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Photodetectors are typically based either on photocurrent generation from electron–hole pairs in semiconductor structures
or on bolometry for wavelengths that are below bandgap absorption. In both cases, resonant plasmonic and nanophotonic
structures have been successfully used to enhance performance. Here, we show subwavelength thermoelectric
nanostructures designed for resonant spectrally selective absorption, which creates large localized temperature gradients
even with unfocused, spatially uniform illumination to generate a thermoelectric voltage. We show that such structures
are tunable and are capable of wavelength-specific detection, with an input power responsivity of up to 38 VW–1,
referenced to incident illumination, and bandwidth of nearly 3 kHz. This is obtained by combining resonant absorption and
thermoelectric junctions within a single suspended membrane nanostructure, yielding a bandgap-independent
photodetection mechanism. We report results for both bismuth telluride/antimony telluride and chromel/alumel
structures as examples of a potentially broader class of resonant nanophotonic thermoelectric materials for optoelectronic
applications such as non-bandgap-limited hyperspectral and broadband photodetectors.

Plasmon excitation enables extreme light confinement at the
nanoscale, localizing energy in subwavelength volumes and
thus can enable increased absorption in photovoltaic or photo-

conductive detectors1. Nonetheless, plasmon decay also results in
energy transfer to the lattice as heat that is detrimental to photovoltaic
detector performance2. However, heat generation in resonant sub-
wavelength nanostructures also represents an energy source for
voltage generation, as we demonstrate here via design of resonant
thermoelectric plasmonic absorbers for optical detection. Though
thermoelectrics have been used to observe resonantly coupled
surface plasmon polaritons in noble-metal thin films and microelec-
trodes3,4 and have been explored theoretically for generation of
ultrafast intense magnetic pulses in a dual-metal split-ring resonator5,
they have not been employed as resonant absorbers in functional
thermoelectric nanophotonic structures. Previously, non-narrowband
photodetection has been demonstrated through the photothermo-
electric effect in gated graphene structures6,7 and the laser heating
of nanoantennas and micropatterned materials8–12, all shown to be
promising for infrared (IR) to terahertz (THz) broadband detection.
Typical responsivities of the graphene structures are around 10 VW–1

for IR and THz detectors, relative to incident (not absorbed)
power, with a time response ranging from 23 ms to nearly 10 ps.
Responsivities of non-graphene detectors range from tens of VW–1

to nearly 7,000 VW–1 (ref. 10) for thermopiles made of many ther-
mocouples of up to millimetre sizes. The response time of these struc-
tures range from tens to hundreds of milliseconds, though
nanosecond response times have been predicted8 for nanoantenna
structures. High-figure-of-merit thermoelectrics have been investi-
gated as solar-power generators, but the light absorption process
was entirely separate from the thermoelectric functionality and
relied on black carbon absorbers13 or solar concentrators14.

We propose and demonstrate here nanostructures composed of
thermoelectric thermocouple junctions using established thermo-
electric materials — Bi2Te3/Sb2Te3 — but patterned so as to
support guided mode resonances with spectrally sharp absorption
profiles. Spatially localized absorption in resonant thermoelectric
nanophotonic structures results in localized heating of the

thermoelectric material, generating large thermal gradients under
unfocused optical excitation. We find that the small heat capacity
of optically resonant thermoelectric nanowires enables a fast
337-µs temporal response, 10–100 times faster than conventional
thermoelectric detectors. We show that thermoelectric nanopho-
tonic structures are tunable from the visible to the mid-IR, with
small structure sizes of 50 µm by 110 µm.Whereas photoconductive
and photovoltaic detectors are typically broadband (with exceptions
noted; for example, those reported in refs 15–17) and are insensitive
to sub-bandgap radiation, nanophotonic thermoelectrics can be
designed to be sensitive to any specific wavelength dictated by
nanoscale geometry, without bandgap wavelength cutoff limitations
or need for cooling. From the point of view of imaging and spec-
troscopy, they enable integration of filter and photodetector func-
tions into a single structure.

