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ABSTRACT

a-Sn, the diamond structure allotrope of Sn, is a zero-gap semiconductor with band inversion.
Theoretical predictions suggest that epitaxial tensile strain induces a transformation to a
topological insulator phase, while epitaxial compressive strain induces a transformation to a Dirac
semimetal phase [1,2]. Furthermore, when this Dirac semimetal phase is confined, it forms a quasi-
3D topological insulator phase[3,4]. Currently only these latter two phases have been
experimentally verified. In this project, the aim has been to obtain a better understanding of the
effect of strain and film thickness on the a-Sn band structure. Compressively strained films are
grown epitaxially by molecular beam epitaxy (MBE) directly on closely lattice matched InSb(001)
substrates. The tensile strain is induced by alloying the a-Sn with isovalent Ge (a-SnixGex), which
has a smaller lattice parameter. Hence, this alloying decreases the bulk alloy lattice constant,
resulting in a tensile strained film when grown epitaxially on InSb. Both of the topological
insulator phases are predicted to have a large bandgap (at low thicknesses due to quantum
confinement) and surface states with carriers having a high group velocity (low effective mass and
high mobility). The a-Sn based system is also expected to have less alloy disorder and anti-site
defect issues as compared to the prototypical chalcogenide topological insulator system,
(B1,Sb)2(Se,Te)s. In order to more precisely study the electronic structure of a-Sn and a- SnjxGex,
high quality single crystal films are needed. Hence, the initial studies were to optimize both the
InSb substrate surface preparation prior to growth and the conditions during growth. It was found
that a-Sn growth on Sb-terminated InSb(001) surface decreased indium segregation and thus
widened the growth window for a-Sn. This was verified both by angle resolved photoelectron
spectroscopy (ARPES) and quantum oscillations in low temperature magnetotransport. These
unalloyed a-Sn films provided answers to longstanding questions in the literature on the details of
the electronic structure and provided a good baseline to compare to tensile strained o-Sni«Gex
samples. Initial a-SnixGex (0-SnGe) alloy growths were performed and characterized via ARPES
and scanning tunneling microscopy (STM) and spectroscopy (STS) without exposure to air. These
preliminary results show good agreement with theoretical predictions, but further analysis is still
necessary. The knowledge of the electronic bulk and surface state band structures of topologically
non-trivial a-Sn and a-SnGe is essential for eventual spintronic and quantum computing
applications.
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1. INTRODUCTION

The linearly dispersing topologically non-trivial surface states (Dirac fermions) that form on three
dimensional (3D) topological insulators (TI) surfaces can have many applications in spintronics
and quantum information systems [5,6]. Theoretical predictions and experiments have shown that
a-Sn (Fd3m, 1 bilayer (BL) = 9.5x10'* atoms/cm?, Fig 1b) goes through multiple topological
phase transitions between zero gap semiconductor, two dimensional (2D) TI, 3D TI, 3D Dirac
semimetal (DSM), 2D DSM, and trivial insulator as a function of biaxial strain, orientation, and
film thickness generating much interest as a testbed for topological phase transitions [1,2,4,7-11].
Exact results vary by research group, measurement technique, and crystallographic orientation. As
a-Sn is a single element, it does not suffer from off-stoichiometry, compositional uniformity, and
other defects seen in the
compound topological
materials. This, along with the
high band velocity (long mean
free path) makes it very
attractive  for high-mobility
Dirac fermion transport studies
and spintronics. Indeed, it has
already shown remarkable
switching efficiencies at room
temperature, comparable to the
chalcogenide TI's [12,13].

Figure 1 a) a schematic of the band structure changes of a-Sn. Biaxial compressive strain opens up MOSt (X—Sl’l iS StUdied either il’l
a gap in plane and band crossings out of plane, forming a Dirac semimetal. Confinement by

reducing film thickness gaps out the bulk Dirac crossings, forming a topological insulator. the bulk or as a thln ﬁlm
Alternatively, a topological insulator is formed by applying biaxial tensile strain. b) The diamond compressively strained to a

crystal structure of a-Sn, the layer corresponding to 1 bilayer (BL) is shown.

slightly  lattice ~mismatched
substrate. Bulk-like a-Sn is a zero-gap semiconductor with band inversion at the I' point [14].
Biaxial compressive strain opens up a gap in the in-plane direction while causing band overlap in
the out-of-plane direction. This band overlap takes the form of Dirac crossings, forming a 3D
DSM [7].0f particular emphasis in the literature: compressively strained a-Sn confined to a
thickness approximately less than (1/kpp)—where kpp is the position of the DSM Dirac point in
the bulk band structure—transitions to a quasi-3D TI [15,16]. In addition, tensile strain is predicted
to form a true 3D TI phase (band gap in all directions, at all film thicknesses) [1,2]. These
transitions are shown schematically in Fig 1a. While the compressively strained DSM phase and
quasi-3D TI phase have been often studied, the agreement between different studies is lacking.
Therefore, as part of this study, we sought to more closely study pure a-Sn so that we might
precisely determine the specifics of the band structure before alloying with Ge.

