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ABSTRACT: We demonstrate the potential of SnTe films as a mid-infrared plasmonic
material, harnessing its innate ability to be degenerately p-type doped above 10*%/cm?.
SnTe, a narrow bandgap rocksalt semiconductor, is deposited on CMOS-compatible
substrates of Si (001) and Ge (001) using sputtering as a scalable deposition method. We
identify a growth window for sputtering SnTe films and find that films on Ge substrates
have grains with defined epitaxial relationships to the substrate and lower surface
roughness compared to largely polycrystalline grains on Si. Despite differences in
crystallinity in SnTe across these two substrates, we find similar scattering losses at optical
wavelengths that is comparable to other high quality semiconductors, and this is mirrored
in our finding that electrical transport in our polycrystalline films is as much as half that of
high-quality bulk crystals. Finally, we show that changing the growth temperature tunes
the plasma wavelength of our material across 3.9 — 5.3 pm, likely by altering the Sn/Te

stoichiometry and provides supplementary methods to extrinsic dopants.
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INTRODUCTION

Plasmonic and metamaterial structures attract significant interest for applications in
sensing and waveguiding.! While plasmonic structures traditionally utilize noble metals,
doped semiconductors also have shown great promise as tunable plasmonic materials
especially in the mid-infrared (mid-IR).>"'* One of the key advantages of doped
semiconductors is the ease of seamless epitaxial integration with active devices such as
emitters and detectors, not feasible with noble metals. Group IV semiconductors like Ge
and III-V semiconductors like InAs — and ternary alloys InGaAs, InAsSb — stand out as
excellent mid-IR plasmonic materials with high maximum doping level, small carrier
effective mass, and a broad tunability of plasma wavelength.>%3°15:16 The synthesis of III-
V semiconductors with excellent optical properties and low carrier scattering loss,
however, requires ultra-high-vacuum (UHV) techniques such as molecular beam epitaxy
(MBE) and thus severely limits scalability and hinders widespread applications. Hence,
there is a need to identify a highly doped semiconductor that can offer performance
comparable to MBE plasmonic materials, but with a more cost-effective and scalable
synthesis route and without adversely affecting scattering losses. Additionally, this
material should be compatible for integration with CMOS processes and substrates like Si
and Ge. Most importantly, it must maintain a tunable plasma wavelength in the mid-IR
through carrier concentration control.

Tin telluride (SnTe), a IV-VI narrow-bandgap semiconductor (E; = 0.18 eV at 300K'7),
is a promising plasmonic mid-IR material that can be easily synthesized using cost-
effective sputtering techniques, integrated in CMOS processes, and possesses a tunable

plasma wavelength. Specifically, SnTe can be sputtered from a compound target as the



vapor pressures of Sn and Te are not as dissimilar as group-III and group-V elements. It
has a cubic rocksalt crystal structure making it compatible with cubic semiconductors for
epitaxial integration. Finally, SnTe has a very high maximum hole doping limit set by a
Fermi energy stabilization point deep in the valence band.'®* Even in the absence of
extrinsic p-type dopants, SnTe naturally favors being Sn-deficient.'®!” The Sn deficiency
manifests as negatively charged Sn vacancies which results in hole concentrations on the
order of 10%° — 10?! cm™ Such a high concentration of holes leads to high free carrier
reflection of SnTe in the 3-8 um wavelengths.?%3

There are preliminary indications that sputtering can be used to realize SnTe films as a
good plasmonic material on technologically relevant substrates if a few obstacles are
overcome. Epitaxial films of sputtered SnTe have been reported on NaCl substrates®*, but
sputtered growth of SnTe films on MgO?* and CMOS-compatible substrates of Si and
Ge?*?%?7 has so far yielded polycrystalline films. It is important to understand whether
polycrystalline growth is inevitable or if single crystal growth is possible on these CMOS-
compatible substrates, given that SnTe (a = 6.32 A) has a relatively large lattice mismatch
of 16.4% on Si (a=5.43 A) and 11.6% on Ge (a =5.66 A), respectively. At the same time,
while carrier concentration control via nonstoichiometry is widely explored in SnTe bulk
crystals with equilibrium thermal annealing under excess Sn or Te conditions, there has
not been a systematic study under nonequilibrium sputtering conditions. Understanding
this intrinsic control of carrier concentration serves as a precursor to future work with
extrinsic dopants. In addition to tuning the free carrier concentration, it is important to
quantify carrier scattering rates at optical wavelengths in sputtered SnTe that results in loss

