Crystals cleaved in ultra-high vacuumhave been used as substrates for
ultra-low temperature homoepitaxy via periodic supply epitaxy (PSE)with alternate Bi and Influxes.
Homoepitaxial growth of good quality InBi was not achieved under these conditions. The 3D and 2D
surface structures produced by PSEwere studied by reflection high energy electron diffraction and
atomic forcemicroscopy. By studying InBi homoepitaxy for the first time, this work highlights the
challenge of growing high quality InBi epilayers beyond the ultra-thin heteroepitaxial layers recently
demonstrated [Molecules 2024, 29(12), 2825].

1. Introduction

Topological insulators and semimetals can support electronic surface and interface states with remarkable
properties such asDirac-like dispersion, suppressed backscattering, and spin-momentum locking [1]. They
have been the subject of strong interest in the condensedmatter physics community [2, 3] and numerous
potential applications have been proposed [4–6] including lowpowermemory / processing [7, 8] and
thermoelectric energy harvesting [9–11]. However, serious challenges inmaterial synthesis, stability and
compatibility remain in developing practical technologies with suchmaterials [12–14]. It has long been
recognized that thin-filmmaterials compatibility is very important [15–18] andmonolithic integrationwith an
existingwell-established electronicmaterials system is amajor advantage. One such system is the III-V
semiconductors, for which epitaxial growth of highly controlled heterostructures is routine, for example by
molecular beam epitaxy (MBE). Epitaxial topologicalmaterials can have properties adjusted by film thickness,
for example via quantum confinement of bulk states and tunable coupling of upper and lower interface
states [19].

Among the III-V compounds only InBi is not a semiconductor (i.e. does not show a nonzero band gap), and
recently it has been shown to support topologically nontrivial states [20]. InBi is chemically compatible with
other III-Vmaterials. In particular, both In andBi are routinely used in III-VMBE, and somany existing growth
reactors could support InBi growthwithoutmodification. Structural compatibility between tetragonal InBi and
cubic III-Vmaterials is also good, with two possible epitaxial relationships found on InSb(001) [21]whichmay
facilitatemonolithic integration.However, InBi growth byMBE is difficult, partly because itsmelting point is
only 109°C [22], which ismuch lower than typical substrate temperatures used for III-VMBE. Several groups
have attempted heteroepitaxial growth of InBi fromultra-thin 2D layers to thick films [23–25]. Reflection high
energy electron diffraction (RHEED)patterns disappear almost instantaneously on InBi deposition byMBE and
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surfaces are prone to droplet formation [23]. Thicker layer growth of InBi can be achieved by an overpressure of
Bi, increasing themelting point and preventing droplet formation, but also increasing the density of pure Bi
phasewithin the film [24].

Interestingly, latticemismatch did not have a significant effect on the quality of InBiMBE-grown films [23].
Growth on (100) yttria stabilized zirconium (effectivemismatch only 3%) reportedly yielded similar film quality
to growth onGaAs (effectivemismatch 13%) [23]. Thismay relate to the natural cleavage of InBi, in its (001)
plane, which corresponds toweaker chemical bonding bothwithin thematerial and across its interface with the
substrate, allowing largemismatches to be accommodated in amanner similar to van derWaals epitaxy. Ultra-
thin epitaxial InBi with higher crystal quality has recently been grown on InSb(001) substrates by low
temperatureMBE and periodic supply epitaxy (PSE) [21]. Depending on the growth conditions, different in-
plane epitaxial orientations of the InBi(001) layers arose, highlighting theweaker film-substrate interaction. It
must also be noted that InBi does not adopt either the B3 zincblende or B4wurtzite structures of the other III-Vs.
Instead it is tetragonal, space group P4/nmm,with a= b= 5.01Å and c= 4.78Å [20, 26].

