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ABSTRACT

Photothermal energy has been widely used in high-tech applications, such as heating/cooling systems, bio-imaging, bio-sensing, and medical
therapies. However, conventional photothermal materials have narrow photo-absorption bandwidth and low photothermal conversion effi-
ciency. Innovative materials that can more efficiently harvest photothermal energy are highly demanded. Topological insulator materials with
excellent optical properties hold great potential in photo-absorption and photothermal conversion. This work investigated and engineered
photo-absorption and photothermal effect in Sb,Te; topological insulator nanograting. The TI material was grown by metal-organic chemical
vapor deposition to exploit the benefits of the process, yielding high material quality and large deposition areas. Through a meticulous process
encompassing material synthesis, engineering, and characterization, highly absorptive Sb,Te; topological insulator nanograting and efficient
photothermal conversion have been achieved. This research contributes to the advancement of the fundamental knowledge of light-matter
interaction and photothermal effects in topological insulator materials. The outcomes of this study can benefit the development of efficient
photothermal materials for high-performance nano-energy and biomedical technologies.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0166420
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Photoenergy can be transformed to photothermal or photoelec-
trical energy via efficient photo-absorbers performing photothermal
effect.” Photothermal effect is the generation of thermal energy (heat)
in the photo-absorbers that is widely used in energy technologies, such
as generating photothermal electricity,” heating/cooling effects,” water
evaporation,4 and actuators.” In addition, the photothermal effect also
signifies in chemical and medical engineering applications, including
photothermal ~ detectors,” imaging,” therapy,’ and biosensing.’
Plasmonic nanoparticles (NPs) generating photothermal effect have
been used for vaporization of water and optofluidic effects.” When
subjected to light irradiation, microfluidic channels facilitate the

precise manipulation to transport biomolecules and living cells at con-
trolled speeds and directions. In nanomedicine, plasmonic NPs have
the potential for designing novel optically active reagents for simulta-
neous molecular imaging and photothermal cancer therapy.'"'” The
photothermal effect has also been used for selectively ablating tissues
with localized heating and triggers the release payload molecules of
therapeutic importance.”

Metallic NPs, such as Au and Ag, and dielectric NPs, such as Si
and Ge, are typically used as conventional photothermal nanomateri-
als, in which surface plasmons and Mie resonances play a key role in
photo-absorption and photothermal conversion. In addition, some
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complex nanocomposites, such as AuAl,:AIN nanoparticles,"” SiO,/
Au nanoshells, and SiO,/Au/Fe;0, nanoshells,'* have also been uti-
lized for photothermal conversion. Recently, tellurium (Te) has been
discovered to be a high-performance photothermal material, showcas-
ing remarkable characteristics based on analogous principles.”” In
metallic materials, surface plasmon resonance (SPR) leads to strong
field enhancement and photo-absorption in the presence of electro-
magnetic radiation.'™'"” The metallic NPs experience robust carrier
oscillations induced by the intense electromagnetic field, giving photo-
thermal effects. The absorption of thermal energy leads to an increase
in temperature in the vicinity of the NPs. Photothermal effects are
especially strong in the frequency regime of SPRs, depending on the
parameters including shape, size, and organization of the NPs. High
refractive index dielectrics, such as Si and Ge, can achieve nanoscale
light localization based on Mie resonances and have the advantage of
less optical losses.'®'” Similar to SPRs, Mie resonances can also
enhance optical absorption when the incident photon energy is larger
than the bandgap.”’ The dielectric NPs have been used in optical heat-
ing, coloration, and enhancing the efficiency of photovoltaic
devices.”**

The assessment of an absorber system’s performance is important
to its operational efficiency, based on the bandwidth and light absorp-
tion efficiency. The conventional photo-absorbers have a drawback of
narrow operational bandwidths. This leads to a high demand of new
materials with broad-band light absorption, which generates high-
performance photothermal effects. Topological insulators (TIs) repre-
sent a class of topological materials characterized by a dielectric-like
bulk state coexisting with a metallic surface state.”” *” The metallic
surface state of TIs is protected by symmetry principles, specifically
particle number conservation and time reversal symmetry. A series of
well-known thermoelectric semiconductors, such as Bi,Se;, Bi,Tes,
and Sb,Te,, have been identified as TIs.”””” They exhibit a range of
distinctive electronic properties, such as spin-momentum locking of
Dirac electrons leading to potential applications in next generation
spintronic and quantum computing.”**’ TTs possess a multitude of
unique and superior properties, making them highly versatile and
applicable in various high-performance optoelectronic devices.”’ *”
Recently, Bi,Se; nanostructures have been used for photothermal
energy conversion’ "’ and photothermal therapy at near infrared.”®
Bi,Se; nanosheets displayed efficient photo-absorption and highly effi-
cient photothermal within specific waveband. The results suggested
that the nanoscale TIs could provide an excellent means to achieve
highly efficient photothermal conversion in biomedical applications.