George de Coster at the Army Research Lab (ARL) has developed simulations which take into
account film thickness, strain level, and film orientation. These simulations indicate that quantum
confinement combined with tensile strain results in a large (=300 meV) indirect bulk bandgap for
10-15 bilayers (BL, Fig. 1b) of Sn at 0.5% in plane tensile strain [17]. We aim to achieve this
tensile strain by alloying a-Sn with isovalent Ge, shifting the bulk lattice constant to be smaller
than that of the InSb substrate. In this case (10-15 BL), alloying Ge should preserve the quasi-3D



TI state while perhaps inducing slightly gapped surface states. In the thicker case (3D DSM),
alloying Ge to apply tensile strain to the film should transition the DSM to a true 3D TI with a
smaller bandgap (50 BL, 50 meV gap [17]).

Angle resolved photoelectron spectroscopy (ARPES) is an excellent technique for studying
topology in materials as it directly measures the band structure and the existence of topological
surface states [18,19]. Measuring the band structure via ARPES will readily elucidate changes in
the Fermiology of our @-Sn and a-SnGe alloys to detect changes in the topology. To our
knowledge, these will be the first @-SnGe thin films studied by ARPES. However, ARPES is a
very surface sensitive and somewhat local measurement, which can sometimes obscure important
features in the bulk band structure. Due to this surface sensitivity, ARPES must be performed on
films with pristine surfaces that have not been exposed to the ambient. In our measurements,
ARPES is performed via vacuum suitcase (base pressure <5x10!! torr) transfer to synchrotron
ARPES beamlines to preserve the surface cleanliness.

ARPES is a relatively local probe technique (beam radius approximately 100 pm), which in
addition to the aforementioned surface sensitivity necessitates other characterization techniques to
confirm the results. To supplement the ARPES measurements, bulk sensitive magnetotransport
measurements were performed. Using Shubnikov-de Haas oscillations at low temperature, the
carrier density and Berry phase of each band can be found from the frequency and phase,
respectively, of the individual oscillation. The effective mass of each band can be found from the
temperature dependence of the oscillations, the filling of each band by the oscillation frequency,
and the 2D-ness of each band from the angular dependence of the oscillations. These results can
then be directly compared to the ARPES measurements.

These measurements were further supplemented by in-situ reflection high energy electron
diffraction (RHEED), and scanning tunneling microscopy (STM) and spectroscopy (STS), and ex-
situ x-ray diffraction and in the near future with transmission electron microscopy (in-progress).

Furthermore, a-Sn is the low temperature stable allotrope of Sn. a-Sn transitions to a topologically
trivial, metallic, superconducting, tetragonal phase (B-Sn) above 13.2 °C. Fortunately, this phase
transition temperature can be raised upwards of 100°C by epitaxial stabilization via molecular
beam epitaxy (MBE) growth of a-Sn (a=6.4892 A) on closely lattice matched substrates like InSb
(a=6.4794 A) and CdTe (a=6.482 A) [20]. While CdTe is a good substrate by lattice constant (and
indeed has been used frequently for a-Sn growths in the past) the generally poor crystal quality
with irremovable Te inclusions in the substrate create issues of reproducibility of the film growth.
These Te inclusions may serve as nucleation sites for B-Sn [21]. Conducting CdTe substrates are
also not readily available, complicating most surface science studies due to charging effects. Thus,
the substrate used in this project has been conducting InSb.

We first optimized the growth of a-Sn on InSb(001), and then began growing a-SnGe on the same
substrate. Although the epitaxial stabilization generally raises the o= transition temperature from
13 °C to >100 °C [20], growth is still generally performed at temperatures at or below room
temperature (RT) [22]. This is also done to reduce any segregation of In and Sb from the substrate
into the Sn film. Indium serves as a p-type dopant while antimony serves as an n-type dopant [23].
The presence of large amounts of indium has also been found to harm the structural quality of the
a-Sn film, likely through an antisurfactant-like mechanism [24]. ARPES is a filled state
measurement, thus if the Fermi level is below the Dirac node of the surface states (roughly located
near the bulk valence band maximum), changes to the node will be difficult measure. Since the



presence/absence of a gap in the surface states is a key parameter in topological phase transitions,
it is essential that it is experimentally visible. In addition, many proposals to make use of
topological insulators rely on transport of just the spin-polarized surface states. In this case, the
chemical potential should be in the bulk bandgap to reduce the bulk carrier density. The “undoped”
chemical potential is expected to be at the Dirac node (which is just above the valence band
maximum, VBM). Thus, p-type doping due to indium segregation from the substrate should be
avoided as much as possible, while n-type doping due to antimony segregation is, if anything,
beneficial as it would raise the Fermi level. Indium segregation is typically limited by using a
bismuth or tellurium surfactant layer deposited before Sn growth proceeds or by co-doping the Sn
with tellurium during growth. Bi possibly obscures certain signatures of Sn due to its high spin-
orbit coupling (SOC). Te may possibly have a similar issue, as Bi/Te samples have a higher
measured surface state group velocity [22]. Te also forms very stable compounds with Sn, Sb, and
In, leading to potential issues with impurity phases [25,26]. These dopant procedures are generally
combined with the low temperature growths discussed above. Low temperature growth does,
however, also appear to result in lower structural quality of the films [27]. Thus, none of these
“solutions” are ideal. Adding a Ge effusion cell to begin growing a-Sni.xGex also effectively
doubles the heat load on the sample due to the additional hot Ge effusion cell, making very cold
substrate temperature growths more difficult.