Thermal design in thermoelectric resonant structures
Figure 1a shows a schematic of our experimental structure, a
guided mode resonance wire array, with wire dimensions of
40 nm × 100 nm × 50 µm, in which transverse magnetic polarized,
normal incident, unfocused optical radiation is coupled into a wave-
guide mode via a periodic thermoelectric wire array that serves as a
light absorber with spectrum of the shape shown in Fig. 1b (blue).
Optical power is generated at the thermoelectric junction from
absorption in the wires, while the ends of the thermoelectric wires
terminate in a broad pad of the same thermoelectric material that
reflects most incident light and remains cooler. The resulting temp-
erature difference between the centre and the edge of the structure is
shown in Fig. 1b (orange). Figure 1c shows a full wave simulation
illustrating the difference in absorption between the pads and the
wires under unfocused, spatially uniform illumination. Figure 1d
shows the difference in power absorbed along a line cut through
the length of the simulation in Fig. 1c, which leads to a temperature
gradient and results in a thermoelectric voltage (TEV). Our nano-
photonic thermoelectric structures on thermally insulating mem-
brane substrates have dimensions large enough that bulk heat
transport equations can be used (that is, no ballistic or quantized
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thermal conductance). To maximize responsivity, we seek to maxi-
mize the TEV, which is proportional to the Seebeck coefficient, α,
and the temperature difference, ΔT, between cold and hot ends of
the material, that is, TEV = αΔT. The Seebeck coefficient is primar-
ily dependent on material and deposition methods, and nanostruc-
turing has been shown to alter the Seebeck coefficient to some
degree18–20. The temperature difference can be increased through
five primary design approaches. First, high light absorption in the
desired ‘hot region’ is essential. Second, low energy loss via radiation
(that is, low emissivity) in the hot region is desirable, with higher
emissivity in the ‘cold region’. Third, low conduction through the
interface is preferred, via suspending the thermoelectric hot
region or having high thermal interface resistance. Fourth, as with
any thermoelectric device, a low thermal conductivity is necessary
to maintain a high temperature gradient, achieved by material selec-
tion, nanostructuring, or by choice of deposition methods. Finally,
low convective losses to the surrounding ambient gas in the hot
region are preferred, and can be achieved by operation of the
thermoelectric structure in vacuum (although the loss of convection

in the cold region could be detrimental to a temperature gradient
and should be carefully considered).

As an example of a thermoelectric plasmonic nanostructure, we
consider a periodic array of wires composed of thermoelectric
materials on a thin, suspended, electrically insulating, low-
thermal-conductivity substrate. Using the electromagnetic power
absorption simulations as inputs, we can simulate the temperature
profiles in our structures; an example is shown in Fig. 1e.
Temperature difference, ΔT, as a function of wire length is shown
in Supplementary Fig. 1d. Longer wires produce a larger tempera-
ture difference for a given power density, but will have a larger resist-
ance, increasing the Johnson noise and therefore increasing noise
equivalent power (NEP), shown in Supplementary Fig. 1f.
Additionally, smaller structure sizes are preferable, for example,
for camera pixel applications, motivating us to choose a wire
length of 50 µm, which shows reasonable responsivity for the
chosen power densities and yields a low NEP. Awire array/substrate
heterostructure supporting guided mode resonances in an n-/p-type
thermoelectric junction is shown in Fig. 1f. The absorption
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Figure 1 | Guided mode resonance and thermal design. a, Conceptual design of guided mode resonant thermoelectric structure. b, Theoretical absorption, A,
and temperature difference, ΔT, between the centre of the wire and edge of the pad for a structure with 40-nm-tall by 100-nm-wide Sb2Te3 wires spaced
488-nm apart. Thermal simulation details can be found in Supplementary Note 1. c, Electric field profile normalized to incident electric field of a periodic
structure at peak absorption. Wavevector, bold k, in the direction of propagation of incident light. Scale bar, 1 µm. Highest |E| occurs in the wires, leading to
absorption, while the pads largely reflect light creating the necessary temperature gradient. d, Power density absorbed along a line cut through the simulation
in c. Asymmetry arises from half of the device being Sb2Te3 and the other half being Bi2Te3. Power density is normalized to incident power divided by
thermoelectric structure volume. e, A thermal simulation of the Bi2Te3/Sb2Te3 structure at peak absorption with input power of 20 µW. Scale bars, 500 µm
(main image); 50 µm (inset). f, False-colour SEM of a fabricated p/n thermoelectric structure, with Au contacts. Scale bar, 20 µm. Inset: junction between
Bi2Te3/Sb2Te3 wires. Scale bar, 1 µm.
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resonance can be spectrally shifted by several hundred nanometres
by varying the wire array period. Thus, a periodic tiling of wire
array pixels each with a different period and resonance frequency
could function as a thermoelectric hyperspectral detector, shown
conceptually in Supplementary Fig. 2.

