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Sn;_,In, Te has been synthesized and studied recently as a candidate topological superconductor. Its super-
conducting critical temperature increases with indium concentration. However, the role of indium in altering
the normal-state band structure and generating superconductivity is not well understood. Here, we explore
this question in Sn;_,In,Te (0 < x < 0.3) thin films, characterized by magnetotransport, infrared transmission,
and photoemission spectroscopy measurement. We show that indium is forming an impurity band below the
valence-band edge which pins the Fermi energy and effectively generates electron doping. An enhanced density
of states due to this impurity band leads to the enhancement of 7. measured in multiple previous studies. The
existence of the In impurity band and the role of In as a resonant impurity should be more carefully considered
when discussing the topological nature of Sn;_,In, Te.

DOI: 10.1103/PhysRevB.109.014513

I. INTRODUCTION

Topological superconductors (TSCs) have a superconduct-
ing gap in the bulk with gapless boundary states. They not
only enrich scientists’ understanding of topological phases,
but also have promising applications [1-3]. Chiral p-wave
topological superconductors, for example, are potential plat-
forms for topological quantum computing [4]. These materials
are rare in nature. There are ongoing efforts to artificially
engineer topological superconductors using semiconductor-
superconductor heterostructures [5]. Other ongoing efforts
also aim to find intrinsic topological superconductors. In the
recent decade, the following candidate materials were pro-
posed as potential TSCs: Cu,Bi,Ses [6,7], UTe, [8], UPts3 [9],
and Sn;_,In,Te [10,11].

SnTe is a topological crystalline insulator [12,13]. It hosts
four Dirac cones protected by mirror symmetry on its (111)
and (100) surfaces. Through indium doping, it becomes super-
conducting without losing its topological properties [10,14].
It is a TSC candidate, since its superconducting state can be
described by the Hamiltonian proposed by Fu and Berg [6,10]
to predict the TSC state in Cu,Bi,Ses [11]. The Cu,Bi,Ses
material family has been well studied experimentally. There,
Cu intercalates between the Se layers and acts as an electron
donor. Its role in generating superconductivity is understood
[7,15]. The pairing symmetry in Sn;_,In,Te remains contro-
versial [16—18], but recent work has shown it is dominantly s
wave [19] at high In content, despite previous work arguing
that surface states persist in the superconducting state [16].
The role of In in Sn;_,In,Te still lacks sufficient understand-
ing. In is usually considered an acceptor in IV-VI materials
[14], but prior studies on single crystals have argued that In
actually forms an impurity band near the Fermi level and
acts effectively as a donor [20-22]. One manifestation of the
impurity band in these studies was the reduction of the Hall
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constant, associated with coexisting electrons and holes. A
spectroscopic measurement is needed to probe the band struc-
ture and to provide evidence of the existence of the impurity
band.

Here, we analyzed the role of In in Sn;_,In,Te thin films
by a combination of magnetotransport, infrared spectroscopy
measurements, and x-ray photoelectron spectroscopy. Mag-
netotransport measurements show that the Hall slope of
Sn;_,In, Te films becomes 100 times smaller with increasing
In concentration and increasing T, consistent with prior work
on single crystals. The calculated carrier density is however
unreasonably high, indicating a likely existence of both elec-
trons and holes. We consider the impurity-band model to
explain this observation, and we corroborate the model using
optical measurements of the absorption edge that evidence a
pinning of the Fermi energy in the valence band. Last, x-ray-
and ultraviolet photoemission spectroscopy (XPS and UPS,
respectively) measurements confirm that In is indeed a reso-
nant impurity and introduces a band below the valence-band
edge of SnTe. Our studies show that pairing involving indium
impurity states should be taken into consideration carefully
when discussing the topological properties of Sn;_,In,Te,
especially at high In content needed to enhance T; above 2 K.