After optimizing the growth temperature, growth rate and the InSb(001) substrate surface
termination, we have successfully been able to grow high quality a-Sn directly without the addition
of Te or Bi. This approach may allow higher growth temperatures of a-Sn and a-SnGe, without
incorporating high concentrations of In. As discussed below, we have obtained some of the highest
resolution ARPES measurements which confirm the topological insulator state of thin a-Sn. We
possibly observe the topological surface state from the a-Sn/InSb interface. We then initiated
alloying Ge into the Sn films to induce the tensile strain. Ge alloying was found to cause surface
roughening, but high quality ARPES spectra are still observable. The initial ARPES and STS
spectra agree with the prediction of a topological insulator state in tensile strained a-Sn.

2. OPTIMIZATION OF a-Sn GROWTH
2a. Growth Temperature

As a-Sn is the stable low temperature phase of Sn, control of temperature is critical to growing
high quality films. It is possible that growing at higher temperatures could preferentially nucleate
B-Sn over a-Sn. In addition, it has been reported that higher temperature growths led to severe
segregation of In and Sb from the InSb substrate into the a-Sn thin film [22]. In the vertical VG-
V80 MBE used for our growth, rotating the sample to face the liquid nitrogen cryopanel for
cryocooling was not possible. Thermocouple measurements at these low temperatures are not
accurate as it is not in physical contact with the sample. Two main “growth temperatures” were
investigated through the course of our work 1) “room” temperature and 2) the “coldest”
temperature. “Room” temperature was achieved by 1 W of radiative backside heating while being
radiatively cooled by the cryopanel resulting in a substrate thermocouple reading of ~23 °C. The
sample temperature is probably higher as liquid gallium (Tmeit = 29.8°C) held at this temperature
did not freeze. The “coldest” temperature consisted of a thermocouple reading between -15 and —
23 °C depending on the thermal history of the chamber (i.e. first growth of the day or fifth growth
of the day). This was achieved by no substrate heating, loading in the sample to the MBE chamber,
and letting the sample radiatively cool for approximately 30 minutes. The cooling power was such



that liquid gallium starting at ~80 °C froze in under 10 minutes of this passive cooling. Growth at
“room” temperature of 6 BL of a-Sn on an In-terminated InSb(001)-c(8x2) surface (not shown)
resulted in the Sn surface morphology seen by others [22,28], with small “nuggets” dispersed
throughout the sample. This could be evidence of In-Sn droplets,nucleation of B-Sn or strain
induced by the Sn-dimer surface reconstruction.

2b. Growth Rate

a-Sn grows in a layer-by-layer fashion on InSb(001) [27,29]. This behavior was confirmed for our
growths via reflection high-energy electron diffraction (RHEED) oscillations. However, the
morphology of a-Sn is not as smooth as the RHEED oscillations might imply. The a-Sn(001) had
a morphology, shown in Fig 2e and Fig 2f, of BL terraces decorated with a wormy structure. This
morphology is typical for this substrate and orientation [11,22,28]. By looking at the distribution
of heights in Fig 2f, we find that one “layer” of the grainy structure approximately corresponds to
1 BL of a-Sn. Further studies to confirm the relation between the wormy structure and the growth
mechanism are in progress. At the “coldest” temperature layer-by-layer growth was found to be

«'.'."'
InSb [110] InSb [100] Sn [100]
InSb(001)-c(8x2)/(4x2) a-Sn(001)-(2x1)/(1x2)

—
Sn [110) Sn [100]

a-Sn(001)-(2x1)/(1x2)

BT X ]
‘\' t.{é‘
\ _'z.».:.. oL

Figure 2 a), c) the RHEED pattern for the InSb-c(8x2) and InSb-c(4x4) reconstructions. b),d) the RHEED pattern for
the mixed (2x1)/(1x2) reconstruction after 13 BL of Sn is deposited. No difference in pattern is evident. e) a 1000
nm x 1000 nm in-situ STM scan at 100 pA and 3 V f) a 100 nm x 100 nm scan under the same conditions

sustained for growth rates from 0.5 BL/min to 1.5 BL/min, but above 2 BL/min no oscillations in
the RHEED intensity were observed. No clear dependence of oscillation amplitude and damping
was found as a function of temperature, contrary to a prior report [27]. However, from an adatom
mobility argument one would expect better layer-by-layer growth at higher temperatures (in the
absence of dewetting).



