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ABSTRACT: Topological insulators (TIs) have attracted tremen-
dous interest in the context of thermoelectrics (TE) as they are
often composed of materials used for making effective and practical
TE devices, while their exotic surface state electronic structures can
be a promising candidate for decoupling thermal and electrical
transport. However, common strategies used to improve TE
performance such as using superlattices, heterostructures or
alloying can often obscure the prominence of the unique properties
of the topological surface states in TIs. Furthermore, obtaining a
large enhancement in the TE performance in extremely thin films
of these materials, required for cooling of these thin films, along with precise experimental demonstrations of the coexisting and
distinct contributions of the bulk and surface states to the TE transport, still remains a challenging task. In this work, we engineer
low-dimensional nanostructures onto thin TI films to drastically improve their TE performance while retaining their unique
topological surface state properties. We demonstrate a large suppression of thermal conductivity, by nearly an order of magnitude, in
a thin nanostructured Bi2Te2Se film without significantly affecting its electrical conductivity. The measured thermal conductivity of
nanostructured TI films is lower than other reported values for thin film TIs and approaches the amorphous limit, indicating highly
disordered thermal transport. This results in an enhancement in the figure-of-merit zT by a factor ∼11 times than that of pristine
thin Bi2Te2Se films at room temperature. The zT can be further enhanced using optical helicity-dependent control over the transport
of the surface state electrons due to their unique spin−orbit coupling. The obtained zT is higher than values reported in other thin
film TIs, positioning our Bi2Te2Se system as a promising alternative to more complex structures and materials. Additionally, we
investigate the importance of the relative contribution of the surface states and the bulk to TE transport which points out the
directions of further improvement of TE properties. Overall, this study provides critical experimental insights for developing high-
performance TE materials utilizing the unique properties of thin film TIs combined with the benefits of nanostructuring.
KEYWORDS: topological insulator, thermoelectric, nanostructures, thermal conductivity, circular photogalvanic effect, helium ion beam

■ INTRODUCTION
Thermoelectric (TE) materials have emerged as a promising
frontier for sustainable energy harvesting and recovery due to
their ability to directly and reversibly convert heat to
electricity.1,2 For developing a high-performance TE device,
it is essential to simultaneously maintain a large potential and
temperature gradient across its terminals while minimizing
Joule heating. The performance of a TE material is quantified
by its dimensionless figure-of-merit zT = S2σT/k, where S =
ΔV/ΔT is defined as the Seebeck coefficient, T is the absolute
temperature, and σ and k are the electrical and thermal
conductivity, respectively. The total thermal conductivity k can
be represented as the sum of the individual contributions from
the electrons ke and the lattice or phonons kph. The task of
achieving a high zT has remained a challenge for decades as
these TE parameters that need to be optimized are often
intertwined and cannot be tuned independently.3

Some common strategies that have been successfully
employed to improve zT include searching for intrinsically
low thermal conductivity materials,4−6 optimizing carrier
concentration,7,8 tuning effective mass,9 band structure
engineering,10,11 and using materials with negatively correlated
TE properties.12 Nanostructured and heterostructured materi-
als have emerged as another effective approach to improve TE
performance over their bulk counterparts13,14 through
mechanisms such as quantum confinement,15,16 suppressed
phonon transport via increased boundary or interface
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scattering,17,18 and selective filtering of charge carriers based
on their mean free path or energies.19,20

Topological insulators (TI) have attracted tremendous
interest in condensed matter physics due to the presence of
gapless metallic states at their surface along with gapped states
in the bulk.21,22 The topological surface states (TSS) are
immune to backscattering from nonmagnetic defects as they
are protected by time-reversal symmetry,23,24 leading to a
possibility of a higher relaxation time and enhanced electrical
conductivity. On the other hand, to obtain a high Seebeck
coefficient, the Fermi level in the TI needs to be located near
the edge of the bulk bands due to the sharp change of electron
density of states.11 Hence, the coexisting distinct properties of
the TSS and the bulk states allow the possibility of tuning the
TE properties of the TI by altering their relative contribution
to the transport.25−27 Some TIs are also composed of materials
for making effective TE devices that can lead to low thermal
conductivity (in part due to heavy elements), small effective
mass, narrow band gaps, and complex band structures.28−30

For example, some three-dimensional TI materials, including
Bi2Te3, Bi2Se3, and Sb2Te3 and their alloys are known to be
among the best TE materials.28,31,32 However, demonstration

of high TE performance in very thin TI films where the surface
state effect dominates, at room temperature, is still lacking.
Due to the unique properties of surface state, TIs combined
with the benefits of nanostructuring (which can effectively
reduce the contributions of bulk and thermal transport relative
to the surface and electrical transport) have been theoretically
predicted to be very promising candidates to decouple TE
transport and realize high-performance TE materials.26,33,34

However, fabrication of nanostructures on TIs without
degrading their unique surface properties along with precise
experimental measurements of the bulk and surface contribu-
tions to the TE properties in such systems, particularly in
extremely thin TI films, remains a challenging task.25,30