II. EXPERIMENTS

A. Sample growth

Superconducting Sn;_,In,Te films on BaF, (111) sub-
strates with controlled indium concentration (x = 0—0.3) are
grown by molecular-beam epitaxy. A 25-nm SnTe layer is
grown first, followed by a 75-nm Sn;_,In, Te layer. We find
that the indium diffuses fully into the SnTe layer, thus forming
a uniform 100-nm Sn;_,In,Te single layer [Fig. 1(a)]. X-ray
diffraction (XRD) analysis published in our previous work

©2024 American Physical Society
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FIG. 1. (a) Sample structure: 25-nm SnTe and 75-nm Sn;_,In, Te are grown in sequence on BaF, (111) substrate. In diffuses into the SnTe
layer, resulting in a uniform Sn,_,In,Te layer. (b) Critical superconducting temperature 7; of samples with different In content x. (c) Hall
resistivity of samples with different In content x. Inset: Zoom-in image of the Hall resistivity for x = 0.25 and x = 0.3. (d) Extracted carrier
density, assuming a single-carrier type (p type). The gray dashed line is a guide for the eye. The red line is the calculated atomic density of
Te, assuming the lattice constant is 6.3 A. (e) Extracted electron density with two-carrier model assuming electrons and holes with similar
mobility coexist and hole density increases linearly with In concentration x. The red dot is the experimental data of pure SnTe film.

showed the sample has a rocksalt structure, with slight com-
pressive in-plane strain and tensile strain in the out-of-plane
direction. The In concentration, sample thickness, and strain
were confirmed by XRD, transmission electron microscopy,
and energy-dispersive spectroscopy (EDS). The characteriza-
tion results are shown in Ref. [23].

B. Magnetotransport measurements

Electrical magnetotransport measurements are performed
between 1.5 and 15 K in a custom system equipped with
a standard superconducting coil, covering both the super-
conducting and normal state. The critical superconducting
temperature 7T increases with x, and can reach 3.5 K with
x = 0.3 [Fig. 1(b)]. The order of magnitude of 7 is consis-
tent with previous work on thin films of (Sn,In)Te [24,25].
The superconducting properties, as well as the longitudinal
magnetoresistance in the normal state, are discussed in detail
in Ref. [23]. Here, we will focus on the Hall effect and optical
properties of Sn;_,In,Te in the normal state, as they tightly
relate to the role of the In impurity.

The Hall resistivity of our Sn;_,In, Te films at 6 K is shown
in Fig. 1(c). All samples exhibit a p-type behavior with a
constant Hall slope. As x increases, the Hall slope decreases
dramatically. Particularly, for samples with x = 0.25 and x =
0.3, the Hall slope is two orders smaller than for those with
lower x [Fig. 1(c), inset]. If we assume that In is providing
acceptors and generating holes, the hole density can be calcu-
lated from the Hall slope. It is shown as blue dots in Fig. 1(d).
With this assumption, we recover unreasonably large hole
densities for high x. From the average lattice constant 6.3 A,
the Te atomic density is around 1.6 x 10?2 cm~3, indicated by
the red line in Fig. 1(d). Hole densities for x > 0.18 exceed
this limit by more than an order of magnitude.

The most plausible explanation of this result is that a
portion of In actually acts as electron donors (In**). Mean-
while, the remaining In (In'") as well as Sn vacancies act
as acceptors providing holes. The system then hosts coexist-
ing electrons and holes with comparable mobilities. Under

such conditions, the Hall resistivity in the Drude model
follows

np — N

e(”h + n, )2

Py A M
where ny, . is the carrier density of holes and electrons. The
above equation holds when their mobilities are almost equal,
WUn = [e. Such an approximation is based on two experi-
mental facts: (1) The Hall slope remains perfectly linear at
all indium concentrations, which indicates carriers having a
similar mobility; and (2) The hole mobility of pure SnTe
(x < 0.01) grown for this work is already quite low (10 to
59cm?/Vs). Thus, when the electron density is close to the
hole density, the slope of the Hall resistivity is reduced, re-
sulting in an abnormally large density of “single carriers.” We
note that in Ref. [20], the authors made a similar observation
but fit their Hall measurements by considering a changing
mobility of localized electrons. Since there are more fitting pa-
rameters than constraints in this model, both our conclusions
are similar in reflecting the role of electrons in transport. n,
can be viewed as a density of “effective free electrons” with
mobility equal to that of holes.