2c. Effect of InSb Surface Termination on In and Sb Incorporation

After optimizing growth rate and a)  InSb(001)c(8x2)— In-rich o b)  InSb(001)-c(4x4) — Sb-rich
growth temperature, we sought to .. = 2.2
investigate the influence of the surface oo N, s3s
termination of InSb(001) on the growth E ? 9 § °e g :I:v::

and properties of the @-Sn. In most prior (110 e ¢ [110] 33
studies of a-Sn growth, the Sn has been {1 P x:
grown on the ¢(8x2) Inwrich L——pig BN
reconstruction of InSb(001) as seen in e s e [OOIW
Fig 3a[30]. This is the usual surface E I A A A s e 8838 88 88

L [110] — [110]

reconstruction that forms after the
sputter cleaning and annealing process Figure 3 Two surface terminations of InSb(001), with surface unit cells

that has typically been used to prepare a framed in rfed. a) the In-rich c(8x2) reconstruction. b) the Sb-rich c(4x4)

clean InSb(001) surface. A recent in- reconstruction (301

situ MBE growth of a-Sn/InSb also used this reconstruction [11]. As mentioned earlier, indium
incorporation into the a-Sn films is often an issue with doping and may also lead to rougher
surfaces [4,22,31]. Indium is a good p-type dopant in a-Sn resulting in the Fermi level being deep
in the valence band below the Dirac point and bulk band gap [32].

In order to study the effects of Ge alloying on the topological insulator properties of a-Sn, it is
essential to measure the behavior of the Dirac point—gapping out, for example. Additionally, to
isolate the topological transport it is necessary to minimize the bulk carrier density by having the
Fermi level in the bulk bandgap. Indium incorporation is normally limited in three ways. The first
is growing as cold as possible [22]. The second is depositing an atomic layer of bismuth before
proceeding with Sn growth [4]. The bismuth rides on the surface of the Sn film, promoting good
growth as a surfactant. However, this makes attributing band structure changes difficult as Bi is a
heavy metal and topological in its own right. In addition, the Bi could add non-trivial signals to
eventual spin transport measurements on these films. The final method is using Te to both reduce
(but not remove) the In segregation and also n-type dope the films to compensate the In p-type
doping [3,31]. This method works, however SnTe and InTe have very high formation energies,
and clusters of each could be forming in the film [25,26].

Our goal is to grow phase pure a-Sn without significant indium interdiffusion at growth
temperatures greater than room temperature. The temperature is important as incorporating Ge
requires an additional effusion cell for deposition. The additional heat load of this cell (operating
at >1000 °C) could then increase the substrate temperature during @-SnGe growth. By performing
growth on an Sb-rich InSb(001) surface reconstructions, such as the c¢(4x4) surface shown in Fig
3b [30], In incorporation is hoped to be kept at a minimum. This reconstruction involves a
complete Sb- bulk terminated surface layer with an additional 0.75 ML Sb on top (1.75 ML total
Sb at the surface) [30]. The Sb-termination should limit the amount of indium that is able to
incorporate into the growing a-Sn film. In order to investigate this effect, two samples of two
thicknesses (13 BL and 50 BL) were grown on two surface terminations. The oxide of the
InSb(001) substrate was first removed by atomic hydrogen cleaning with a thermal cracker cell
(MBE Komponenten). The samples were heated to 300 °C and exposed to the atomic hydrogen
for 30 minutes at a chamber pressure of 5x10 Torr. This cleaning resulted in the In-rich
c(8x2)/(4x2) InSb(001) surface reconstruction resulting in the RHEED diffraction patterns shown
in Fig 2a. This surface cleaning procedure is expected to be much gentler than sputter cleaning



using an ion beam that most previous studies have used. The Sb-rich c(4x4) reconstruction was
prepared by cleaning a sample in the same conditions and then annealing under an Sb4 overpressure
at around 50°C above the transition between the c(4x4) and a(1x3) reconstructions [33]. The
corresponding RHEED diffraction patterns of the substrates prior to Sn deposition are depicted in
Fig 2c. Care was taken to avoid Sb clusters on the surface by minimizing Sb exposure during the
post-anneal cool down The InSb(001) surfaces were also characterized by in-situ STM, not shown.
a-Sn was then grown on each sample at a rate of 0.5 BL/min at “room” temperature. In growth on
both terminations, layer-by-layer growth proceeded with one layer corresponding to 1 BL. The
RHEED patterns of 13 BL Sn is shown in Fig 2b and Fig 2d, both showing (2x1)/(1x2) Sn surface
reconstruction. The surface morphology of Sn in both cases is approximately identical consisting
of a wormy structure overlaid on the bilayer terrace structure (Fig 2e,f).