Recently, InBi(001) has been formed epitaxially on InAs(111), in domain structures alongside Bi(111) [27].
The band structure was investigated by angle resolved photoemission spectroscopy (ARPES) and topological
surface states found near the M high symmetry point of InBi. Thesewere associatedwith a predominantly Bi
bilayer-terminated (001) surface as opposed to the Bimonolayer (ML) terminated surface previously assumed
[20]. The crystal structure and (001) surface terminations of InBi are shown infigure 1. The BiML termination is
generated by cleaving the crystal between the Bi(1) andBi(2) layers, resulting in a step height of 3.80+
0.98= 4.78Å. However, an average step height smaller by a factor of 2was observed by scanning tunneling
microscopy (STM) for InBi(001) on InAs, togetherwith distinctly different atomic-scale contrast on alternating
terraces [27]. This is explained by terminationwith both In andBi bulk layers. Assuming some relaxationwithin
the Bi(1)+Bi(2) bilayer, this gives step heights of 2.2 to 2.6Å. Co-existing V-rich and III-rich surface domains
can only be observed on III-V semiconductors in non-equilibrium situations, such as being quenched in during
3D island nucleation [28] or during a reconstruction transition [29], or in the presence of liquidmetal droplets
which locally alter the chemical potential [30, 31]. InBi appears to be an exception to this rule.

The results demonstrated for InBi onGaAs, InSb and InAs suggest that integration of InBi with the family of
III-V semiconductors is a realistic goal. However,more needs to be understood about its epitaxial behavior and
about the growth of III-Vs on InBi surfaces. Bulk single crystals of InBi provide a useful tool to address both
questions. In this paperwe describe growth of bulk InBi crystals and homoepitaxial growth of InBi on their
cleaved surfaces by PSE. This allows us to test homoepitaxial growth of InBi byMBE /PSE, which has not
previously been attempted.While we do not study the heteroepitaxial overgrowth of III-V semiconductor
materials on InBi in this work, in order to understand and optimize this growth the nature of the cleaved surface
of InBi(001)will need to be understood.We therefore study this cleave surface in the present paper and show
that the cleaved crystal terminates with both In andBi bulk layers. This result was previously observed for
epitaxialmaterial [27] and has implications for both heteroepitaxial integration and for surface-sensitive ARPES
studies of the topological electronic surface states of cleaved InBi.

2. Experimental section

Single crystals of InBi were grownby themodified Bridgman technique [32]. Amixture of In (99.99999%,Wafer
Technology Ltd.) andBi (99.9999%, American Elements)with amolar ratio of 1:1 was sealed inside an evacuated
quartz tube. The sealed tubewas placed into a box furnacewhichwas then heated to 220 °Cand held for 12hrs.

Figure 1.Crystal structure of InBi. A unit cell is shown on the left with a cross-section on the right, forwhich the twoBi layers are
highlighted alongwith plane spacings between different In andBi layers. The numbers refer to distances parallel to c from the long
black line, inÅ.
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The furnacewas then slowly cooled to room temperature at 2 °Cper hour. Crystals could be cleavedwith a razor
blade both in ambient conditions and inUHV, the latter using a blademounted on awobble-stick in the sample
storage chamber of theMBE system. For this procedure, samples weremounted to carrier plates using vacuum-
compatible conductive epoxy glue (figure 2(A)).

Epitaxy studies were performed using shuttered effusion cells for Bi and In. All growthwas performedwith
the InBi substrate crystals at 60°C, asmeasured by a thermocouple close to the sample position. For all
experiments reported here, PSEwas used, i.e. substrates were sequentially exposed to Bi or Influxes [21], rather
than conventionalMBEwith coincident fluxes. The background pressure was 2×10−8 Pa. The growth ratewas
estimated from the suppression of SbXPS signal in previous heteroepitaxy work on InSb substrates [21] andwas
around 4 InBiMlmin−1.

Bulk samples were analyzed using x-ray diffraction (XRD) and Laue diffraction, circular polarized
differential interference contrast (C-DIC)microscopy, scanning electronmicroscopy (SEM) and atomic force
microscopy (AFM). Epitaxial samples were additionally analyzed byRHEED,with patterns recorded before and
during PSE growth using a 5 keV electron beam. X-ray photoelectron spectroscopy (XPS)was applied in an
analysis chamber attached to theMBE system.Work functions of several cleaved InBi crystals were also
measured byKelvin probe, and their room temperature resistivitymeasured by four-point probe.