and compare it to high quality bulk crystals. Traditionally, in III-V semiconductors, there



is a notion that achieving good crystal quality is key to low loss plasmonic materials,
particularly in ultra-high doped films where the extreme dopant fluxes may be disruptive
to epitaxial growth.!>!®It is therefore interesting to ask if carrier scattering rates in SnTe
are as sensitive to crystal quality, especially since we expect that sputtered films on highly

mismatched Si and Ge are going to be of lower quality than those made by UHV methods.

METHODS

SnTe films with thicknesses in the range 60 — 350 nm were grown on Si (001) and Ge
(00T1) substrates using a Kurt J. Lesker magnetron sputter deposition system with a base
pressure of ~1.5 x 10”7 Torr. The sputter deposition system is equipped with both RF and
DC magnetron sputtering sources. Traditionally, RF sputtering is recommended for
depositing semiconductors including SnTe, since most semiconductors are not as
conductive as metals. However, DC sputtering source was found to be capable of
depositing SnTe thin films (see supplementary material Figure S1). We suspect this is due
to the low resistivity of SnTe of ~1.8 x 10° Q-m, which is comparable to that of metals.
While the versatility of SnTe to be sputtered using either DC or RF source is exciting, we
mainly focus on SnTe films grown using RF source in this study. Prior to deposition, the
SnTe compound target was sputter-etched for 15 min with a shutter shielding the substrate.
During the film growth, the flow rate of Ar gas was fixed to be 50 sccm and the sputter gas
pressure was 3 mTorr. SnTe films were deposited at 60 W RF power, corresponding to a
relatively slow growth rate of ~2.5 — 3 nm/min. Substrate temperature was varied in the
range of 20 — 300 °C during the study. We primarily focus on the 350 nm samples for
structural and optical characterization, as these films are optically thick. On the other hand,

we use the thin 60 nm and 100 nm films to understand the transport properties of sputtered



SnTe films. Finally, we compare the effectiveness of native oxide removal between wet
and in-situ etching.

We started with commercially available high resistivity Si (001) substrates. Prior to
growth, the Si (001) substrates were cleaned in ultrasonic baths of acetone, methanol, and
isopropyl alcohol to remove dust and to degrease, followed by blowing dry with N>. Two
surface treatments to remove the native oxide of Si were investigated: in-situ etching using
Ar gas inside the sputtering chamber, and ex-situ wet etching using hydrofluoric acid (HF).

For in-situ removal of the native oxide, the Si substrate was Ar etched for five minutes
at 40W RF power before deposition at a chamber pressure of 3 mTorr. For wet etching of
the native oxide, the substrates were dipped into 2% HF for two minutes. After the HF
treatment, the substrates were rinsed in de-ionized water and blown dry with N». Right after
this step, the substrates were quickly transferred to the sputtering chamber.

In addition to Si substrates, we explored Ge substrates for heteroepitaxial growth of SnTe
films. Ge substrates of (001) orientation (University Wafer) were cleaned in situ prior to
deposition. The substrates were heated to 650 °C for an hour to thermally desorb the oxide.
The temperature was ramped down at 20 °C/minute to the deposition temperature. We did
not attempt to compare this to Ar-sputtering removal of the native Ge oxides.

The crystal structure and quality of as-grown SnTe films was examined by high-
resolution x-ray diffraction (HRXRD) using a Panalytical X-Pert PRO MRD system with
Cu-Ka source. Atomic force microscopy (AFM) images were acquired with non-tapping
mode on a Park NX-10 to characterize the surface topography and measure the surface

roughness of SnTe films. Hall carrier concentration and mobility at room temperature was



Air SnTe Substrate

Figure 1. Schematic of a 3-layered transfer matrix used in the fitting model, including air,
SnTe thin film, and substrate. The dielectric function of the SnTe layer is modeled as a
Drude metal as described in equation (1).

measured on a Lakeshore 8404 Hall using a four-point van der Pauw configuration with
pressed indium dots as contacts.