Using angle resolved photoemission (ARPES) to study the 13 BL films, the surface band structure
is directly measurable. By using a photon energy

r——x o x—r——r of 21 eV, the spectra are very sensitive to the
i WIS | surface states. We concentrate on the surface
states here as we can fit the linear Dirac cone and

“{ use the distance between the Dirac node (where
the two linear bands intersect) and the Fermi level

as a quantification parameter. As seen in Fig 4b,c,

the Fermi level of a-Sn grown on the In-
Figure 4 a) schematic of the bulk and surface (001) fcc-like terminated InSb is approximately 100 meV below

Brillouin zones measured in ARPES. b) ARPES spectrum of the the Dirac node while gI‘OWth on the Sb-terminated
surface states of 13 BL Sn/In-terminated InSb(001), measured

at 21 eV with p-polarized light. c) the same for 13 BL Sn/Sh- InSb _has a chemical ‘potentla.I approx1mately at
terminated InSbh(001) the Dirac node. Nominally this corresponds to a

change in surface state density from ~4x10!2 /cm?
to 0 (accounting for the almost identical Rashba surface states [11]). However, this is not an
accurate quantification of the reduction of In doping, as we are observing the surface projection of
the bands (subject to band bending) rather than the dispersion in the bulk. [34]
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T Min |
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The indium reduction is confirmed by ultraviolet photoemission (UPS) shown in Fig 5. We find
that indium incorporation in the films is reduced by several orders of magnitude. By switching
between two different photon energies to modify the photoelectron inelastic mean free path (IMFP)
(effectively probing depth of the measurement), we find that In has a higher concentration closer
to the InSb interface. The indium reduction has a concomitant increase in the Sb incorporation. By
increasing the gain on the UPS electron detector, we enhance the signal from indium (Fig 5c,d)
and find that a small amount of indium is incorporated even for the Sb-terminated InSb.

We then change the photon energy to 127 eV and perform ARPES measurements on the bulk
bands near the bulk I'ops point (Fig 6a) as the photon energy is related to k. by k, =

%\/ 2m,(Ecos?(0) +V, , where V, is the inner potential (a material-specific parameter

describing the surface potential). An inner potential of 9.3 eV [11] was used as it was measured in
a similar photon energy range used here, while the older reported value of 5.8 eV was measured
using soft X-rays [10]. The expected bulk band structure (Fig 6b) is reflected in the measurements
of Sn on both Sb-terminated (Fig 6c) and In-terminated (Fig 6d), the only change being the
aforementioned 100 meV shift in chemical potential. This confirms that our substrate modification
procedure is not measurably modifying the band structure of the a-Sn. The additional feature
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Figure 5 UPS measurements of 13 BL Sn films a) survey scan of Sn/In-terminated and Sb-terminated InSb with a photon energy
of 50 eV, offset for clarity b) the same with a photon energy of 130 eV, offset for clarity c) and d) a zoom-in of a),b) on the In
4d states shows incomplete, but substantial, removal of In from the Sn films. The IMFP of Sb 4d states using 50 eV light is
approximately double that using 130 eV photons (9.8 A vs 5.4 A)t. The IMFP of In 4d states using 130 eV light is approximately
20% greater than that using 50 eV light (5.7 A vs 4.7 A). The inelastic mean free path (IMFP) of Sn does not vary significantly.
IMFPs are estimated via the universal curve.

shown approximately 200 meV below the Dirac node is possibly the surface state from the Sn/InSb
interface, as suggested by our collaborators at ARL.
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Figure 6 a) schematic of the slice of the bulk Brillouin zone taken during this measurement using a photon energy of 127 eV. b)
The expected band structure of a-Sn. c) the bulk band structure of 13 BL of Sn grown on Sb-terminated InSb. d) the same but
grown on In-terminated InSb.

While ARPES and UPS did confirm our method succeeded, those measurements are still very
surface sensitive which is especially important when band bending is relevant. To confirm our
results, magnetotransport measurements were performed in a van der Pauw geometry with silver
paint contacts. Normal In solder and pulsed In soldering were investigated, but both seemed to
significantly heat the Sn films, leading to potential f-Sn formation. The samples used for this study
were 56 BL thick and without a capping layer so will have a native surface oxide. The thicker films
were to 1) have a significant amount of film left over after oxidation (estimated consumption ~1-
2 nm) and 2) dominate in the transport studies. InSb is a conducting substrate whose free carriers



do not fully freeze out at the —
temperature the measurements 300N — Semiion
were performed (2 K). In future G200

studies we will investigate Ini. &
xAlxSb buffer layers that have a

larger bandgap than InSb that = — =
should result in reduced bulk e
parallel conduction. The
longitudinal magnetoresistance
for 50 BL Sn on In-terminated
and Sb-terminated InSb (Fig 7a)
shows a drastic difference
between the two different
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difference is also seen in the Frequency (T) THL ()

transverse resistance (Fig 7b) Figure 7 a) Longitudinal magnetoresistance curves for the two 56 BL samples. b)

with the carriers changing sign transverse magnetoresistance curves for the two 56 BL samples. Clear changes in
: : ier type and concentration are evident. The sharp change at approximately 4

and their density. The sharp "¢

) ) Y . P Tis explained in the text. c) the FFT of the background subtracted data in a). d) the

1ncreas§ mn resmtan.ce at schematic for the angular dependence measurement in e). ) angular dependence

appr0x1mately 4 Tesla in both of oscillation frequency shows 2D or 3D structure. In this case, the 13 T band in c)

conﬁgurations is due to magnetic is shown to be 2D like via a lack of angular dispersion.