In this study, we report the experimental measurements of
TE properties and a substantially enhanced zT of nano-
structured thin Bi2Te2Se films. The in-plane thermal
conductivity of the films is measured at room temperature
using micro-Raman thermometry, a technique that has been
widely used to measure the thermal properties of 2D
materials.35−38 We demonstrate that a 10 nm thick nano-
structured Bi2Te2Se film has a significantly suppressed thermal
conductivity of 0.31 W/mK, which is nearly an order of

Figure 1. Thermoelectric transport in pristine and nanostructured Bi2Te2Se films. (a) Hexagonal crystal structure of Bi2Te2Se quintuple layers. (b)
Schematic of energy dispersion of Bi2Te2Se. A net spin-polarized current can be generated by exciting the surface state electrons using circular-
polarized light. (c) Thickness dependent in-plane thermal conductivity k of suspended films measured using micro-Raman thermometry. (d)
Thickness dependent sheet carrier density ns extracted from Hall effect measurements. Films thinner than 20 nm show n-type behavior while
thicker films are p-type. The inset schematics illustrate the location of the chemical potential relative to the bulk bands and the Dirac point. (e)
Thickness dependent electrical conductivity σ measured using the standard four-probe method. (f) Generated photocurrent as a function of light
polarization when a 632.8 nm laser incident at θ = 45° is focused on the center of a 10 nm thick Bi2Te2Se device before and after fabricating the
nanostructures. All measurements were performed at room temperature and VG = 0 V.
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magnitude lower compared to the measured value of a pristine
film of the same thickness. This measured in-plane thermal
conductivity at room temperature in the nanostructured film is
lower than experimentally reported values for other TI thin
films39−41 and is also comparable to the minimum lattice
thermal conductivity (kmin) predicted for similar materials in
the amorphous limit42 (in-plane kmin = 0.28 W/mK for
Bi2Te3

31). Crucially, this suppression in thermal transport can
be achieved without significant deterioration of electrical
conductivity and Seebeck coefficient. This results in a greatly
enhanced zT of 0.42 in the nanostructured film, a factor ∼11
times larger than the pristine film at room temperature. We
also demonstrate that the nanostructuring of the Bi2Te2Se film
does not impair its TSS by generating an additional spin-
polarized electrical current using optical spin injection. This
spin-polarized current originates from the TSS43,44 and is
parallel to the current driven by the temperature gradient,
resulting in an enhanced apparent Seebeck coefficient and a
further improved zT of 0.50 at room temperature. This
obtained zT is higher than reported values for other
nanostructured thin TI films.40,45,46 Another crucial finding is
the improvement of TE performance while preserving TSS
properties as other common strategies used to improve TE
performance like alloying or complex heterostructuring may
often overshadow or hinder the peculiar properties of the TSS
in TIs.47,48 The preservation of TSS properties enables the use
of the nanostructured Bi2Te2Se films for a variety of photonic
and spintronics applications.49,50 These results highlight the
potential for using thin TI film itself for cooling of the TI
devices, which also allows the possibility of optical modulation
and on-chip active thermal management in nanoscale TI
electronics.

■ RESULTS AND DISCUSSION
For measuring TE properties of Bi2Te2Se, thin films were
prepared via tape exfoliation from bulk crystals. A schematic of
the layered crystal structure of Bi2Te2Se is illustrated in Figure
1a. Bi2Te2Se was chosen for our experiments as compared to
other widely studied three-dimensional TIs such as Bi2Te3 and
Bi2Se3 since Bi2Te2Se has a significantly reduced electrical
conduction in the bulk and is thus a better candidate for
analyzing the surface state contribution to the TE trans-
port.51,52 This is because the chemical potential (μ) in
Bi2Te2Se is located near the middle of the bulk band gap
and close to the Dirac point (D.P.), as illustrated in Figure 1b,
which leads to better bulk-insulating properties. Earlier
ARPES, electrical transport, and Seebeck measurements
performed on the bulk crystals also indicate excellent qualities
of the crystals and the potential of the TSS to make significant
contributions to the measured properties.53 Figure 1b also
illustrates the generation of a net spin-polarized current by
exciting the TSS electrons using circular-polarized light, which
can provide an additional contribution to TE transport. For
thermal measurements, the Bi2Te2Se films were suspended on
holey SiN membranes, while for electrical measurements, the
films were exfoliated onto SiO2/Si substrates followed by
fabrication of Au/Cr electrodes. “Nanostructured” films were
fabricated by patterning nanostructure arrays of circular holes
with depth of ∼3−4 nm (less than the TI film thickness) and
with diameter (D) of 50 nm on the Bi2Te2Se films via focused
ion beam milling using a helium ion microscope (HIM). On
the other hand, “pristine” films refer to the as-exfoliated
Bi2Te2Se films, that have not undergone any patterning. A

detailed description of the sample preparation is provided in
the Experimental Section.