3. Results and discussion

Crystal boules of up to 10mmdiameter were grown. Examples are shown infigure 2(A). Sample cleaving in
ambient air using a sharp blade usually producedmirror-like surfaces. Rough fracture features sometimes
appeared, particularly when cleaving in vacuumwhere blade alignment ismore difficult. Although in-vacuum
cleaves did not always produce usable substrates, substantialmirror-like areas at least severalmmacross
normally resulted allowing PSE andRHEED experiments.

Thework function of several cleaved InBi(001) crystals wasmeasured under flowing nitrogen to be 4.46±
0.08 eV. The variation between cleaves or samples was a few tens ofmeV. Liu, Zheng and Jiang [33] calculated
work functions for the (110) cleave surfaces of 12 III-V compounds in the zincblende (zb) structure, including
III-Bi compounds. They found that work function correlatedwith cohesive energy for all thematerials, with zb-
InBi the lowest among the 12 (2.71 eV/atom and 4.32 eV respectively). Even though InBi does not form a
zincblende structure, its work function should be low among the III-Vmaterials because of its lower cohesive
energy. The experimental value for the tetragonal InBi(001) cleave surface found here is not far from that of the
calculated zb-InBi(110) cleave surface.

The average value value of room temperature resistivity was 1.4 μΩm, closely comparable to the value of low
temperature resistivitymultiplied by residual resistivity ratio as reported by Ekahana et al [20]whichwas taken
as an indication of high crystal quality.

Figure 2.A. Photograph of an InBi crystal cleaved in air (top) and onemounted on anMBE sample plate and cleaved in vacuum
(bottom). B. Laue diffraction from a typical InBi bulk crystal. C. Single crystal XRDof an InBi samplewith [00L] reflections labelled.
D. C-DICmicrograph of a cleaved InBi bulk crystal (scale bar 20μm). E. SEM image of a cleaved InBi bulk crystal (scale bar 200 nm).
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ALaue diffraction pattern froma cleaved crystal is shown infigure 2(B) and exhibits the expected fourfold
symmetry, with intense diffraction spots on a low background. In infigure 2(C)we showXRD results from a
large InBi crystal, with the source and detector symmetrically disposed about the cleaved surface normal. The
expected (00l) reflections are observed (l= 1–4). Four additional peaks are seen atmuch lower intensity,
representing impurity phaseswith probably less than 1%of the sample volume. Themost likely candidates are
unreacted In andBi: 39° for In (110), and 22.8°, 46.2° and 71.8° for the (00l) family of Bi. Figure 2(D) shows a
C-DICmicrograph froma cleaved surface. Large terraces are separated by fracture features. The ‘optical’ terrace
width is typically tens ofμm, although this can varywidely depending on the cleave quality. Higher resolution
SEM is shown infigure 2(E), which reveals steps or step bunches separated by flat terraces severalμmwide.
However, contrast can be seenwithin a single terrace, with brighter patches up to about 200 nmacross covering a
few%of the terrace area.

A typical XPS survey scan from a InBi(001) surface prepared by cleaving in vacuum is shown infigure 3.
Strong doublets for In 3d andBi 4f dominate the spectrum.Quantification using approximate relative sensitivity
factors is consistent with stoichiometric quantities of In andBi, as expected. The In 3d3 andBi 4f5 peaks can be
fittedwith single asymmetric peaks: there is no evidence for chemically shifted or surface shifted components at
the energy resolution of the XPS systemused (1.2 eV FWHMforAg 3d). Contaminant peaks (OandC 1s) are
absent. They do not appear after PSE experiments, but the In:Bi ratio is affected by PSE. Thismeans that In and
Bi layers, clusters or droplets are sticking to the InBi surface and affecting themeasured stoichiometry. Further
XPS results are shown in Supporting Information.