induced carrier freeze out of the

InSb [34]. Clear Shubnikov-de Haas oscillations are visible for both samples. The oscillations were
isolated by subtracting a polynomial fit to the background. After this, a fast Fourier transform
(FFT) was performed to back out the frequency of each oscillation. Each frequency corresponds
to the cross-sectional area of a certain band in the Fermi surface. This then corresponds to the
carrier density associated with that band [35]. Two “matching” bands show up in both films as
shown in Fig 7c. Each pair shows a reduction in frequency (and thus carrier density) confirming
the above analysis via photoemission. In the Sb-terminated sample, an additional band at 50 T
appears. This could be a higher harmonic or another band, further measurements are currently
being performed to investigate. While the two bands that reduce in frequency are likely coming
from the a-Sn, further confirmation is necessary. Data analysis is currently being performed to
measure the effective mass of each band. Finally, angular dependence of the SdH oscillations in
the geometry shown in Fig 7d was performed on the Sn/Sb-termination sample. As shown in Fig
7e, the 13 T band does not disperse as a function of angle. This band can then be called 2D-like
and associated with the a-Sn surface states. Enhanced at higher angles, however, is a high
frequency oscillation. This can also be seen in a slight peak at 100 T in Fig 7c. This oscillation,
with a very high carrier density, is likely from the InSb substrate. [36]
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2d. Confirming Topological Insulator State

After the initial predictions and confirmation of ultrathin compressively strained o-Sn being a
topological insulator, there has been some disagreement in the literature between different groups
and different measurement techniques [1,4,7,11,16,36]. One of the goals of our study was to find
the wide bandgap TI state of a-SnGe under 0.5% tensile strain on InSb. However, we need to
compare this to the “standard” 0.15% compressively a-Sn strained films on InSb(001). ARPES
measurements have indicated that 13 BL of a¢-Sn to be a TI based on the presence of surface states
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and comparison to DFT calculations [4,31]. A recent photoemission study found that the same
surface states are present when a-Sn was compressively strained but not confined (the 3D DSM
phase) at 370 BL [11]. From analysis of magnetotransport measurements it has been proposed that
ultrathin (10-25 BL) @-Sn is a 2D Dirac semimetal instead of a quasi-3D TI [9]. In order to provide
further clarification to these transitions, we used the earlier studied 13 BL Sn/Sb-terminated
InSb(001). By dosing the surface with an alkali metal, in this case potassium, we induce downward
band bending at the surface due to electron transfer from the potassium to the Sn, effectively
raising the chemical potential at the surface observed via ARPES. By comparing the surface state
measurements in Fig 8a,b, we find this shift to be approximately 200 meV. The Dirac node, which
is clearly visible, does not appear directly gapped out (Fig. 8b). In addition, we see a second band
nested in the electron-like Dirac cone. This is likely a 2DEG subband induced by the downward
band bending at the surface. In Fig 8c, we again look at the bulk I" point. We see no evidence of
the conduction band. With the combination of ungapped topological surface states and a bulk band
gap, we confirm that 13 BL a-Sn/InSb is a topological insulator. One caveat here is that the
theorized bulk Dirac crossing is not actually at the bulk I point, but at a k.= 0.039 A"!. However,
in ARPES we do not truly slice the bulk Brillouin zone (in this case £:=0) as a delta function, but
rather as a Lorentzian whose full width to half maximum (FWHM) is the inverse of the
approximate photoelectron escape depth [37], in this case approximately 0.1 A-! (compared to the
Dirac node spacing of 0.078 A™"). Therefore, even though we are not measuring with a photon
energy corresponding to the Dirac band crossing, the conduction band should still be visible in our
spectra if it were present.

(ne)*3-3
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Figure 8 a) The topological surface state of 13 BL of Sn grown on Sb-terminated InSb. No gap is shown in the Dirac cone. b) K-
dosing shifts the chemical potential up by approximately 200 meV. This causes the bottom Dirac cone to become gapped out. In
addition, an additional band is nested in the electron-like Dirac cone. This is likely a 2DEG subband. c) The bulk bands are gapped
out, no bulk conduction band is visible.
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3. INITIAL STUDIES OF a-Sni.xGex
3a. a-Sn1xGex Growth

After having optimized our ARPES scan conditions, substrate preparation, growth conditions, and
fully established the 13 BL a-Sn reference, we started to alloy our films with Ge. We increased
the growth rate of these films as the total radiative heat load is lessened by growing faster (time
exposure outpaces increases in radiative heating from higher cell temperatures for our conditions).
The Sn cell flux was held constant while varying Ge flux, thus the growth rate slightly changes for
different Ge concentrations. The “coldest” temperature was used for growth to account for
radiative Ge cell flux heating. Ge alloyed films continue to have the mixed (2x1)/(1x2) surface
reconstruction in RHEED (Fig 9a,b) and growth still proceeds in a layer-by-layer manner as
evidenced by RHEED intensity oscillations (Fig 9c). These oscillations supplemented Rutherford
backscattering spectrometry measurements of films grown on Si to calibrate cell elemental fluxes.
Alloying with Ge adds “nuggets” to the Sn morphology (Fig 9 d,e). This Ge concentration (15%)
is above what is thought to be possible [38], potentially causing these nuggets by phase separation.
The morphology remains generally the same in that we continue to have bilayer terracing with a
wormy structure superimposed. However, the scale of the worminess is drastically different. This
is first reflected in the both the RMS roughness and the average peak to valley distance increasing
by approximately 50%. In addition, the kurtosis increases by a factor of two. On a closer
comparison in Fig 9f,g, it is clear that the worminess is now thicker (increasing from +/- 0.7 nm
to +/- 1.3 nm) and the individual worms are wider. This effect is likely from a combination of
additional sample heating from the Ge effusion cell and the alloying of Ge itself. This morphology
change is a function of Ge content (the worms are wider and deeper as Ge content increases).

