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A variety of alternative plasmonic and dielectric material platforms — among them nitrides,
semiconductors and conductive oxides - have come to prominence in recent years as means to
address the shortcomings of noble metals (including Joule losses, cost, passive character) in
certain nanophotonic and optical frequency metamaterial applications. Here, we show
chalcogenide semiconductor alloys offer a uniquely broad pallet of optical properties,
complementary to those of existing material platforms, which can be controlled by
stoichiometric design. Using combinatorial high-throughput techniques, we explore the
extraordinary epsilon-near-zero, plasmonic and low/high-index characteristics of Bi:Sh:Te
(BST) alloys: Depending upon composition they can for example: have plasmonic figures of
merit higher than conductive oxides and nitrides across the entire UV-NIR range, and higher
than gold below 550 nm; present dielectric figures of merit better than conductive oxides at
near-infrared telecommunications wavelengths; and exhibit record-breaking refractive indices

as low as 0.7 and as high as 11.5.
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Nanophotonics and photonic metamaterials research is driving the development of a variety of
innovative devices showing unprecedented functionalities such as subwavelength waveguides
and switches, optical nanoantennas, superlenses, optical invisibility cloaks, hyperlenses and
light concentrators.t* 2 These artificial electromagnetic media are engineered by structuring
plasmonic metals or high-index dielectrics on the subwavelength scale. In recent years, ‘all-
dielectric’ metamaterials and metasurfaces have been extensively studied as alternatives to
their plasmonic counterparts for a variety of reasons:-°! high optical frequency absorption
losses in noble metals constrain the performance of plasmonic metamaterials in certain
applications, [® 71 as can their relatively low melting points; such metals are also not compatible
with established complementary metal oxide semiconductor (CMOS) manufacturing processes
for optoelectronic devices, and their optical properties are neither compositionally adjustable
nor particularly responsive to external excitations (as is desirable for the realization of ‘active’
— dynamically switchable or tuneable, and nonlinear photonic functionalities).

As such, there is considerable ongoing interest in the identification of alternative material
platforms for plasmonic and photonic metamaterial applications. Investigations have variously
encompassed conductive oxides, nitrides, [ superconductorst® and graphene!*!, to name but a
few.™] Among candidate materials, chalcogenides (alloys containing at least one of the
‘chalcogen’ elements sulphur, selenium or tellurium) are perhaps the most versatile: They have
long been recognized in the field of optics and photonics for their exceptional infrared
transparency and as highly optically nonlinear materials;*?*4 and have found application in
diverse forms ranging from optical fibre and thin film to micro/nanoparticles as well as 2D and
van der Waals heterostructures.l48] They are renowned as phase-change media, with a unique
capacity for fast, reversible, non-volatile switching between amorphous and crystalline phases
having markedly different properties (of refractive index, resistivity, etc.)[**?1 upon which

basis they have been of fundamental scientific interest (in chemistry, physics and materials
2
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science) and technological importance (optical, and more recently electronic, data storage) for
many decades.[*? 2223l

As phase-change media, chalcogenides have facilitated a range of ‘active’ nanophotonic and
plasmonic metamaterial devices for applications ranging from electro- and all-optical signal
switching and polarization modulation to beam steering and multispectral imaging.[2%-2°]
Lately, the high NIR refractive index and amorphous-crystalline index contrast of germanium
antimony telluride (GST) has been harnessed in the realization of laser-rewritable and optically
switchable all-dielectric (i.e. all-chalcogenide) metamaterials.[3% 21 At shorter, visible (VIS)
wavelengths crystalline GST is metallic (i.e. plasmonic) so the amorphous-crystalline
transition here brings about a change in the fundamental character of the chalcogenide,
enabling plasmonic resonances in all-GST metamaterials to be switched ‘on’ and “off’.*?
Bismuth-based chalcogenide alloys, on the other hand, have been shown to present UV to NIR
plasmonic properties in both amorphous and polycrystalline thin film form.[23 34 A variety of
bulk monocrystalline bismuth-based chalcogenides have also been recognized as topological
insulators (TIs) — semiconductors with topologically-protected metallic surface states arising
through strong spin-orbit interactions.[33 35-%71