Photonic design of resonant thermoelectric structures
Nanophotonic thermoelectric structures must concentrate the elec-
tric field in the thermoelectric material to maximize absorption. Our
guided mode resonance structures achieve this via Fano interfer-
ence21 of a waveguide mode and a Fabry–Perot resonance in the
waveguide (see Supplementary Fig. 3 and Supplementary equations
(1)–(6)). The resonant wavelength of this waveguide mode is
predicted quite well by the grating coupler equation for normally
incident light, assuming infinitely narrow gratings, 2π/d = β,
where d is the grating pitch and β is the propagation constant of
the two-layer slab waveguide. Small deviations from the grating
coupler equation predictions are due to waveguide mode interactions
with Fabry–Perot resonances.

A wide range of materials with varying Seebeck coefficients
including Al, Cr and Sb2Te3 give rise to guided mode resonances
with similar peak heights, positions and widths, as shown in
Fig. 2a. Sb2Te3 and Cr exhibit a large extinction coefficient at the
waveguide resonance wavelength and are plasmonic (possess a nega-
tive permittivity) in this wavelength range. By contrast, Al has a
more negative value of permittivity in this region and has a narrower
resonant linewidth, whereas Au and Cu have resonances that are
spectrally shifted in wavelength due to interband transitions or
plasmon resonances that couple to the waveguide mode, causing a
Rabi splitting of the modes22.

Cross-sections of Sb2Te3 wire guided mode resonance structures
are shown in Fig. 2b–e. Figure 2b,d correspond to the absorption
maxima wavelength, and Fig. 2c,e correspond to the absorption
minima just to the left of the maxima, as shown in Fig. 2a
(Sb2Te3). Figure 2b shows the electric field surrounding the wires
at the maximum absorption wavelength, resulting from a construc-
tive interference of the waveguide mode and the Fabry–Perot reson-
ance. The large electric field magnitude in the wire corresponds to
high power absorption on resonance, shown in Fig. 2d, whereas
Fig. 2c illustrates the off-resonance electric field, at an absorption
minimum, shown in Fig. 2e.

Thermoelectric nanophotonic structures supporting guided
mode resonances exhibit tunable narrowband absorption over a
wide wavelength range by variation of wire array geometrical par-
ameters. We can tune the absorption resonance over the entire
visible spectrum at constant waveguide thickness (50 nm SiO2,
100 nm SiNx) by varying the wire array pitch (Fig. 3a–c).

Figure 3d shows experimental absorption (black dotted), simulated
absorption (blue) and simulated best-fit (red). The peak positions in
our experiment closely match those predicted by simulations. The
best-fit simulation was achieved by fitting the experimental data
with altered wire dimensions in simulations (fitting parameters in
Supplementary Table 1). Fitting experimental and simulation
spectra to a Fano shape23 for one wire pitch (Supplementary
Fig. 3d and Supplementary Table 2), we found that the experimental
spectrum exhibited larger damping caused by losses in the wires,
which altered the absorption spectrum shape.

The absorption maxima can be tuned across several hundred
nanometres of wavelength for a given waveguide thickness.
Figure 3e–g shows wavelength versus wire pitch for three different
SiO2/SiNx waveguide thicknesses that display pitch-tunable,
narrowband absorption maxima in three different wavelength
regimes. Using thicker waveguide layers, Fig. 3f,g shows absorption
peaks beyond the detection limit of Si photodetectors, which is
around 1.1 µm. In principle, the only limitation in IR tunability
for these detectors is the phonon absorption band in SiO2 (and
SiNx) at around 8–11 µm (refs 24, 25).