TIs demonstrate dielectric-like optical properties within the infra-
red frequency range, characterized by photon energies that are smaller
than the bulk bandgap. Their refractive indices and extinction coeffi-
cients are much higher than those of Ge and Si in the infrared range.
The dielectric-like nature of the bulk states in TI-NPs facilitates the
occurrence of robust Mie resonances and efficient photo-absorption.
Therefore, TIs have the very unusual property of displaying SPRs at
ultraviolet, visible, far infrared to THz ranges while demonstrating Mie
resonances primarily in the infrared frequency range.”” They are antic-
ipated to have efficient photo-absorption and photothermal conver-
sion capabilities across the solar spectrum. This study showcases the
manipulation of efficient photo-absorption and photothermal effects
in TT nanogratings through the implementation of geometrical designs,
nanofabrication  techniques, = comprehensive  characterization,
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simulations, and photothermal measurements. The experiments were
performed on Sb,Te; layers deposited by metal organic chemical vapor
deposition (MOCVD), an advanced deposition technique featured by
a high process control, large area deposition, and industrial transfer-
ability.”® In particular, previous reports have demonstrated the TI
insulator character of the Sb,Te; films employed in the current
study.””*" Efficient photo-absorption and photothermal effects have
been observed for harvesting energy, photothermal biosensing, and
nanotherapy. This advancement promises broad applicability in pho-
tothermal nanosurgery, photochemistry, nanofabrication, and photo-
thermal signal modulation, driving progress across these fields.

A nanograting structure was meticulously designed to achieve
broad-spectrum photothermal effects. The Sb,Te; thin films were syn-
thesized using the MOCVD technique on a SiO, substrate. Prior to the
deposition process, the substrates underwent a pre-annealing step
inside the MOCVD reactor chamber at a temperature of 500 °C. This
pre-annealing step aimed to eliminate the adsorbates present on the
substrates, namely, physisorbed and chemisorbed water. Furthermore,
the Sb,Te; thin films were deposited at room temperature, by flowing
the SbCl; and bis(trimethylsilyl)telluride [Te(SiMes),, DSMTe] precur-
sors, with partial pressures of 2.23 x 107* and 3.25 x 10~* mbar,
respectively. Post-annealing treatment of the films after the growth
was carried out inside the reactor at 300 °C. Comprehensive informa-
tion about the growth procedure and the physical-chemical characteri-
zation of the Sb,Te; thin films can be found in Refs. 38 and 41. In
particular, in Ref. 38, we have reported that the root mean square
roughness of a 32.4 nm-thick Sb,Te; layer deposited on SiO,, obtained
by x-ray reflectivity, is 4.5 nm; therefore, for the 50 nm thick Sb,Te;
layers grown under the same conditions in this work, we estimate a
roughness in the range of 5-10 nm. Moreover, the structural analysis
of Ref. 38 has evidenced that the Sb,Te; layers on SiO, exhibit a partial
alignment of the Sb,Te; grains, resulting in highly textured films ori-
ented along the out-of-plane [00]] direction.

Figure 1 shows the principle wherein SPRs enhance the photo-
absorption and photothermal effects in Sb,Te; nanomaterials, which
are classified as TIs. The photothermal effect process can be schemati-
cally presented as (1) the incident light irradiates onto the nanograting,
where the structural characteristics of the grating facilitate its coupling
with electromagnetic fields. This coupling leads to the activation of
SPR on the Sb,Te; nanograting. Simultaneously, an incident light por-
tion passing through the grating is reflected by the gold mirror, further
intensifying the photo-absorption effect. Given the remarkable photo-
absorption exhibited by TIs, this study endeavors to enhanced efficient
photothermal effects through the design of a nanograting structure.
The primary objective is to achieve efficient photothermal conversion
and broad-spectrum photothermal absorption. (2) The occurrence of
the SPR effect at the grating surface, in conjunction with the SPR on
the gold mirror, results in an amplified absorption of photon energy.
(3) Consequently, energy transfer from the incident light to the elec-
trons within the Sb,Te; nanograting occurs, leading to carrier oscilla-
tions and generation of a non-equilibrium carrier density. (4) During
the transition toward equilibrium, inter-band carrier—carrier scatters
known as Coulomb thermalization takes place. This process involves
the transfer of absorbed energy to the lattice, resulting in an increase in
temperature within the Sb,Te; material. (5) The transferred energy
manifests as heat, which is subsequently dissipated to the surrounding
medium, causing an overall temperature elevation.
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FIG. 1. Schematic diagram of interaction in the device when irradiated by light. The energy will be transferred to heat by the oscillation of lattice, which is activated by lattice

absorbed light energy.