In the present study we consider bismuth antimony telluride (Bi:Sh:Te or BST) - an archetypal
ternary chalcogenide, along with its binary variants Bi:Te and Sb:Te. Members of this
compositional family are variously known as thermoelectric materialsté! and are among those
identified recently (in chemically and epitaxially grown monocrystalline form) as Tls.[3 7. 3%
401 The spectral dispersion of relative permittivity e for BST alloys adheres to a generic form
consistent with a simple, single Lorentzian oscillator model for semiconductor optical
response:1*1: 42 the real part &’ (Figure 1) is characteristically large and positive at long (NIR)
wavelengths and has a negative minimum value in the VIS-UV range. In consequence, ¢’
crosses (i.e. is equal to) zero at some point in the VIS-NIR range, and again in the UV. The

specifics of these behaviors — maximum and minimum values of permittivity, zero-crossing
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wavelengths, and associated values of ¢, are strong functions of stoichiometry. As such, the
alloys present an exceptionally wide and potentially interesting variety of compositionally-
adjustable photonic properties: they are typically high-refractive-index dielectrics in the NIR
range, plasmonic (¢’ <0) at shorter wavelengths, and low- (including sub-unitary) index / low-
epsilon (¢’ = 0 with low ¢’’) media in the UV-VIS domain (indeed, some may even be suitable
for the manifestation of peculiar ‘epsilon-near-zero’ electromagnetic wave and light-matter
interaction phenomena).®* 43441 We present here a systematic study of optical properties
encompassing a large proportion of the BST ternary and Bi/Sh:Te binary range, demonstrating
that stoichiometric control can provide an effective means of continuously tuning the UV-NIR
optical and plasmonic properties of vapour-deposited chalcogenide thin films.

The compositional space of a ternary alloy system can be rapidly and systematically explored
through the synthesis of compositional gradient thin films using combinatorial evaporative
physical vapour deposition (ePVD) and high-throughput characterization.**! Multiple
individually atomic sources are configured to co-deposit precisely calibrated density gradients
of each elemental component in an ultra-high vacuum environment: Controlled and
reproducible compositional gradient alloys are synthesised over a 35x35 mm substrate using
fixed ‘wedge shutters’ which ensure that for every composition, the atomic components are
mixing simultaneously. One of the advantages of this method is that the amorphous phases of
alloys can be formed directly during synthesis.[*®! With composition varying over the substrate,
crystallographic, electrical, optical properties can be measured together with film thickness and
crystallisation temperature in order to obtain the compositional and structural dependence.

For the present study, thin films of BST (ranging in thickness from 17 to 265 nm) were
deposited using a HT-PVD system (Figure 2a) equipped with three off-axis Knudsen cell

sources (Bi, Sb and Te, each of >99.9999% purity) in a 3-fold symmetric arrangement around

the target substrate (which is held at room temperature) under <10 mbar vacuum conditions.
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The density gradient of each constituent element over the substrate is independently controlled
by setting the position of a ‘wedge shutter’ that partially shadows the corresponding source,
while deposition rate is set by source temperature. The system was calibrated to produce a film
(identically on each of several optically flat silicon and sapphire substrates — see Experimental
Section) encompassing a large proportion of the BST ternary space and Bi/Sbh:Te binaries.
The compositional range achieved included 0-55 at.% bismuth, 7-97 at.% antimony, and 3—92
at.% tellurium. The spatial distributions of individual elements, determined by energy
dispersive x-ray (EDX) spectroscopy (see Experimental Section) are shown in Figure 2c,
while the combined compositional spread encompassed in the present study for the optical
properties analysis (100 compositions) is shown in Figure 2b (note here that while
composition varies continuously as a function of position over a substrate, the envelope of
synthesized compositionsi®! is represented by a set of discrete points corresponding to a 10 x
10 square matrix of positions, with point-to-point separation of 2.1 mm in x- and y-directions,
at which composition was evaluated by EDX spectroscopy). X-ray diffraction (XRD) in
conjunction with EDX measurements, reveals that a substantial majority of Bi/Sb:Te binaries
compositions are deposited in an amorphous form; instead, as-deposited ternaries are found to
be in a (partially) polycrystalline form (see Supporting Information Figures S1-S2).
The spectral dispersion of complex relative permittivity e = &' + ie”" (and correspondingly that
of refractive index N = n + ik) was measured, again over an array of 10 x 10 compositional
points, by variable-angle spectroscopic ellipsometry. Figure 3 shows a representative selection
of BST permittivity and refractive index spectra, from which it can be seen that:
e The real part of the refractive index n (Figure 3a and inset) is characteristically low -
close to if not less than 1 (i.e. the refractive index of vacuum) - in the UV spectral
range, offering interesting possibilities in low/high-index hybrid photonic