Spectral response and responsivity
Figure 4 summarizes the measurements for our thermoelectric
plasmonic guidedmode resonance structures, with measured absorp-
tion (1 – transmission – reflection) at normal (0 ± 1°), 5 ± 1° off-
normal, and 10 ± 1° off-normal incidence (1 – transmission shown
for this case), shown in Fig. 4a. Figure 4b depicts the responsivity,
relative to power illuminating the wire region, of a Bi2Te3/Sb2Te3
structure completely and uniformly illuminated (pads and wires).
In Figure 4c, a long, narrow beam was focused on the junction of
all wires at 5 ± 1° off-normal incidence and represents the
maximum responsivity found. The responsivity is noisier due to
the sensitivity of the sample to the position of the light at the junc-
tion. Comparison of illumination configurations and alumel/
chromel structure data is discussed in Supplementary Figs 6 and 7
and Supplementary Notes 6 and 7. While the ratio of maximum-
to-minimum responsivity is not large in our structures, the ratio is
nearly the same as the maximum-to-minimum absorption ratio,
suggesting that the absorption spectra largely dictates responsivity
spectral shape, as demonstrated in simulations of responsivity
in guided mode resonance structures in Supplementary Fig. 8.
Therefore, a spectrumwith a larger maximum-to-minimum absorption
ratio would have a larger maximum-to-minimum responsivity ratio.

We found the voltage to be linearly dependent on incident power,
as shown in Fig. 4d for a Bi2Te3/Sb2Te3 structure under focused
illumination at 5 ± 1° off-normal incidence. The weighted root
mean squared error values were 0.58, 0.45, 1.05, 0.82 and 0.74 µV
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Figure 2 | Thermoelectric material performance in guided mode resonance structure design. a, A comparison of absorption spectra of different wire
materials in our guided mode resonance structure composed of 40-nm-thick, 68-nm-wide wires with pitch of 488 nm on a waveguide of 50-nm
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for our first-order polynomial fit for illumination wavelengths of 700,
675, 650, 625, and 600 nm, respectively. These results strongly suggest
a linear dependence of TEV on incident power, which is supported
by simulation (see Supplementary Fig. 1d). The temperature scale in
Fig. 4d is based on a measured average Seebeck coefficient (at room
temperature) of 242 µV K–1 for Sb2Te3 and –84 µV K–1 for Bi2Te3
(see Supplementary Note 8 for details). This indicates a maximum
temperature gradient ΔT of nearly 3 K, under illumination. We find
a similar temperature gradient created in thermal simulations
(Fig. 1e). Note that the relevant ΔT is between the edge of the
thermoelectric pads and the wire junctions, not the wire junctions
and the simulation edge.

Measurements of the response time under chopped illumination
yielded time constants of 155.13 ± 3.06 µs and 153.56 ± 2.50 µs
during heat up and cool down, respectively (Fig. 4e). This corres-
ponds to a 10–90% rise time of ∼341 μs, or almost 3 kHz, which is
a fast enough response for many detection and imaging applications.

Figure 4f shows the noise spectral density (NSD) from the detector
for an input power spectrum shown in Supplementary Fig. 9. The
resistance of our device is approximately 113 kΩ, giving a theoretical
Johnson noise at room temperature of approximately 42 nV Hz–1/2.
Noise density detected above this level is attributed to temperature
rise and shot noise from thermoelectric currents. Johnson noise pro-
vides the largest contribution to the NSD. Thus, noise density could
be decreased by lower device resistance through structural engineer-
ing or material selection. The noise equivalent power (NEP)
is shown in Fig. 4g. This corresponds to a detectivity of around
1 × 108 Hz1/2 W–1, for a maximum of roughly 8 × 108 Hz1/2 W–1 if

using our maximum responsivity measurement in Fig. 4c (see
Supplementary Note 9). In a comparison between responsivity,
NSD and NEP for focused and spatially uniform illumination con-
ditions as a function of incident angle (shown in Supplementary
Fig. 6 and discussed further in Supplementary Note 6), we found
that the responsivity measured under spatially uniform illumination
more closely matched the absorption spectra shape, and the
uniform illumination had lower NEP and NSD. It is possible that
the higher NSD in the focused illumination case arises from
shot noise from back currents due to uneven heating of the
thermoelectric junctions.