TI Sb,Te; nanogratings have been fabricated by the focused ion
beam lithography (FIB) method. The morphology of designed nano-
structures has been characterized using scanning electron microscopy
(SEM). The influence of plasmon resonances in TI nanograting was
simulated using Lumerical FDTD solutions. Various light sources with
different wavelengths were chosen for the simulations to investigate
the effect of these resonances. The Sb,Te; nanograting, with its specific
structural configuration as depicted in Fig. 2(a), demonstrates several
advantages. This enhancement surpasses the capabilities of previous
designs in 3D structured graphene, in which the temperature reaches
80 °C."* The Sb,Te; nanograting enables a higher density of hybridized
localized SPR, thereby promoting effective light absorption over a wide
range of wavelengths. Moreover, the grating structure of Sb,Te; nano-
grating enables the coupling of incident light into the air gap, thereby
enhancing the photo-absorption effect even further. The specific

Width (nm)

b Absorption C

structural configuration of the Sb,Te; nanograting, as depicted in
Fig. 2(a), involves a thickness (d), width (w), and period (p) of 50, 150,
and 300 nm, respectively. Within the structure, a SiO, spacer layer,
with a thickness (ds) of 50 nm, is interposed. The gold mirror, with a
thickness of 150 nm, serves a dual purpose. First, it reflects the incident
light back toward the TI nanograting, and then, it also actively engages
in SPR coupling with the SPR within the TI nanograting, enhancing
the overall optical performance. This sophisticated arrangement signif-
icantly enhances the absorption characteristics of the TIs while pre-
venting destructive interference between the incident light and the
reflected light from the bottom.

The absorption [Fig. 2(b)] and reflection [Fig. 2(c)] properties of
the Sb,Te; nanograting are meticulously simulated using the finite-
difference time-domain (FDTD) method. Remarkably, the TT device
with 150 nm width exhibits an absorption rate surpassing 85% across
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FIG. 2. (a) Schematic structure of the Tl nanograting. The green bars on top form the Sb,Te; Tl nanograting; then, the second layer is a SiO, spacer and a gold mirror forms
the third layer. Here, w, p, and d indicate the width, period, and thickness of the grating, respectively. It also shows “ds” and “dg” for the thickness of the spacer layer and gold
mirror, respectively; (b) absorption vs wavelength and width of nanograting; (c) reflection vs wavelength and the width of nanograting.
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FIG. 3. (a) and (b) Scanning electron microscopy (SEM) micrographs of the Tl film; (c) Raman spectrum of the Tl film at the wavelength of 532 nm laser beam.

the entire 350-550 nm wavelength range. This range encompasses the
near-ultraviolet to mid-visible spectrum. The extensive coverage
achieved by the Sb,Te; nanograting underscores its significant poten-
tial in facilitating efficient light absorption across a wide range of
wavelengths.

Figures 3(a) and 3(b) provide visual evidence of the high-quality
TI film obtained through the MOCVD. The images demonstrate
exceptional continuity across a relatively extensive surface area while
maintaining excellent flatness at the micrometer scale. The Raman
spectrum analysis [Fig. 3(c)] conducted at room temperature using a
Raman system, showcases two dominant peaks at about 112 and
167 cm™ %, which correspond to the Ezg(TO), and Azlg(LO) modes of
Sb,Tes, respectively.”’ A detailed investigation on the Sb,Te; growth
and physico-chemical characterization is reported elsewhere.”*"'

The photothermal performance of the TI nanograting was char-
acterized by a high-resolution IR thermometer. The temperature
increase resulting from the photothermal effects was observed and
measured using both thermometers and thermocouples. Figure 4(a)
shows the top-view scanning electron microscopy (SEM) image of the
fabricated TT Sb,Te; nanograting, where the white bar with a length of
3 um serves as a scale reference, highlighting the distinct grating struc-
ture. Additionally, Fig. 4(b) shows the cross-sectional profile of the
nanograting, with a discernible gap of ~150 nm. This dimension aligns
perfectly with the optimal absorption structure identified in prior sim-
ulations. Thus, the topological insulator Sb,Te; nanograting has been
meticulously fabricated and designed to mirror the specifications
established in our simulation models.