(nano)structures;
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n is in contrast characteristically high - reaching values in excess of 11 - at NIR
wavelengths, offering promise for telecoms frequency all-dielectric
nanophotonic/metamaterial applications;

Similarly, the extinction coefficient « (Figure 3b) is typically lowest at the short UV
end of the measured spectral range and increases with wavelength, in some cases across
the entire measured VIS to NIR range, in others to a maximum at some point within
that range beyond which it then decreases;

The real part of relative permittivity ¢’ (Figure 3c) is characteristically equal to zero at
an almost compositionally-invariant UV wavelength A; of around 250 nm; The
corresponding imaginary part of relative permittivity ¢’ (Figure 3d) typically takes its
minimum value for a given composition at or around this point;

The spectral position 1 of the second &’ zero-crossing, and thereby the range of
wavelengths over which ¢ is negative (i.e. over which an alloy is plasmonic), is a
strong function of stoichiometry, as are the associated losses (values of ¢”’) (Figures 3c
and 3d). It should be noted here that the UV-NIR plasmonic properties of BST (and p-
block semiconductors in general, i.e. compounds of elements in groups 13 [111A] to 18
[VII1A] of the periodic table, with valence electrons in the p-orbital) differ from those
of the noble metals in that they derive not from the excitation of free charges (a
mechanism that becomes relevant in such materials only at much longer wavelengths)
but rather from the excitation of strong interband transitions, with a possible

contribution in some cases from topological conductive surface states.*7]

To look more systematically at some of these behaviours: Figure 4a displays 4> — the longer

wavelength ¢’ = 0 point (i.e. the upper limit of the plasmonic, negative ¢’ range) as a function

of composition. It is seen that this point red-shifts, all the way from 495 nm out to 1685 nm,

with decreasing Te content and with increasing Bi content. (BisSbsTes exhibits the broadest
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plasmonic range, from 210 nm (lowest limit of ellipsometer) - 1685 nm,). Comparable trends
are manifested, as one might expect, in values of DC resistivity p (evaluated via four-point
probe measurements - see Experimental Section and Supporting Information Figure S3) which
range from 4x1072 to 1x10™* Q.cm: The largest value of p is observed for a relatively low
concentration of Bi, close to the binary Sh2Tes, and values of resistivity decrease with
increasing Bi concentration. This trend essentially reflects the extent of the alloys’ metallic
character, with Bi and Sb being semimetals while Te is a semiconductor with a small band gap
(0.32-0.38 eV).

The corresponding values of €’ shown in Figure 4b is lowest for the Te-rich binaries and
increasing steeply with decreasing Te and increasing Bi content. Losses, i.e. values of ¢, at
the (almost compositionally invariant) UV ¢’ = 0 wavelength A1 (Figure 4c) are uniformly
much lower than at 12. They vary only by a factor of two over the entire measured
compositional range but again tend to increase with decreasing Te and increasing Bi content.
High-tellurium Sb:Te binaries present the lowest values of £”” where ¢’ = 0 and as such may be
useful in studies of ENZ phenomena at optical frequencies.

Figure 5 shows the compositional dependence of BST refractive index at NIR
telecommunications wavelengths of 1310 and 1550 nm. The real part of the refractive index
reaches a value as high as 8 at 1310 nm (Figure 5a) in tellurium-rich (>40 at.%), antimony-
lean (<50 at.%) alloys containing 10-40 at.% bismuth. Even higher values of n (close to 9) are
observed at 1550 nm for ternary compositions containing 10-20 at.% Bi and 20-70 at.% of
either Sb or Te (Figure 5c). These exceptionally high values of n tend to be accompanied by
high values of x, however a range of typically (near-)binary compositions is revealed that
present still high values of n (around 6-7) with values of « less than 1, which could support
strong resonances when structured as all-dielectric metamaterials.