Under these assumptions, we can utilize the hole density
ng of pure SnTe (x = 0) to approximate the electron density
of other samples. We assume an approximation that the hole
density increases linearly with In concentration:

X
Ry = AgnTe + Eno,

where ng,t. is the measured hole density of pure SnTe film
and nyg is the atomic density of Te. The approximation here
is assuming half the indium acts like In'* and donates holes
and the other half acts like In** and donates electrons. The
calculated n, (effective free electrons) is not necessarily equal
to the density of In®* since a portion of the impurity carriers
may be localized. ny, is taken into Eq. (1) to calculate n,. The
result is shown in Fig. 1(e). As the In concentration rises, more
electrons contribute to the transport, causing the Hall slope to
decrease dramatically.

014513-2



EVIDENCE OF INDIUM IMPURITY BAND IN ...

PHYSICAL REVIEW B 109, 014513 (2024)

(a) (b) ()

s L; Lg
Ef/lmpurity\Lg Ef/lmpurity\L(_,
x=0.04 x=0.18

FIG. 2. Evolution of the band structure with increasing In con-
centration x. (a) x = 0, Fermi level E; lies below the valence-band
edge. Yellow arrow indicates the energy of the optical transition
(optical gap E,) from the conduction band to the valence band. (b)
x = 0.04; E; moves further down, and an indium impurity band
forms (green). (c) x = 0.18; E reaches the impurity-band region and
gets pinned to it. L6i denote the conduction- and valence-band edges
of SnTe at the L points of the Brillouin zone.

Previous studies have also suggested that as the In concen-
tration gets higher, In 5s and Te 5p orbitals hybridize and form
an impurity band below the Fermi level £ [21]. This, together
with the transport analysis, leads us to a physical picture as
shown in Fig. 2. With small x, most indium atoms are In*
and thus donate holes to the system, bringing E further down
into the valence band as indicated by the decreasing Hall
slope. When the In concentration becomes large enough, an In
5s-Te5p hybridized impurity band forms and pins the E to its
position. The impurity band donates electrons to the system.

C. Optical infrared spectroscopy

The above scenario is based on magnetotransport measure-
ments and follows what was hypothesized in previous studies
using density-functional theory (DFT) calculations [21]. To
validate such a model, we additionally perform Fourier-
transform infrared (FTIR) transmission spectroscopy at room
temperature in a Bruker Vertex 80v setup equipped with a
CaF, beam splitter for the near infrared to reach 15000 cm ™.
Our thin films enable measurements in the transmission ge-
ometry not possible on thick conducting crystals. By dividing
the transmitted intensity through the samples (Zsumple) by that
measured through a pure BaF, substrate (75, ), we can get the
relative transmission signal through each film. The results are
shown in Fig. 3(a). A wide transparency region is seen in the
midinfrared well into the near infrared for most samples, con-
sistent with Sn;_,In,Te retaining a semiconducting normal
state. A sudden drop in the intensity indicates a corresponding
optical interband transition with energy equal to the photon
energy hv. It is plotted as the yellow arrow E, in Fig. 2. The
position of this transmission edge blueshifts with increasing
x, indicating an increasing optical gap. The detection of E,
is important as it directly probes the position of the Fermi
level E¢. That is because Sn;_,In,Te is degenerately doped,
which Pauli blocks band-edge to band-edge transitions. The
measured optical gap will then include the Moss-Burstein
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FIG. 3. FTIR transmission spectroscopy for Sn;_,In,Te films
with different x. (a) Relative transmission intensity of samples in
the midinfrared and near-infrared range. The drop indicates the ab-
sorption caused by interband optic transitions. (b) Tauc plot of the
data shown in (a). (c) Extraction of the optical gap E, from the Tauc
plot shown for x = 0.18. The blue is a linear fit of the absorption
edge, and the dashed black line is a linear fit of the background. Two
values of E, are determined from the intercept of the blue line with
the x-axis E,, and with the background E,;. The average of the two
is reported and their standard deviation is taken as the uncertainty on
E,. (d) Extracted optical gap E, of the four samples vs x.