Optical characterization in the 1.5 — 15 um range was performed with a Nicolet iS50
Fourier transform infrared (FTIR) spectrometer equipped with a VeeMax specular
reflectance accessory. We collected the reflection spectra at 30° incident angle using a
DTGS KBr detector with a spectral resolution of 4 cm™. All the reflection data were
normalized to an optically thick layer of evaporated gold that has a reflection close to unity
in the mid-IR. For the reflection modeling, we used the transfer matrix (T-matrix) method
to fit the experimental reflection data of each sample. Figure 1 shows a three-layered
structure used in the model, including the air, the SnTe film, and the substrate.

The air and the substrate are assumed to be infinitely thick. The reflection of SnTe was

modeled as a Drude metal with contributions from conduction holes as free carriers:
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where €,,, is the background permittivity, which is fixed to be 40 for SnTe films*® in
this work. Together with the SnTe layer thickness (d), we iteratively fit the plasma
frequency, wy, the scattering rate of the carriers y. The thickness was fitted to be around
~350 nm for SnTe thin films used for the structural and optical characterization. While the
narrow bandgap of SnTe of ~0.2 eV could introduce bound-carrier absorption effect that is
not accounted for in the free carrier dispersion theory at wavelengths shorter than ~6 um,
the bound-carrier extinction coefficient turns out to be negligible for the high hole

3

concentration greater than ~10%° cm™ of the deposited SnTe films due to the Burstein-

Moss effect.?!

The higher the hole concentration, the deeper the Fermi level extends
through the valence band, effectively increasing the band gap of SnTe and shifting the
onset of the bound-carrier absorption to wavelengths less than ~3 pum. Since this

wavelength is almost outside of the fitting regime, we assume the bound-carrier absorption

effect to be negligible in the fitting model.

RESULTS AND DISCUSSION
Sputtered SnTe on Si (001)

In line with previous work, we are unable to obtain epitaxial growth of SnTe on Si via
sputtering over a range of conditions.?**” We speculate, largely informed by extensive
work on III-V-on-Si integration, that SnTe growth on Si requires high temperature
substrate bakes (in excess of 1100 °C for UHV?® and 800 °C under H, ambient®) to achieve
a good surface step structure after removal of the native oxide. While this is not possible

via in a conventional sputtering chamber, the SnTe films on Si are an excellent candidate
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Figure 2. AFM topography maps of SnTe films on Si (001) deposited at (a) 20 °C, (b) 150
°C, (c) 250 °C, and (d) 300 °C. The scan area is 2.5 x 2.5 um?>.

to understand the relationship between SnTe film crystallinity, sputtering conditions,
carrier concentration, and the plasmonic properties of the SnTe films.

We first explore the effect of substrate temperature on the structural properties of SnTe
films, maintaining a sputter pressure of 3 mTorr and a deposition power of 60 W. Figure 2
shows AFM scans of the morphology of non-epitaxial films for all the temperatures
investigated. The native oxides of Si were removed by HF treatment. At 20 °C, the film
structure displays clusters of island-like features at random orientations and a high RMS
roughness of 14 nm (Fig. 2a). As the substrate temperature is increased to 150 °C, which
increases the mobility of the adatoms, the RMS roughness decreases to 4.6 nm but some
faceted grain structure is still present on the surface (Fig. 2b). For the SnTe films grown at
250 °C and 300 °C, the faceted structure increases in prominence, reflected also in an

increase in the RMS roughness to 6.4 and 12.2 nm respectively (Fig. 2c-d).
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Figure 3. (a) Symmetric 260/w scans of SnTe films on Si (001). (b) Symmetric (002) rocking
curve FWHM versus growth temperature. (c) 360° phi scans of SnTe (001) films deposited
at different growth temperatures, showing SnTe and Si {224 }at y = 35.26°.

To evaluate film crystallinity across the growth temperature series, we performed x-ray
diffraction measurements. Figure 3a shows a symmetric 26/@ XRD scans of the
SnTe/Si(001) films. We find (00/)-type out-of-plane reflections are prominent in the SnTe
films, even at room temperature. Indeed, the nonpolar (002) planes have the lowest surface
energy in SnTe. As the growth temperature increases, the intensity of the minority SnTe
(022) out-of-plane grains decreases but cannot be suppressed completely. We perform 360°
¢-scans in skew-symmetric geometry on the {224} peaks of only the majority (002) out-
of-plane SnTe grains to see if there is an in-plane epitaxial relationship. Figure 3c clearly
shows that a four-fold symmetry corresponding to cube-on-cube epitaxy is not present for
SnTe films deposited at 20 °C, 150 °C, and 300 °C, indicating randomly oriented
polycrystalline films (specifically a fiber-texture). For the film grown at 250 °C, the ¢-scan
reveals hints of two domains: unrotated cube-on-cube epitaxy and a 45°-rotated crystal in
the substrate azimuthal orientation, but it is not possible to estimate the volume fraction