To assess the various alloys manufactured here for their potential in nanophotonic and

metamaterial applications we evaluate three different figures of merit: The first, F1,
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characterizes a material’s ability to support propagating surface plasmon-polaritons (SPPs) at
an interface with vacuum and is defined as the SPP dissipation length dgpp = 1/képp (kspp

being the imaginary part of the SPP wavevector calculated as kgpp =

kO\/SBSTgair/(SBST‘l'Sair)r where k, = w/c is the free space wavevector) in units of SPP

wavelength Agpp = 21/ kgpp: 133 48

d ks
Fi= = o2 (1)

The second figure of merit, F», characterizes a material’s ability to support localized surface
plasmon resonances (LSPR) in spherical nanoparticles and is defined as the ratio of resonant
frequency to width of the resonance line:[*’]

€’

F,=— )
&

The third figure of merit, Fs, characterizes a material’s ability to support low loss propagating
waves within its volume (as an indicator of suitability as a platform for all-dielectric

metamaterials supporting high-quality Mie resonances) and is defined as the dissipation length
of a transverse electromagnetic wave d = 1,/4nx in a dielectric with refractive index N =

n + ik, in units of its wavelength 2 = 1,/n:
Fy=—=— 3)

These figures of merit (presented as functions of composition and wavelength in Supporting
Information videos V1-3), are plotted in Figure 6 alongside values for the noble metals and a
selection of nitrides and conductive oxides considered to be among the most promising
alternative plasmonic media,® 50 5155 and semiconductors most frequently employed as
platforms for all-dielectric metamaterials, reveal that:

e BST chalcogenides are (within the measured compositional range) uniformly better

host materials for SPP’s - have higher values of F1 (Figure 6a) - than titanium nitride
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and transparent conductive oxides (specifically aluminium- and gallium-doped zinc
oxide, and indium tin oxide) over the UV to NIR spectral range. They are moreover
comparable if not superior to gold at wavelengths below 580 nm and silver below

365 nm. Over the entire spectral range of interest here the highest values of F1 (coming
within a factor of -2 of that of Al at around 800-900 nm) are provided by the ternary
alloy BisShaTe.

e Inregard to LSPRs, on the basis of F> (Figure 6b), BST alloys are better than silver
below ~330 nm, gold below ~512 nm, TiN below ~690 nm, and TCOs below ~1400
nm. BisSbsTe> is again among the best compositions, presenting a value of F for UV-
VIS wavelengths that is comparable to that of TiN over the NIR range and to TCOs at
the upper limit of the spectral range under consideration. It achieves a maximum value
of F> equal to 1.64 at 350 nm, which is more than sufficient to support high quality
resonances.!"!

e Asa high-index dielectric, BST comes into its own at NIR wavelengths, with values of
F3 (Figure 6c¢) exceeding those of TCOs above ~1240 nm. The highest figures of merit
are offered by the binary composition SbaTeg — values come within a factor of 2 of
those of germanium (at around 700-800nm), though by virtue of losses are much lower
than those of silicon.

In summary, from a systematic study enabled by high-throughput physical vapour deposition
and characterization techniques, we derive stoichiometric dependences of the spectrally
dispersive photonic properties of binary and ternary bismuth antimony telluride (BST)
chalcogenide alloys. It is found that as-deposited thin films can be, variously according to
composition near-ultraviolet to visible range low-index/low-epsilon and plasmonic materials,
and near-infrared high-index dielectrics. They have respective figures of merit sufficiently

large as to make them viable material platforms for a range of (hano)photonic, plasmonic and
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metamaterial applications. Indeed, plasmonic figures of merit are generally at least comparable
to if not higher than those of well-known ‘alternative plasmonic’ media such as titanium
nitride, and in some wavelength bands those of silver and gold. Within the compositional range
accessible to the present study: BisSbsTe> is identified as the best plasmonic stoichiometry
(highest figures of merit for both propagating and localized surface plasmon modes); NIR
refractive indices as high as n = 11.5 are found in certain ternaries but SbsTes presents the
highest ratio of refractive index to extinction coefficient (as a figure of merit for high-index
dielectric applications); all compositions have a near- or sub-unitary minimum value of
refractive index in the UV range (the lowest measured value being n = 0.7 at 296 nm for
BiShsTe); Bi2ShsTe1s provides a value of epsilon | | that is nearest to zero (| ¢| = 2.27 at 230
nm).

Telluride semiconductors (including BST) are susceptible to atmospheric oxidation with
prolonged exposure, particularly to humid environments. Here, experimental samples were
stored under vacuum but in photonic device applications one would typically protect such
media with transparent capping layers (as for example in rewritable optical discs), especially
where the plasmonic or topological insulator (i.e. surface) characteristics are important and/or
where the chalcogenide will experience elevated temperatures in phase-change switching
applications. BST is of course only one member of a large extended family of chalcogenide
materials, which remain to be explored for their nanophotonic applications potential. High-
throughput combinatorial techniques, as presented here, can enables rapid, systematic surveys
of optical, electronic and structural properties, and thereby optimization via compositional

design of material characteristics towards specific application requirements.