shift and is given by E, = E; + 2E, assuming electron-hole
symmetry.

A more accurate estimation of E, is to use the Tauc plot
method, expressed by the equation [26]

(ahv)'” = B(hv — E,).

Here, o = —ln(%) is the absorption coefficient, y =
1/2 for direct band transition. By this equation, it becomes
more convenient to rearrange the data to a Tauc plot in
Fig. 3(b). The intercept between the rising linear absorption
edge in the Tauc plot and the x axis is the value of the optic
gap, as illustrated by E,, in Fig. 3(c). Since our baseline is not
perfectly flat, we can also extract the optical gap as the point
of intercept with an energy-dependent baseline, as indicated
by E,; in Fig. 3(c). Thus, to include the effect of uncertainty
from the background, an average of E, along an error can be
extracted for all samples from the two values E, ;.

The results of E, as a function of composition x are shown
in Fig. 3(d). The optical gap of SnTe is found to be 550 meV.
If we take the direct fundamental band gap of SnTe to be E, =
0.18 eV [27,28], this yields a Fermi level of 175 meV below
the valence-band edge without In. The qualitative behavior
of the optical gap with increasing In content is important
to highlight. It increases to 930 meV for x = 0.04, but rises
more slowly between x = 0.04 and x = 0.30, despite the Hall
voltage dropping by two orders of magnitude. This is consis-
tent with a pinning of E; attributed to the emergence of an
impurity band.
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The trend of optical gap with x agrees with the proposed
model in Fig. 2. The value of the optical gap E, directly
reflects the position of the Fermi level. Larger E, implies
Ey lies deeper in the valence band. At small x, In mostly
gives holes to the system, leading to a fast drop of the Fermi
level compared to SnTe. At x > 0.04, an impurity band forms
and E; gets pinned at its position. E, then remains relatively
unchanged. If we assume that (Sn,In)Te also has a direct band
gap E, of 0.18eV at room temperature, this indicates that the
impurity band lies around 400 meV below the valence-band
edge.

It is worth noting here that in SnTe, a heavy-hole band
lying 0.3-0.5 eV below the valence-band edge has been iden-
tified in the past [29,30]. It is referred to as the ¥ band.
It needs to be ruled out as possible source of Fermi-level
pinning that can explain the flat trend of E, upon introduction
of indium. If Ef crosses the ¥ band, the density of states
at Ey becomes larger and requires more holes to lower Ef.
However, the slope of E, vs x in Fig. 3(d) is extremely small
and does not exceed 5 meV/1%. Additionally, the behavior of
the Hall voltage, dropping by almost an order of magnitude,
cannot be accounted for by the ¥ band. Additionally, taking
the heavy-hole effective mass to be my> ~ 2my [29,30], we
can compute the hole density supported by this band as a
function of energy assuming a simple spherical Fermi surface.
This assumption will overestimate the carrier density. We find
that E; needs to be more than 1.5 eV below the ¥ band
to get a carrier density that exceeds 10%cm™>, which is not
consistent with the pinning of E;. Hence, the density of states
of the heavy-hole X band is not sufficiently high to account
for our measured Hall density. In Ref. [23] we showed that the
lattice constant of Sn;_,In,Te decreases linearly with x. From
x =0 to x = 0.30 the lattice constant changes quasilinearly
from 6.33 to 6.27 A. Thus, it is necessary to consider the
role of strain on the band gap. If we view it as an effective
compressive strain to the SnTe lattice, the modification to the
band gap can be calculated using