al _ c) t } } } + }
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RMS = 0.23 nm 0 Y RMS =0.23 nm

Figure 9 a) typical RHEED along the [110] for pristine Sn. b) typical RHEED along the [110] fora-SnGe. No change in reconstruction
is seen. c) the RHEED intensity oscillates according to bilayer by bilayer growth for both a-Sn and a-SnGe. d), e) 500 nm x 500 nm
in-situ- STM scans at 3 V and 100 pA for 13 BL a-Sn and 13 BL a-SnGe. f), g) 100 nm x 100 nm scans under the same conditions.
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3b. a-SnGe Electronic Structure

We investigated two different paths on the a-SnGe electronic structure after discussing ideal
conditions with our ARL collaborators. The first was to investigate the specific prediction of
George de Coster at ARL of a wide bandgap TI when Sn is >0.5% tensile strain and confined to
10-15 BL. This was achieved by alloying Ge at 5% and 8% for 13 BL films. The dispersion of the
surface states for pristine a-Sn is shown in Fig 10a. As mentioned in an earlier section, potassium-
dosing reveals more information above the Dirac node in Fig 10b. However, the Dirac node is

slightly gapped in 10b whereas it is ungapped in 10a.
We initially thought this to be an artifact of alkali metal
doping. However, upon Ge alloying we see this gap
appears as well in Fig 10c,d. The cause of the gap then
does not appear to be tensile strain, as the gap is formed
in potassium-dosed compressively strained a-Sn. Nor
does the gap appear to be a function of confinement, as
the pristine a-Sn does not have a gap. Thus, the gap
seems to be either a function of the Fermi level or the
lattice distortion (separate from the epitaxial strain).
This, and other explanations for this effect that are
currently being investigated. Note that the shift in the
Fermi level with respect to the Dirac node between 10a,
¢, and d could be from a changing band offset at either
the vacuum/film interface, the film/substrate interface,
or both. The band offset between Ge and InSb has not
been measured to our knowledge. This argument is
supported by the shift seeming to be a function of Ge
content and depth. However, other explanations such as
widening bandgap or increased Sb
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Figure 10 ARPES measurements at a photon energy of
21 eV measuring the surface states of a) pristine 13
BL Sn, b) K-dosing of the sample in a), c) 5% Ge
alloying for the same sample thickness, d) 8% Ge
alloying for the same sample thickness.

n-type doping are possible as well.
In addition, very close to the Dirac
node we observe a double peak.
The peak is present in both Ge
concentrations Fig 11a,b, but we
do not have the resolution to
observe it in the 13 BL Sn
spectrum, if it exists. The double
peak is clearer in the higher Ge
content sample Fig 11d. By taking .
the curvature of the section, we 02 00 02
enhance the contrast and see that &)

E-E (eV)

E-Ef (eV)

Le)

e
de('\“a“\.
10‘5

the double peak appears to be two
separate electron like bands that are
degenerate away from the I" point.
This is possibly the Dirac surface
states as the bottom band which

Figure 11 a) surface state measurement of 13 Bl 5% Ge SnGe. b) a close up
showing slight gapping of the Dirac node. c) the same measurement as a) on 8%
Ge SnGe. d) a close up showing the gapping, approximately the same size as b).
e) Curvature enhances the dispersive features, showing two separate bands in
place above the gapped surface states. Changes in chemical potential are likely
from changes in band offsets.

then return to meet the bulk conduction band with a 30 meV gap between them. Further
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measurements are necessary to confirm that this is the case. We have also taken bulk-sensitive
spectra akin to Fig 6 that are still in the process of being analyzed.