Experimental Section
Thin films of BST were deposited on Si<100> substrates for energy-dispersive x-ray

spectroscopy (EDX) and x-ray diffraction (XRD) for determination of composition and phase
10
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state, and on both silicon and sapphire (Al.Oz3) substrates for ellipsometric evaluation of optical
properties and 4-point probes measurements of sheet resistance. All substrates had dimensions
of 34 mm x 34 mm; BST films are deposited over an area 28 mm x 28 mm; Samples were
vacuum sealed immediately upon production and between characterization measurements;
Analyses are performed over an array of 10 x 10 points within the central 19 mm x 19 mm
region (point-to-point separation 2.1 mm).

Film thickness was measured using a stylus profilometer along the external edges of the film
and interpolated over the central characterization domain. Variations in thickness over samples
are inherent to the process of synthesising films from three off-axis sources with wedge
shutterst %6l ranging in the present case from a minimum of 17 nm for the binary alloy
Bi[11%]:Te[89%] and a maximum of 265 nm for Bi[15%]Sb[5%] Te[80%].

Compositional analyses were performed using an Oxford Instruments INCA EDX system on a
JEOL JSM-5910 SEM with an automated stage programmed for the 10 x 10 sampling point
array.

XRD was performed on as-deposited films using a Bruker D8 diffractometer equipped with an
Incoatec IpS x-ray source (Cu, 1.54059 A) with an x-ray beam diameter of 0.25 mm. The
incident angle used was 8°.

Resistivity was evaluated from a combination of sheet resistance and film thickness
measurements. Sheet resistance was measured in 4-point probe (4PP) configuration a on a
Signatone probe station, using two Keithley 2636 SourceMeters.

Optical properties were determined by variable angle spectroscopic ellipsometry (VASE) using
aJ. A. Woollam M2000 ellipsometer covering the spectral range from 210 to 1686 nm with an

automated stage programmed for the 10 x 10 sampling point array.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1: Permittivity of BST alloys. Spectral dispersion of the real part of relative

permittivity €’ for a representative selection of binary and ternary Bi:Sb:Te chalcogenides.
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Figure 2: Combinatorial synthesis of chalcogenide semiconductor thin films. (a) Schematic
of the apparatus for physical vapour deposition of ternary compositional gradient thin BST
films, illustrating only the configuration of the most essential components of the ultra-high
vacuum system - namely the computer-controlled [K-cell] evaporation sources for each
constituent element, ‘wedge shutters’ [which control the density gradient of each element over
the substrate], and the target substrate. b) Compositional ternary plot showing the
stoichiometric range encompassed in the present study for the optical properties analysis — each
green point denotes the measured elemental ratio at one of the compositional gradient sampling
points. (c) Distributions of Bi, Sb and Te over the surface of a representative BST

compositional gradient sample, evaluated by energy dispersive x-ray spectroscopy.
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Figure 3: Compositional variation in spectral dispersion of BST optical properties.
Spectral dispersion of (a) refractive index n, (b) extinction coefficient «, and (c, d) the real and
imaginary parts €” and &’ respectively of relative permittivity for a selection of BST alloy
compositions [as labelled], measured by variable-angle spectroscopic ellipsometry. Insets to (a)
and (b) show detail in the 200-400 nm wavelength range. The inset to (c) shows the
stoichiometric range encompassed in the present study for the optical properties analysis

(100 compositions) — each green point denoting the measured elemental ratio at one of the
compositional gradient sampling points; black, red, magenta and blue dots denote the
compositions for which spectra are plotted, using lines of the same colour, in the four main

panels (a-d).

19



WILEY-VCH

Figure 4: &’ = 0 properties of BST. (a) VIS to NIR ¢’ = 0 wavelength 12, below which an
alloy is plasmonic [i.e. has a negative value of ¢] as a function of composition, and (b) the
corresponding value of ¢ . (c) Compositional dependence of the value of €” at the UV &’ =0

wavelength 41 [~250 nm for all compositions].
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Figure 5: Optical properties of BST at telecoms wavelengths. Compositional dependence of