Improving performance
The responsivity and detectivity of these structures could be
increased through thermopiling, optimizing the thermoelectric
materials, measuring in vacuum to eliminate convective loss, or
suspending the wires to eliminate conductive losses to the substrate.
Focusing onmaterial optimization alone as an example, responsivity
will increase with a higher Seebeck coefficient and lower thermal
conductivity (k). The noise floor can be decreased with lower resis-
tivity (ρ). Therefore, detectivity can be increased using a material
with a larger thermoelectric figure of merit, zT = α2T /ρk. For
example, high room-temperature zT n- and p-type materials, such
as a p-type BiSbTe alloy26 with room-temperature zT = 1.2, and
n-type PbSeTe-based superlattice structure27 with zT = 1.6 can be
used. Alone, the increased Seebeck coefficient of these materials
(∼25% combined increase over our structure) would increase respon-
sivity and detectivity by roughly 25%. Using these state-of-the-art
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thermoelectric materials in our structure would lead to a factor of 1.7
and 22 overall increase in responsivity and detectivity, respectively
(see Supplementary Note 10).

Thermopiling would further boost device responsivity, shown
schematically in Supplementary Fig. 10a with simulated responsiv-
ity for 8 and 16 wire thermopiles shown in Supplementary Fig. 10k
(see further details in Supplementary Notes 1 and 11 and
Supplementary Figs 1, 11 and 12). As we observed in our guided
mode resonance structures, focusing light using a far-field lens at
all thermoelectric junctions maximized responsivity (Fig. 4c).
Light can also be focused onto a thermoelectric junction by using
plasmonic nanophotonic structures28 designed to maximize the
electric field inside the thermoelectric material, as illustrated by the
plasmonic bowtie antenna shown in Supplementary Fig. 10b,f,i,l.
Guided mode resonance structures are highly angle sensitive,
whereas relatively angle-insensitive performance can be achieved
using for example ‘perfect absorber’ antenna structures29–32 or split-
ring resonators33 that excite a thin thermoelectric junction such as
those shown in Supplementary Fig. 10c,g,j,m and 10d,h,n, respect-
ively. The perfect absorbing structures and split-ring resonator absor-
bers also exhibit 10–20 times lower NEP than the guided mode
resonance wire structures, discussed in Supplementary Note 11.

While conventional photodiodes exhibit higher detectivity and
response times in the visible regime, resonant thermoelectric
light-detecting structures have two primary advantageous features.
First, thermoelectric resonant structures are bandgap-insensitive

and have shown potential as room-temperature IR light detectors,
as an alternative to supercooled photodiodes or bolometers.
Second, as we have shown, resonant thermoelectric structures can
have response times 100 times faster than previously reported ther-
moelectric detectors made from high-zT materials arising from the
smaller heat capacity of resonant thermoelectric structures resulting
from their large absorption cross-section (Supplementary Note 12).
Additionally, these structures combine responsivity with wavelength
selectivity, enabling easier fabrication. It may be possible to design
very compact resonant thermoelectric structures that exhibit
sufficiently large thermal gradients over short distances (1–5 µm)
such as the one illustrated in Supplementary Fig. 10i, which may
make it possible to shrink thermoelectric sensors to a scale more
comparable to conventional camera pixel sizes of ∼10 µm2.

Using nanophotonic designs to better focus the electric field on
an as-small-as-possible section of the thermoelectric junction
(Supplementary Fig. 10f) could improve performance by maximiz-
ing the temperature difference between the hot and cold ends of the
thermoelectric elements. Suspending the junction to minimize heat
conducted away by the substrate, combined with cooling the ‘cold’
ends of the thermoelectric materials by putting high-thermal-
conductivity materials near the ‘cold’ regions (Supplementary Figs
10j, 11 and 12 and Supplementary Note 11), would increase respon-
sivity by increasing the temperature difference within the thermo-
electric structures. Shrinking devices will additionally decrease
Johnson noise in resonant thermoelectric structures, thereby
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decreasing NEP (Supplementary Note 11). We note that thermal
design of parallel-connected thermoelectric junctions should mini-
mize uneven junction heating, which can cause internal currents
that waste input energy. In general, careful consideration of
matching the optical power absorbed to the thermal impedance
will be required to optimize thermoelectric nanophotonic
structure performance.