The second path to investigate the electronic structure is to take @-Sn under compressive strain
and no confinement (such that it is a Dirac semimetal) and replace the compressive strain with
tensile strain. This strain is again achieved by alloying the a-Sn with Ge. There should be a
topological phase transition between Dirac semimetal and topological insulator across this strain
transition [1,2]. The surface states should then remain the same while the bulk gaps out. This effect
was investigated in 50 BL of a-Sn, which should be ﬁrmly a DSM according to [9] and [4]. No
noticeable change in the bulk band structure R T b) | 50 BL3ossGeoos
was observed (outside of a small rigid band ~ °°T I oo T
shift, likely from the aforementioned band T
offsets). The surface state structure reflects
this rigid band shift as well in Fig 12a, b with
a slight change in the Fermi level. This is more 04

-0.2+

E-E¢ (eV)
E-Ef (eV)

evident in Fig 12c, where slices at a binding 02 00 02
. Ky (R
energy of 50 meV are compared. There is a
clear contraction in the Ge alloyed case, ) MDCs d) A Epcs

associated with the chemical potential being
closer to the node. In both samples, quantum
well sub-bands are evident in the band
structure, as are the Rashba surface states. The
quantum well peaks are measured in Fig 12c, s L]
plotting the dashed line EDC slides at 0.17/a. CoEy ey

There appears to be a Slight change in  Figure 12 a) the surface states of 50 BL of Sn and b) SnGe. The
quantum well spacing, potentially from the Rashba surface states are evident in the broader brown

change in effective mass between Ge alloved background, as are quantum well states below 100 meV. c)
g y Momentum distribution curves as depicted by solid lines in a)

a-Sn and pristine a-Sn. The absence of any g b) at 50 meV binding energy a slight contraction of the peaks
intensity from the quantum well subbands at shows a slight change in chemical potential, again likely due to
the T point precludes any attempts at a change in VBO. d) the energy distribution curves drawn

. . . . . schematically by dashed lines in a) and b) at 0.1rmt/a. The
quant_lﬁ(?atlon' The ?’bsence of lntGHSIty in this quantum well subbands are evident. The spacing slightly
band is likely a matrix element effect observed changes, both from the rigid band shift and from Ge alloying.

in a-Sn before [10].

Finally, we performed scanning tunneling
microscopy and spectroscopy (STM/S) on the
sample studied above at 77 K. The STS
spectrum is approximately proportional to the
DOS of the film. In Fig 13 we see the STM/S
of the 50 BL Sn sample after synchrotron based q
ARPES measurements. Scanning tunneling >

Spectroscopy measurements were p erformed at Figure 13 50 BL Sn after ARPES measurements a) 50 nm x 50

many different positions, as indicated ln’FlgS' nm STM scan with STS taken at the locations highlighted b) STS
13 and 14, to account for the “worms”. We spectra of the highlighted locations. There is no clear

observe 1arge changes to the DOS, hkely as a consistency across the measurements, but measurements at
function of effective a-Sn thickness, across *™milarheights are similar
these locations. Spectra at similar height

Intensity (a.u.)
Intensity (a.u.)

b) {"

i
%
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positions are similar. The only clear
agreement across all measurements is the
semimetallicity of the DOS, there is no true
hard gap. The lack of hard gap is likely from

the different surface states dispersing across ; M
the bulk band gap. When changing to the T = =

same thickness, but with Ge alloying (50 BL
Sno.osGeoos, Fig 14) there is now little
consistency for DOS taken at similar height
positions. This is likely an effect of the Figure 14 50 BL SnGe aft?rARPES measurements a) 50.nm

. x 50 nm STM scan with STS taken at the locations
random alloy disorder of Ge on the (Very highlighted. B) STS spectra of the highlighted locations.
local) DOS measurements, but more There is not clear consistency among any of the
extensive analysis is needed. However, we  measurements.
do see that the distance between the VBM
and the peak intensity of the DOS in the conduction band appears to increase with Ge doping. This
suggests we have potentially widened the bulk bandgap by alloying Ge (inducing tensile strain),

again a tentative agreement with predictions.

; - \ .
-1o 35 00 [ 10
Bias (V)

4. CONCLUSION

During the one year of the project, we accomplished much. First, we optimized our growths of a-
Sn. We then charted a course for higher quality growths of a-Sn/InSb(001) in general by growing
on Sb-terminated InSb(001). We cleared up confusion about the topological phase of ultrathin a-
Sn and established a better baseline upon which to apply tensile strain with Ge alloying. In a-Sni-
«Gex, we began to observe the effect of tensile strain on the unconfined and thickness confined a-
Sn. We see clear shifts of Fermi level, likely from changes in band offsets. We find that the tensile
strain does not appear to open a gap in the o-Sn surface states intrinsically, but the gap is actually
a function of either band occupation or lattice distortion. We preliminarily confirm that a-SnixGe
x 18 a topological insulator in the ultrathin (15 BL) and thin (50 BL) cases.

5. FUTURE WORK

Outside of finishing the analysis on the data presented here, there are multiple paths to take. First
and foremost is performing magnetotransport on the a-SnixGex films to confirm the surface
sensitive ARPES measurements with SdH analysis. After these analyses, we would grow Sn and
a-SnixGex on In1xAlxSb. This serves as a barrier for back gating the samples to tune the sign and
density of the free carriers. In addition, the VBO between Sn and InSb is likely different than that
of Sn and AISb. By changing the Al composition x, we could potentially tune the valence band
offset (VBO) as well. These approaches could potentially help reduce the number of bulk carriers
in the system. Spin polarized ARPES measurements will also be performed on both @-Sn and a-
SnGe to confirm the topological nature of the surface states. Performing these measurements on a
wider range of thicknesses and Ge concentrations would help elucidate the full form of the
topological phase transition.
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