(a, c) refractive index n and (b, d) extinction coefficient « at (a, b) 1310 and (c, d) 1550 nm.
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Figure 6: Performance of BST alloys as plasmonic and high-index dielectric media.
Spectral dispersion of figures of merit [F1, F2, F3] relating to the ability of BST and a selection
of other materials [as labelled] to support (a) propagating surface plasmon polaritons at a
vacuum interface [F1]; (b) localized, spherical nanoparticle surface plasmons [F2]; (c) low-loss
propagating light waves [Fsz]. Blue areas encompass all ternary and binary BST compositions
analysed within the present study [see inset to Fig. 3c]. Dashed blue lines correspond to the
particular compositions achieving maximum values of the figures of merit within the UV-NIR
spectral range under consideration. Data for other materials is taken from literature as follows:
Ag and Au from Ref. [50]; Al from Ref. [51]); TiN from Ref. [52]; TCOs - AZO, GZO and
ITO from Ref. [53]; Si from Ref. [54]; Ge optical constants were measured by variable-angle
spectroscopic ellipsometry for a Ge film with a thickness of 160 nm deposited by resistive

evaporation.
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We explore the plasmonic, epsilon-near-zero, and low/high-index characteristics of
Bi:Sb:Te (BST) alloys. Depending upon composition, they can: present plasmonic figures of
merit higher than conductive oxides, nitrides and gold in the UV-VIS range; exhibit dielectric
figures of merit better than conductive oxides at telecommunications wavelengths; and achieve

record-breaking refractive indices as low as 0.7 and as high as 11.5.

Keywords: plasmonics, nanophotonics, metamaterials, chalcogenides, high-throughput

Davide Piccinotti*, Behrad Gholipour*, Jin Yao, Kevin F. MacDonald, Brian E. Hayden
and Nikolay I. Zheludev

Stoichiometric Engineering of Chalcogenide Semiconductor Alloys for Nanophotonic
Applications

Bi, at.%

23



WILEY-VCH
Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2018.

Supporting Information
Stoichiometric Engineering of Chalcogenide Semiconductor Alloys for Nanophotonic
Applications

Davide Piccinotti*, Behrad Gholipour*, Jin Yao, Kevin F. MacDonald, Brian E. Hayden
and Nikolay I. Zheludev

XRD measurements as a function of composition

The XRD measurements mapped to corresponding chemical composition reveals similar
features along Te tie-lines of the BST ternary space. Hence, we grouped these XRD spectra in
4 different groups and their corresponding compositions has been plotted in a ternary map

labelled by different colours in Figure S1.

100

0 20 40 60 80 100
Bi, at.%

Figure S1: Ternary compositional map showing selected compositions grouped along

Te tie-lines according to similar features on their corresponding diffractograms.

The actual diffractograms are presented in Figure S2 divided by colours according with Figure

S1. The identification of polycrystalline phases from these diffractograms is challenging,™!
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since effects like texturing (defined as the degree to which the crystallites in a polycrystalline

film are similarly oriented ) can lead to missing Bragg reflections and variations in the

relative intensities of the observed peaks compared to conventional powder diffraction.! Solid

solutions lead to compositionally dependent lattice dimensions, which result in shifting

diffraction peaks, and long-range layered structures over the restricted dimension of a thin film

make them difficult to identify.[*1 Moreover, low energy evaporative PVD synthesis with the

substrate at low temperature favours the formation of non-equilibrium phases;®! hence, the

comparison with expected phases reported in literature is not trivial.
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Figure S2: XRD diffractograms for selected compositions along Te tie-lines of the

BST ternary space. Data are grouped based on similar features visible on the

diffractograms. Inside each panel XRD diffractograms are plotted using a vertical

offset and are labelled according to the corresponding compositions.
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Previous works reported that BST crystallized in a phase belonging to space group R3m and is
composed of hexagonal close-packed atomic layers which are periodically arranged along the
c-axis in five layers.[*®1 A qualitative comparison between literature data and our measured
diffractograms suggests that these BST films crystallizes on this phase. We also observe that
the peak at 29 degrees for XRD diffractograms of the blue group moves toward smaller angles
(20) as Te content increases meaning a longer interplanar distance (d) (according to Bragg’s
law: 2dsin@ = A). This is in agreement with reference [l where they notice that lattice

parameters of chalcogenides like Bi>Tes rise with Te due to the larger ionic radius of Te.

Resistivity measurements as a function of composition
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Figure S3: a) Resistivity obtained by combining 4-point probe (sheet resistance) and
thickness measurements as a function of composition, with corresponding resistivities

along the indicated tie-line shown in (b).

Figures of merit as a function of composition

Video files V1, V2 and V3 presenting spectral scans of the compositional dependence of

figures of merit F1, F2 and Fs respectively.
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