AEg = Dd(28|| + SL) + Du(88|| + SL)/g,

where ¢ = ai — 1 and Dy, are deformation potentials which
can be found in Ref. [31]. Here, we are neglecting the strain
coming from the BaF, substrate and assume the x = 0 lattice
constant is the relaxed ag. Then, we get that the band-gap
modification is negligible for x = 0.04; 29 meV for x = 0.18;
and 35 meV for x = 0.30. Thus, strain can increase the band
gap by no more than 35 meV, which can partially explain the
increase of the optical gap in the x > 0.04 region but cannot
explain the strong enhancement of E, from x = 0 to x = 0.04.

The optical measurements shown in Fig. 3 were all
carried out at room temperature, but we also performed
low-temperature FTIR measurements down to 4.2 K (see Ap-
pendix A). As E drops with temperature, E, also drops. But,
sample-to-sample variations due to the changing chemical
composition remain much larger than the slight temperature
dependence of the gap. We conclude that the discussion of
optical measurements at room temperature also applies at low
temperature to the normal state of the system right before it
goes to superconducting.

D. X-ray- and ultraviolet photoemission spectroscopies

Next, photoelectron spectroscopic measurements are per-
formed using a system which combines two photoemission
sources: X rays and ultraviolet light, purchased from SPECS
Surface Nano Analysis GmbH (Berlin, Germany). XPS
spectra were recorded using a monochromatized Al Ko
(1486.7 eV) x-ray beam generated by a microfocus x-ray
source, while UPS spectra were recorded using He I (21.2 eV)
generated by a plasma excitation source. The details of this ex-
perimental system were described previously [32]. The details
of the sample preparation are discussed in Appendix B.

UPS data, shown in Fig. 4(a), further reveal the changing
shape of the valence band upon introduction of In. Slightly
below the Fermi energy, marked by a black arrow, a peak is
observed for both x = 0.04 and x = 0.3. The peak does not
shift in energy, but the intensity becomes stronger with In
concentration. Such behavior indicates an enhanced density
of states in the valence band of Sn;_,In,Te, consistent with
the impurity-band picture. The results of UPS imply that
the increasing In leads to the formation of an impurity band
below the valence-band edge likely due to the In 5s-Te 5p
hybridization.

Last, to further elucidate the mixed valence of indium
needed to explain the Hall effect, we performed XPS on the
x = 0.04, 0.18, and 0.30 samples [Figs. 4(b)-4(d)]. All XPS
spectra are calibrated using the Sn 3ds,, peak at a binding
energy of 485.2 eV [33]. The Sn 3d XPS peaks are shown
in Fig. 4(c). The Te 3d peaks [Fig. 4(b)] do not exhibit any
dramatic changes with increasing In content. The In 3d peaks
are shown in Fig. 4(d) and analyzed in detail in Appendix B.
We notice that the peak position is almost independent of x
(within 0.1 eV) from x = 0.04 to x = 0.30. However, the In
3d peaks become more asymmetric with increasing x, indicat-
ing the likely presence of a second peak on the high-energy
tail of the main one [Fig. 4(d)]. In is known to skip the
2+ valence [34] and has been hypothesized to have mixed
(+1 and +3) valence in Sn;_,In,Te, similar to Tl in PbTe
[35,36]. We cannot however distinguish the two components
and attribute them to specific oxidation states, as their peak
values are closer to each other than what is expected for In*?
and In* [37]. However, the proximity of the In* and In** XPS
peaks makes it challenging to fit spectra and to confirm their
mixed-valence character (see Appendix B). It is also possible
that the high-energy peak is due to a strong In 55 — Te5p
hybridization reported in DFT calculations [21].