these grains. Overall, our experiments show that further surface treatment is necessary to
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Figure 4. Hall carrier density and apparent hole concentration of SnTe (red stars) at room
temperature. Literature values for bulk films'*>'>% and thin films*=* are also plotted for
comparison.

understand how to nucleate an epitaxial SnTe film directly on Si. Nevertheless, these films
serve as a good benchmark to test the limits of crystallinity on plasmonic properties.

To understand the relationship between sputtering conditions and transport properties,
we perform Hall effect measurements on the polycrystalline SnTe films on Si. The
measurements show not only that the hole concentration can be slightly tuned with the
growth conditions, but also that the carrier mobility remains comparable to high quality
bulk crystals. Figure 4 shows this trend measured across synthesis conditions (growth
temperature, film thickness, Ar-etch or HF native oxide removal, and pre-deposition
substrate bake). The electrical properties are predominantly controlled by growth
temperature. We do not notice any significant difference in transport properties between
the cases of Ar-etched and HF-etched silicon oxide removal, which we believe strongly

suggests the need for a high temperature bake before SnTe film growth.
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Figure 5. Hole concentration (a) and mobility (b) as extracted from Hall measurements
and scattering rate (c) and plasma wavelength (d) as determined from optical
measurements and modelling as a function of growth temperature for SnTe films grown on
Si (001) substrate. The SnTe/Si(001) film deposited at 250 °C that was subject to the pre-
deposition substrate bake at 650 °C for I hour is indicated by the stars.

For the case of silicon native oxide removal by HF, we find that as growth temperature
increases from 20 °C to 250 °C, the hole concentration reduces from 7.7 x 10%° to 4.9 x
10%° cm™ with an accompanying increase in hole mobility from 38 to 70 cm?/V-s (Fig 5a-
b). Drawing on previous IV-VI results, electrical carrier concentration in undoped samples

provides direct information on the stoichiometry.'” The creation of one Sn vacancy (V&)
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corresponds to the generation of two holes (h*). Since SnTe is intrinsically p-type due to
Sn vacancies (and potentially Te-antisites), higher substrate temperature could lead to Te
re-evaporation, thereby decreasing the Sn vacancies or hole concentrations and
subsequently moving the stoichiometry towards unity. Similar trends were observed in
MBE-grown epitaxial SnTe(001)/BaF2(001)* and SnTe(111)/Sapphire(0001)*. An
additional step of a substrate bake at 650 °C for 1 hour prior to deposition further reduces
the carrier concentration to 3.9 x 10?° cm™ and increases the mobility to 97 cm?/V-s. The
dominant hole scattering mechanism in electrical measurements in bulk SnTe is reported
to be driven by acoustic phonons.!”® As the Fermi level is pushed deeper into the valence
band for increased hole doping, there are more final states that holes may scatter to after
interacting with the acoustic phonons, leading to the monotonic decline in hole mobility.
The high dielectric constant of SnTe makes hole-hole or ionized impurity scattering
negligible even at carrier concentrations of 10°° — 10?! cm™. Thus, we may expect that
carrier scattering with charged crystal defects (grain boundaries, dislocations etc.) that
ordinarily affect III-V semiconductors may be similarly screened in SnTe and lead to
reasonable transport in polycrystalline films. We also find an effect of thicker films (350
nm vs. 60 nm) systematically reducing the doping by a factor of two (Figure S2),
suggesting a potential interfacial connection to free carrier concentration, but we do not

explore this further.
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Figure 6. Reflectance spectra of SnTe/Si(001) deposited at varying growth temperatures
and conditions.