We have studied the photothermal effects and the influence of
light polarization on the light absorption and photothermal effects in
the Sb,Te; nanograting. In the process of rotating the polarizer, the

photothermal images in the Sb,Te; nanograting demonstrate periodic
variations, as illustrated in Fig. 5. The sample is illuminated under a
450 nm blue laser. The result suggests a relation between light polariza-
tion and light absorption of nanograting. This relationship demon-
strated an important role of polarization in modulating the plasmon
resonances and light absorption. When the polarization is optimally
oriented, there is a notable enhancement in absorption and photother-
mal effects. These lead to an elevation in the sample temperature,
reaching peaks above 100 °C and averaging around 60 °C. This could
be attributed to the interaction of polarized light and Sb,Te; surface
plasmons. The results clearly show the dependence of photothermal
effects on light polarization.

The incorporation of TT materials facilitates efficient light-matter
interactions, enabling the device to capture a substantial amount of
incident light within the targeted spectral range. TIs demonstrate effi-
cient photo-absorption over the broad-band spectrum as they have
both plasmonic and dielectric-like properties. TI nanograting enable
localized SPRs to effectively absorb light, which provides impedance
matching for efficient reflection reduction and coupling to the optical
modes. Therefore, the nanograting structure enables high photo-
absorption throughout wide spectrum regimes and acts as the efficient
light absorber. In real TIs, the surface conductance is frequently
accompanied by non-insulating bulk conductance, resulting from bulk
defects in the material.** Typically, the Fermi energy in TI materials
resides within either the conduction band or the valence band, rather
than within the expected bulk bandgap.”” The presence of intrinsic
defects induces the generation of carriers, which in turn gives rise to
SPRs and high photo-absorption within the ultraviolet (UV) to visible
frequency range. Most TIs, such as Sb,Te;, have very high extinction
coefficients in the UV to infrared frequency range. The high

FIG. 4. (a) Top SEM image of a fabricated
Tl Sb,Tes nanograting; (b) SEM profile
image of the nanograting.
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FIG. 5. Light polarization angle-dependent photothermal images in Tl Sb,Tes nanograting under 450 nm laser illumination.

absorption efficiency observed in the Sb,Te; nanograting cannot be
solely attributed to the remarkable properties of TI materials, but
rather stems from the meticulous engineering and optimization of the
grating structure. This emphasizes the critical role of deliberate design
choices and structural configurations in achieving efficient light
absorption in TI-based systems. By precisely designing the dimensions
and periodicity of the grating, we have achieved the desired resonance
conditions, ensuring maximum light absorption.

This work presents the development of a nanograting device
composed of a TI material, which demonstrates high-performance in
terms of absorption efficiency of up to 85% within the 300~500 nm
spectrum. In steady-state conditions, the device reaches temperatures
exceeding 100 °C, with an average temperature surpassing 60 °C. This
is a significant advance in comparison of the Bi,Se; film and Bi,Se;
nanoflower.” The TI nanogratings are demonstrated to possess out-
standing photothermal conversion capabilities owing to high photo-
absorption in broad spectrum. The photothermal performance shows
to be improved with advantages in TI materials compared with noble
metals and dielectric materials. This research expands the practical
applications of TT materials in photonic energy devices, and TI-based
photothermal heating will hold promise for non-contact temperature
control of heating on the nanoscale.

In conclusion, we developed TI nanograting for the high-
performance photothermal effect and photothermal energy conver-
sion. The designed TI nanograting with 300 nm period and 50 nm
depth demonstrates high photo-absorption in 300-500 nm wavelength
ranges. The high photo-absorption leads to strong photothermal effect,
and the temperature increases remarkably in the nanograting area.
This work proves that TI materials are suitable for photo-absorption
devices and photothermal conversion devices. The exploration of the

photothermal effect in TI nanogratings has the potential to promote
the development of solar thermal energy technologies and increases
the utilization of solar energy resources. This development can find
wide applications in various fields including photothermal nanosur-
gery, photochemistry, nanofabrication, and photothermal signal mod-
ulation. This work could serve as a valuable reference for advanced
investigations in energy harvesting, sensor development, quantum
computing, and optoelectronic devices using topological insulators,
thereby providing a springboard for innovative solutions in these
fields.
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