III. CONCLUSION

In summary, magnetotransport, optical absorption, and
photoemission spectroscopy measurements corroborate the
presence of an In impurity band in Sn;_,In,Te thin films.
Experimentally, a dramatic decrease of the Hall slope with
increasing In concentration x is observed, while optical mea-
surements reveal a weakly varying optical gap for x > 0.04.
These observations indicate that the Fermi level is pinned
to an impurity band. The hypothesis is further supported by
UPS measurements, which show the changing shape of the va-
lence band. While XPS measurements could not conclusively
differentiate specific oxidation states of In, they did reveal
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FIG. 4. (a) UPS spectra of Sn;_,In,Te films with x = 0.04 and 0.30. XPS spectra of the Te 3d (b), Sn 3d (c), and In 3d (d) peaks for
x = 0.04, 0.18, and 0.30. The Sn spectra are used for calibration of the binding energy. The black dots represent data points and the solid red
lines represent the overall fit to the data. The green and blue lines represent individual peaks included in the fit.

an asymmetric In peak at high In content. This is consistent
with the mixed-valence picture, but could also originate from
a hybridization of the In and Te levels. Since Sn;_,In,Te is
commonly viewed as a potential topological superconduc-
tor, the existence of the In impurity band should be more
carefully considered when discussing its topological nature.
Prior work hypothesizing topological superconductivity has
essentially considered pairing near the valence-band edge for
this material, involving Sn and Te orbitals of opposite parity
[11]. However, the experimental results shown here, as well
as prior measurements on single crystals consistent with our
interpretation, indicate that such a treatment is not sufficient
to understand the nature of superconductivity in this mate-
rial [21,23,38,39]. At the very least, proper models of the
superconductivity of Sn;_,In, Te must take into account the
changing band structure of this material’s valence band upon
introduction of In.
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APPENDIX A: LOW-TEMPERATURE OPTICAL
TRANSMISSION SPECTROSCOPY

The optical transmission spectroscopy measurements dis-
cussed in the main text are repeated at low temperature, down
to 4.2 K. The variation of the optical gap versus temperature
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FIG. 5. Temperature dependence of the optical band gap in
Sn;_,In, Te films.
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TABLE I. XPS spectra fitting results for the curves shown in Fig. 4(d).

x =0.04 x=0.18 x =0.30 Inl Inl, Inl;
Binding energy (eV) 444.6 444.7 444 4 444.8 444 4 444.0 445.1 445.1
FWHM? (eV) 1.18 1.7 091 1.53 0.88
Weight 1 0.70 0.30 0.42 0.58
Reference This work Sn;_,In,Te [40]

2Full width at half maximum.

is shown in Fig. 5. It is evident that the sample-to-sample
variations seen at room temperature remain valid at low
temperature.

APPENDIX B: ANALYSIS OF THE XPS SPECTRA

XPS measurements are carried out on Sn;_,In, Te with x =
0.04, 0.18, and 0.3, after removal of an oxide layer by Ar"
ion sputtering. The presence of the oxide layer is monitored
by measuring the O 1s, Sn 3d, and Te 3d signal (44 oxidation
of Te and Sn appears due to SnO; and TeO,). Sputtering is
carried out until we can no longer detect those specific signals.
The results shown in Fig. 4 are obtained after the removal of
the oxide.

A GL(30) line-shape function (70% Gaussian and 30%
Lorentzian) is employed to fit individual peaks and a Shirley-
type background is defined. The results for Sn and Te,
respectively, confirm the 24 and 2— oxidation expected for
the two elements. The fitting results obtained for the In 3ds,
peak are shown in Table L.

Sample-to-sample variations in the binding energies do
not exceed 0.3 eV. The shoulder that accounts for the peak
asymmetry for x = 0.18 and x = 0.3 in Fig. 4(d) yields a peak
that is at most 0.4 eV off the main peak. These variations
are smaller than variations seen in the In 3ds,, peak as the
oxidation state changes from 14 (Inl) to 3+ (Inl3). The table
shows this comparison for iodides as a reference that this
holds for other binary In compounds [37,40].
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