With a degree of control over the carrier concentration via native point defects and room
temperature mobilities half that of bulk crystals despite the polycrystalline nature of the
films, we ask whether this trend translates also to the optical properties. Figure 6 shows the
reflection spectra of a subset of the SnTe films discussed above. We find a transition from
a high transmission state expected at shorter wavelengths, to a high reflection state at longer
wavelengths, as the materials transition from positive to negative real permittivity.
Oscillations are observed due to a Fabry-Perot cavity produced by the SnTe film and the
SnTe/Si and Si/air interface. As expected, an increase in growth temperature results in a
red shift of the reflection due to decreasing hole concentration. The SnTe film that
underwent the 1-hour 650°C bake before deposition has a significantly redshifted Drude
edge. The extracted values for carrier scattering rate y and plasma wavelength (A, = 21c/mp)

are shown in Figure 5c-d. The modeled spectra are in good agreement with the
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experimental data (see supplementary Figure S4a-d). The scattering rate y decreases as
growth temperature increases, showing a decrease concomitant with the hole
concentration, to the lowest value of 1.4 x 10'* rad/s for a 5.2 um plasma wavelength. We
fit the data from Bis and Dixon?’ and obtain the bulk sample scattering rate of 1.1 x 10'
rad/s for a hole concentration of 3 x 10?° cm™, which is comparable to our sputtered
polycrystalline films.

To summarize, the electrical and optical properties of sputtered polycrystalline films of
SnTe on Si show a degree of tunability by varying the growth temperature and thus altering
the native point defects concentration. The carrier scattering rates at DC and optical
frequencies remain comparable to bulk single crystals. The absence of SnTe epitaxy, likely
due to improper preparation of the Si surface, suggests that device integration cannot
proceed directly on Si. As described in the subsequent section, we use Ge substrates as an

alternate where native oxide removal occurs at lower temperatures.

Sputtered SnTe on Ge (001)

Mirroring our investigation of sputtered SnTe on Si, we study the effect of growth
temperature on epitaxial quality of SnTe films on Ge substrates. There are two key
advantages in considering Ge as an alternative substrate over Si. First, single-crystal
heteroepitaxial growth of IV-VI family semiconductors such as PbixSnyTe and PbSe on
Ge substrates have been reported.’”*® Second, all Ge oxides can be thermally desorbed by
heating to temperatures between 400 — 600 °C.>** SnTe films were grown on Ge at

varying growth temperatures: 20 °C, 150 °C, 250 °C, and 300 °C. The native oxides of Ge
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(b) 150 °C
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Figure 7. AFM topography maps of SnTe films on Ge (001) deposited at (a) 20 °C, (b) 150
°C, (c) 250 °C, and (d) 300 °C. The scan area is 2.5 x 2.5 um?>.

were removed in-situ by baking at 650 °C for an hour under high-vacuum before
deposition.

Figure 7 illustrates the effect of increasing the growth temperature on the AFM surface
morphology of SnTe films. At 20 °C, the RMS is high at 10.2 nm due to several misoriented
grains with prominent faceting towering above the film. As the growth temperature
increases, the RMS drops significantly to 1.4 nm, but a few grains remain misoriented,
with morphologies varying from triangles to rectangles. The morphology of the film in the
background may be seen more clearly in S3. At 250 °C, the RMS does not change much at
around 1.5 nm, while grain sizes increase and coalesces. As the temperature is increased to

300 °C, the RMS remains constant, and the surface develops a texture with diamond facets.
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Figure 8. (a) Symmetric 26/w scans of SnTe films on Ge (001). (b) Symmetric (002) rocking
curve FWHM versus growth temperature. (c) 360° phi scans of SnTe (001) films showing
SnTe and Ge {224 }at y = 35.26°.

The significant decrease in the film roughness at higher growth temperatures corresponds
to the changes in the crystal orientation and quality of SnTe films, as shown in the HR-
XRD measurements. Figure 8a shows a symmetric 26/® scan of the SnTe/Ge (001) films.
Reflections from (002), (022), and (004) peaks were detected for SnTe films grown at room
temperature and 150 °C, indicating that these films grew multiple-orientation out-of-plane.
At 250 °C and 300 °C, only (00/)-type reflections are present, showing that these films
growing single-orientation out-of-plane. Figure 8b shows the full width half maximum
(FWHM) of the SnTe (002) rocking curve. As the growth temperature is increased from
20 °C, the FWHM decreases from 2.85 degrees to 1.19 degrees, corresponding to an
increase in crystal quality. As the growth temperature increases above 150 °C, the FWHM
slightly decreases to 1.16 degrees at 250 °C and to 0.99 degrees at 300 °C. The FWHM
follows the same trend as the RMS roughness of SnTe films deposited at 150 °C and above.
Figure 9¢ shows the 360° phi scans on the {224} peaks of SnTe and Ge, revealing two

distinct domains: the unrotated cube-on-cube epitaxy and in-plane 45° — rotated epitaxy.
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Figure 9. Reflectance spectra of SnTe/Ge(001) deposited at varying growth temperatures.