AFM topographs, alongwith line profiles, are shown infigure 4 for samples of cleaved InBi(001). The overall
topography is very flat and only small-scale images are shown. These images were obtained in ambient
conditions, which leads to some streaky noise in the images, and steps are somewhat rounded by tip
convolution. Still, the vertical resolution is sufficient to reliablymeasure step heights between adjacent terraces.
Panels A andD showwhat appears to be a single terrace, i.e. no long, straight steps or step bunches due to the
cleave pass through the image.However, shallow pits withwidth tens of nm can be observed. A line profile
through these reveals them to be approximately 0.24 nmdeep. Panel B shows a step of fullMLheight (≈ 0.5 nm)
running roughly vertically, but shallower pit / terrace features are visible on the upper and lowermain terraces.
Again, their depths are about halfML step height. Figure 4(C) shows a double-ML step running approximately
vertically (height just under 1 nm). Pits of 1ML and half-ML depth are again visible on themain terraces. This
shows the ubiquity of half-MLheight steps on cleaved InBi(001), demonstrating the necessity of terminating the
surfacewith both atomic species (figure 1).

RHEEDpatterns during PSE of InBi on a typical cleaved InBi(001) substrate are illustrated in figure 5. After
the initial cleave, strong surface diffraction andKikuchi features are clear. TheKikuchi patterns are different in
detail from standard III-V semiconductors with the zincblende structure. For example, in figure 5(A), left panel,
the broad central vertical bright streakflanked by darker triangles is similar to that observed in a 〈110〉 azimuth
for cubic III-Vs. However, the characteristic single dark triangle of the cubic III-V 〈100〉 azimuth does not
appear for InBi 〈100〉. The in-plane lattice parameters derived fromRHEEDare a= 4.94± 0.06Å and b= 5.03
± 0.06Å, which are identical within the error bar and consistent with previous determinations [20, 34]. Under
all PSE conditions, only (1×1) periodicity was observed. On very limited regions of a few cleaved surfaces, one or
two parallel streaks separated by a small fraction of the integer order spacing (typically one tenth to one

Figure 3.XPS survey scan of InBi(001) cleaved in vacuum. In andBi photoelectron peaks are labelled in black, while absent
contaminants are highlighted in red.
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twentieth)were observed flanking themain streaks. An example is shown in Supporting Information. These
small separations in reciprocal space correspond to long-range periodicities in real space. Themost likely
candidate is small patches of quasi-periodic step-terrace arrays from the cleave.However, no low-order
fractional streaks were observed on any samples, confirming that the InBi(001) surface does not reconstruct.
This is consistent with low energy electron diffraction (LEED) and STMresults for InBi(001) on InAs(111) [27].
Figure 5(B) shows the RHEEDpatterns after a short exposure to the Biflux.Most of the Kikuchi features are
suppressed, presumably owing to the strong scattering from surface Bi atoms. The streaky pattern is replaced by
an array of features which can be attributed to transmission diffraction. These are laterally extended, indicating
some in-plane disorder. In-plane lattice spacings are indicated in red: 4.1± 0.1Å and 2.8± 0.1Å . The
transmission diffraction allows the out-of-plane lattice spacing to be estimated, at around 6.1Å. A second set of
sharper features is superimposed on these transmission diffraction features. Their in-plane spacings are
consistent with InBi(001), and their positioning is consistent with the original streaks (particularly obvious in
the [110] and [100] azimuths). Therefore they can be attributed to exposed regions of the substrate. This RHEED
pattern implies formation of crystalline Bi nano-clusters on the surface. A cubic Bi structurewith a= 3.18Åwas
previously reported [35, 36]. If the out-of-plane parameter were doubled and a very large in-plane strain of 12%
were present, such a structurewould be consistent with the observed RHEEDpattern.Nano-scale Bi clusters
have been observed to transition between rhombohedral and cubic structures at a critical size of 8.4 nm, and
structural instability is reported below 6nm [37, 38]. Such effectsmay account for the apparent high strain and
in-plane disorder in the RHEED.

The subsequent indiumflux planarizes the surface, as shown infigure 5(C), with the transmission diffraction
features completely disappearing. A similar effect was previously observed for heteroepitaxy of InBi on InSb
[21]. However, the pattern does not recover to the quality of the cleaved surface. In particular, the Kikuchi
features are weakened significantly and the intensity of the surface diffraction features is reduced. Furthermore,
faint powder diffraction rings are also visible, particularly in the [010] direction, which likely indicates
polycrystalline (non-epitaxial) InBi grain formation.