Conclusion
This work combines the often disparate fields of nanophotonics and
thermoelectrics by using high light-confinement to control tempe-
rature gradients in nanoscale volumes to produce highly wave-
length-dependent thermoelectric voltages from spatially uniform
illumination. This wavelength dependence is geometrically tunable
and enables a non-bandgap-limited, uncooled, filterless two-material
spectrometer from visible to IR on one chip. Because of the small
volume, a rise time 100 times faster than conventional thermoelectric
detectors was found. Thermopiling, optimized thermoelectric
materials, or thermal management via wire suspension would
improve responsivity, while shrinking absorber dimensions would
decrease response time. Extending this thermoelectric detection
motif to other resonant nanophotonics structures will be straightfor-
ward, as we briefly explored in our work, and opens up a new,
untested world of uncooled self-filtering light-detecting structures.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Structure fabrication. The thermoelectric hyperspectral structures
were fabricated as follows. On top of the waveguide layer of 100-nm-thick SiNx

membrane (Norcada NX7150C), the 45- or 50-nm SiO2 spacer layer was
deposited via plasma-enhanced chemical vapour deposition at 350 °C. The
structures were written via electron-beam lithography in a series of aligned writes,
followed by deposition and lift-off. Forty nanometres of Bi2Te3 and Sb2Te3
were magnetron sputter deposited with 40 W RF power. Forty nanometres
of alumel and chromel were magnetron sputter deposited with 500 W
DC power. Fabricated dimensions of the structure shown in Fig. 1f are 100 nm
wide, 40 nm thick, wires with a 470-nm period, fabricated on a 145-nm-thick
freestanding dielectric slab waveguide composed of 45-nm SiO2 and 100-nm
SiNx layers.

Absorption measurements. Absorption measurements were done at
room temperature using a house-built set-up including a 2 W supercontinuum
laser, a monochromator and a silicon photodiode. Transmission measurements
were taken using a lock-in amplifier with a chopper and current amplifier.
Absorption was calculated as 1 – transmittance – reflectance. Measuring
reflectance was not possible at 10° off-normal incidence, so 1 – transmittance
was reported.

Potential and noise measurements. Voltage and noise measurements were done at
room temperature using one of three different methods: (1) with a voltmeter
(Keithley 6430 sub-femtoamp remote source meter); (2) with a voltage amplifier and
oscilloscope; or (3) with a voltage amplifier and a 24-bit-resolution signal acquisition
module. Light source was the supercontinuum laser described above and a
mechanical chopper was used.

Simulations. Simulations were done using Lumerical FDTD Solutions34,
COMSOL Multiphysics35 software with RF and Heat Transfer Modules,
and rigorous coupled wave analysis36. Because of differences in length
scales, first electromagnetic field simulations were computed with smaller
simulation regions, and absorbed power was input into a heat transfer
simulation that had a much larger simulation area. Absorption was
calculated using the equation for power density absorbed Pabs = 1/2ωε′′ E| |2,
where ω is the free space light frequency and ε″ is the imaginary part of the
dielectric function.

Seebeck coefficient measurements. Seebeck measurements were performed using a
thin-film Seebeck measurement technique described in ref. 37. Further description
of these measurements can be found in Supplementary Note 8.

X-ray diffraction and X-ray photoemission spectroscopy measurements.
Two-dimensional XRD data were collected with a Bruker Discover D8 system, with a
Vantec 500 detector and Cu Kα X-ray line produced by a microfocused IμS source,
in a θ−2θmeasurement. Supplementary Fig. 13 shows results on thin films of Bi2Te3
and Sb2Te3.

XPS was performed on a Kratos Nova XPS (Kratos Analytical Instruments), with
monochromatized X-rays at 1,486.6 eV and using a delay-line detector at a take-off
angle of 35°. The pressure during measurement was better than 5 × 10−9 Torr, and
the data were collected at 15 mA and 15 kV from an area of about 0.32 mm2. Survey
scans were collected at pass energy 160, and high-resolution scans at pass energy 10.
Supplementary Fig. 14 shows XPS survey spectra for our Bi2Te3 and Sb2Te3 thin
films, and due to surface sensitivity of the technique, these represent only the top few
nanometres of the sample.

Using quantitative analysis based on Te 3d and Bi 4f levels, shown in
Supplementary Fig. 15, we determined that the composition of our bismuth telluride
was 42.5:57.5% Bi:Te for surface relative concentrations. This corresponds to a wt%
of about 53.7% for the bismuth.

The XPS measured composition of our 50-nm antimony telluride film was
determined from Sb 3d 3/2 and Te 3d 3/2 peak areas (as identified to belong to
the compound), and indicates a composition of 32:68% Sb:Te. A large amount of
antimony on the surface had oxidized.

Data availability. The data that support the findings of this study are available from
the corresponding author upon reasonable request.
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