As the growth temperature is increased from room temperature to 250 °C, the volume
fraction of cube-on-cube epitaxial grains, judged from the peak intensity, increases
monotonically from 63% to 93%. However, as the temperature is increased to 300 °C, the
cube-on-cube epitaxial volume decreases to 81%. The rotation of the grain increases the
absolute value of lattice-mismatch between SnTe and Ge from 11.6% to 20.7% and hence
is surprising to see at higher temperatures. To probe whether the source of the non-
monotonic behavior between 250 and 300 °C arises from the initial nucleation or the
subsequent growth, we can decouple nucleation and growth (such as nucleation at 250 °C
and film growth at 300 °C) in future work.

We do not report Hall-effect measurements due to the non-insulating nature of the Ge
substrates and proceed directly to reflection measurements. Like on Si, Figure 9 shows that
an increase in the growth temperature results in the red shift of the reflection spectra of the

SnTe films grown on Ge. The values for scattering rate and plasma wavelength obtained
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Figure 10. Scattering rate (a) and plasma wavelength (b) as determined from optical
measurements and modelling as a function of growth temperature for SnTe films grown on
Ge (001 ) substrate.

by fitting are plotted in Figure 10. The modeled spectra and the experimental data are in
good agreement with each other (Figure S4e-h).

In Figure 10a, a rise in growth temperature from 20 °C to 250 °C leads to a decrease in
scattering rate from 2.7 to 1.3 x 10" rad/s. At 300 °C, the scattering rate remains unchanged
at 1.3 x 10'* rad/s. Figure 10b also shows that as growth temperature increases, plasma
wavelength increases from 4.0 to 5.3 um. We can understand this trend in much the same
way as the inverse relationship between carrier concentration and electrical mobility. Yet,
the epitaxial character of the films on Ge compared to the polycrystalline films on Si does
not result in reduced carrier scattering determined from fits to the reflectance. This supports
the underlying hypothesis that crystal defects are not the dominant scattering centers in
SnTe. While the surface roughness is indeed appropriate for subsequent device integration,

we need to explore further routes to single crystal films in future work. These include the
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Figure 11. Comparison of figure-of-merit (FOM) of SnTe with other plasmonic
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use of a substrate offcut or different chemical and thermal methods to prepare the Ge
surface prior to SnTe deposition.

Finally, we compare SnTe with other plasmonic materials using the figure-of-merit
defined as the ratio of the plasma frequency o, and the materials loss y.*>*’ Figure 11 shows
this for our sputtered SnTe films and we find it comparable to that of doped MBE-grown
III-V semiconductors in the mid-IR. At a plasma wavelength of approximately 5.3 um, the
deposited SnTe films have comparable loss to InAs. We include two sets of reported results
for InAs with different material loss as this property appears to be sensitive to MBE growth
parameters. On the other hand, we find our polycrystalline SnTe films comparable in loss
to single crystal bulk materials. This result highlights the potential of SnTe as a mid-IR

plasmonic material that can be synthesized using non-UHV methods. In addition to
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achieving epitaxy, future work will focus on extrinsic doping via sputtering, including

counter-doping of the Sn vacancies, to expand the wavelength tunability of this system.