The results of a further cycle of Bi (45 s) and In (45 s) deposition are shown infigures 5(D) and (E). Integer
order surface diffraction features remain visible, with no significant changes in lattice parameter, but the
continuous background intensity becomes even higher suggesting amore disordered structure. Ring-like
intensitymodulation implies a continued polycrystalline contribution to the diffraction. In the limited number
of epitaxy experiments performed (since each requires a new bulk crystal cleave) it was not possible tofind a PSE
protocol which preserved streaky RHEEDpatterns beyond the first cycles of deposition. This suggests that
homoepitaxy under these conditions is difficult, with surfaces rapidly degrading via 3D growth. The result is
consistent with the degradation of RHEEDpatterns typically observed in heteroepitaxy of InBi on InSb(001)
after severalMLdeposition [21] andwith earlier studies on InBi heteroepitaxy byMBE [23]. Figure 6 shows an
AFM topograph after PSE on a cleaved InBi(001) crystal together with three height profiles. Rather than step-
terrace arrays, the sample topography is nowdominated by clusters, confirming the 3D growth inferred from
RHEED. Some have rectangular symmetry, such as the island beneath line profile 1, and clear terraces. These

Figure 4.AFM topographs and line profiles for InBi(001) cleaved in vacuum.The straight lines superimposed on the vertical profile
traces inD - F indicate full-ML steps (0.48 nm, solid lines) and half-ML steps (0.24 nm, dashed lines).
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appear to be epitaxial islandswhose symmetry compatible with either In or InBi. In the case shown infigure 6,
the height of the uppermost terrace is around 20 nm, around 40 InBiMLs.More common are rounded droplet-
like clusters. Two examples are highlighted by profiles 2 and 3, showing typical heights of a few tens of nm and
similar widths. It is not clear which types of cluster are associatedwithwhich element (or indeed if one type
InBi). A very rough estimate from theAFM topographs suggests that around 1MLofmaterial is contained in the
small clusters and another 1ML in rectangular terraced islands. For the PSE durations employed, this leaves
around 1MLofmaterial incorporated by 2D growth. It was not possible to clearly identify any half-ML steps
between the underlying terraces, although imagingwasmore difficult in the presence of the 3D clusters. It is
plausible that the incorporation ofmaterial via 2D growth is sufficient to relieve the two-species termination of
the cleaved crystals butmore detailed experiments (for example, with in situ STM) are needed to test this.

Figure 5.RHEEDpatterns during PSE on cleaved InBi(001). Four beamazimuths are shown for each of (A) a cleaved surface, (B-E)
subsequent depositions of Bi and In, with cumulative exposure times noted in the row captions. Black and red dashed lines highlight
periodicities.
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4. Conclusions

High quality InBi bulk crystals have been grown by themodified Bridgman technique. They are readily cleaved
on the [001] plane. The cleaved surfaces show terminationwith both In andBi atomic planes, as evidenced by
half-MLheight atomic steps. This is similar to the termination observed by STM for InBi grown epitaxially on
InAs [27] and unique among III-V polar bulk terminations. This result implies that heteroepitaxial growth of a
III-V semiconductor on top of InBi(001)must account for themixed termination, whichmay promote
antiphase domains or other extended defects, as found in III-V / IV heteroepitaxy [39, 40] and other
heteroepitaxial systems [41, 42]. As explored for heteroepitaxial InBi(001) on InAs(111)A, the surface
termination of InBi affects the band structure observed inARPES [27], and the present work shows that this
should also be true for studies of cleaved InBi(001), hence possibly requiring reinterpretation of existing
results [20].

Homoepitaxy of InBi on InBi(001) surfaces prepared in vacuumby cleavingwas hampered by rapid
formation of 3Dnano-structures possibly comprising In or Bi and InBi. The difficulty of homoepitaxial growth
of InBi is confirmed by these results, whichmust also translate to heteroepitaxial growth after the underlying
substrate is completely covered [21, 23, 24]. It is not yet clearwhether exposure to Bi or Influxes can remove the
half-MLheight steps present after cleavingwithout also promoting cluster / droplet formation. Because the
surface states depend strongly on the surface termination [27] this could be used to tailor the topological
properties.
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