SUMMARY AND CONCLUSIONS

In conclusion, we grow SnTe films on CMOS-compatible substrates of Si and Ge
substrates using RF sputtering. While sputtered SnTe films on Si (001) are polycrystalline
and have high surface roughness, growth on Ge (001) films yield smoother films with better
crystallinity, making it more suitable device fabrication. In the latter case, SnTe films have
two sets of epitaxial grains differing only in their in-plane orientation to Ge — a majority
being cube-on-cube and a minority being 45° rotated in-plane. Despite not being single
crystalline, SnTe films with carrier concentrations between 10%° — 10?! cm™ exhibit
mobility that is almost half that of high-quality bulk crystals. They host comparable optical
scattering loss to heavily doped narrow bandgap III-V plasmonic materials and have
tunable plasma wavelength in the range of 3.9 to 5.3 um using SnTe nonstoichiometry
alone. Future work will be geared towards achieving fully cube-on-cube epitaxial films on
Ge, as well as exploring extrinsic dopants to increase the range of plasma wavelength

tunability.
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Additional details on DC sputtering growth of SnTe films (Figure S1), the effect of
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Sputtered SnTe thin films on Si and Ge as a
plasmonic material
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A. DC sputtered growth of SnTe-on-Ge(001)

Here we reported preliminary structural and optical characterization of SnTe film
deposited on Ge (001) at a substrate temperature of 250 °C, using Ar flow of 50 sccm,
chamber pressure of 3mTorr, and sputtering power of 60W DC. The native oxides of Ge
were removed by baking at 650 °C for an hour under high-vacuum before deposition. After
deposition, the DC sputtered film has cracks with widths ranging between 50 - 200 um due
to thermal stress, but the structural and optical properties are comparable to those of RF
sputtered film. Figure Sla shows the atomic force microscopy (AFM) of SnTe films,
showing morphologies characteristic of epitaxial films with a sub-nanometer surface
roughness of 0.4 nm. A symmetric 26/® scan of the SnTe/Ge (001) films in Figure S1b
shows the films grew single-orientation out-of-plane. Figure S1c shows the 360° phi scans
on the {224} peaks of SnTe and Ge, revealing two sets of epitaxial domain grains: a
majority being cube-on-cube and a minority being 45° rotated in-plane. Figure S1d shows
the reflection spectrum of SnTe films. We fit the data and obtain a plasma wavelength of

4.7 pm, a scattering rate of 1.6 x10'* rad/s, and a thickness of 1.28 um, which is ~3.7 times
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Figure S1: (a) AFM topography map, (b) Symmetric 20/w scan, (c) 360° phi scans showing
SnTe and Ge {224 }at y = 35.26° and (d) Reflectance spectrum of SnTe/Ge(001) deposited at
250 °C using DC sputtering magnetron source.

thicker than that of SnTe films deposited using RF under the similar conditions. The result

highlights the versatility of SnTe films to be sputtered using either RF or DC sources.
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B. Effect of thickness on carrier concentration
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Figure S2: Hole concentration of SnTe films grown on Si (001) versus film thickness at growth
temperatures of 20 °C and 250 °C.

Here we plot a subset of the SnTe-on-Si(001) films, showing the effect of thickness on
hole concentration for two different growth temperatures. Supplementary Figure S2 shows
that in both cases, as the film thickness increases from 60 nm to 350 nm, the hole
concentration is reduced approximately by a factor of two. This result hints at a potential

interfacial connection to free carrier concentration, but we do not investigate this further.

C. Film morphology on Ge
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(a) 20°C (nlm)10 (b) 150 °C

Figure S3. AFM topography maps of SnTe films on Ge (001) deposited at (a) 20 °C, (b)
150 °C, (c) 250 °C, and (d) 300 °C shown also as Fig. 7. The scan area is 2.5 x 2.5 um®.The

height scale is enhanced to show the very smooth films at 20 °C and 150 °C in between the
prominent grains.
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D. Additional reflection fitting
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Figure S3: Experimental (solid lines) and modeled (dashed lines) reflection for SnTe films
grown on Si (001) using a substrate temperature of (a) 20 °C, (b) 150 °C, (c) 250 °C, and (d)
250 °C with a pre-deposition substrate bake at 650°C for an hour, and for SnTe films grown on
Ge (001) using a substrate temperature of (e) 20 °C, (f) 150 °C, (g) 250 °C, and (h) 300 °C. The
fitting parameters used for the modelling (thickness d, plasma wavelength A, and scattering
rate ) are given in the lower right-hand corner of each figure.

Reflection data of SnTe films grown on Si (001) and Ge (001) are fitted using the 3-layer

transfer-matrix combined with the Drude model as described in the Methods section.

Supplementary Figure S4 shows good qualitative agreement between the experimental and

modeled spectra. The three fitting parameters used for the modelling (films thickness d,

plasma wavelength A, and scattering rate y) are listed in the lower right corner of each

figure.
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