The thickness-dependent in-plane thermal conductivity k of
the suspended Bi2Te2Se films was measured at room
temperature using micro-Raman thermometry and the results
are presented in Figure 1c. The detailed measurement
procedure is described later in the text. The measured thermal
conductivity of the pristine films starts increasing sharply from
the bulk value of about 1 W/mK when the thickness is reduced
to below ∼25 nm, reaching 2.95 W/mK when the thickness is
around 10 nm. This measured value is the sum of the
individual contributions from the phonons kph, the bulk
carriers ke, and the TSS kTSS, which is consistent with our
previous work.37 The thickness-dependent surface and bulk
contributions to the thermal conductivity in pristine Bi2Te2Se
films has been estimated using a simple two-layer transport
model and presented in Supporting Note S1. A violation of the
Wiedemann−Franz law is observed, and a large value of
Lorenz number, more than 9 times the Sommerfeld value Lo, is
also calculated for the thin films, which was also found in our
previous work.37 This is attributed to the increasingly TSS-
dominated thermal transport in thin pristine films which can
also explain the rapid increase in thermal conductivity. On the
other hand, the measured thermal conductivity of the
nanostructured films decreases with thickness reduction, with
the lowest value of 0.31 W/mK attained for a 10 nm film. This
film was patterned with a circular hole array of diameter D =
50 nm and depth of ∼4 nm with nanostructure period P = 100
nm. This measured thermal conductivity is lower than
experimentally reported values for other TI thin films39−41

and is also comparable to the thermal conductivity of more
complex TI structures like superlattices31,54 and heterostruc-
tures.55 The reduction in thermal conductivity by a factor of
∼9.5 for the 10 nm nanostructured film compared with the
pristine film of the same thickness is ascribed to a combined
reduction in kph, ke and kTSS. The suppression in kph can be
explained by increased phonon scattering from the nanostruc-
ture boundaries, as phonons with mean free path (MFP)
greater than 50 nm can contribute up to ∼30% of the lattice
thermal conductivity in Bi2Te2Se.56 Similarly, ke can also be
suppressed due to increased electron scattering. On the other
hand, TSS are expected to be robust to the nanostructuring as
they are insensitive to spin-independent scattering due to their
unique spin-texture.23 This indicates that the observed
reduction in kTSS must originate from another mechanism. In
our earlier work, we demonstrated that the thermal
conductivity of Bi2Te2Se films is very sensitive to the location
of the chemical potential relative to the Dirac point.38 When
the chemical potential is close to the Dirac point, thermal
transport is dominated by the TSS, leading to a high thermal
conductivity. On the other hand, when the chemical potential
moves closer to the bulk bands, the contribution from the TSS
can be diminished, which results in the phonons and bulk
carriers contributing to the majority of the thermal transport
and a reduction in total thermal conductivity.

The shift in the chemical potential due to nanostructuring is
verified by extracting the carrier concentration of the films
through Hall effect measurements using six-terminal Hall bar
devices fabricated on SiO2/Si substrates. It is important to
ensure that the thermal and electrical properties of the
Bi2Te2Se films are not altered during the device fabrication or
due to the presence of the SiO2/Si substrate as compared to
the suspended films. This has been verified in our previous
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work37 by first patterning the electrodes on the holey SiN
membrane followed by subsequent transfer of the Bi2Te2Se
films directly onto the contacts. This process confirms that the
Bi2Te2Se films do not undergo any device fabrication and that
the same films can be used both for thermal and electrical
measurements. Based on these findings, the thickness-depend-
ent sheet carrier density ns of the pristine and nanostructured
films on SiO2/Si substrates was measured at room temperature
and the results are presented in Figure 1d. The sheet carrier
density is obtained from the measured Hall coefficient RH
using a single-band model, n = 1/RHe. Bi2Te2Se samples with
thickness larger than ∼25 nm demonstrate p-type behavior,
indicating that the electrical transport in thicker films is
dominated by bulk holes. On the other hand, in thinner
samples, the Hall coefficient RH flips sign, indicating a
transition to TSS-dominated electronic transport. The
extracted ns for the pristine thin films approaches ∼1 × 1013

cm−2, which is lower than the carrier concentration when the
chemical potential is located at the bottom of the conduction
band, as measured by previous ARPES measurements to be ∼2
× 1013 cm−253. This indicates that the chemical potential in the
pristine films is indeed closer to the Dirac point, which aligns
with its high measured thermal conductivity. After nano-
structuring, the measured ns of the films is significantly higher,
indicating that the chemical potential has shifted toward the
conduction band, which reduces the contribution of the TSS to
thermal transport and leads to lower thermal conductivity. The
inset of Figure 1d. illustrates the location of the chemical
potential relative to the bulk bands and the TSS in films of
different thickness. More details of the Hall effect measure-
ments are provided in Supporting Note S2. A possible reason
for the increase in carrier concentration in the nanostructured
film is due to the creation of donor-like point defects during
the He+ ion beam irradiation. The formation of such defects
due to ion-beam irradiation has been experimentally observed
in similar materials such as Bi2Te3,46,57 along with other 2D
materials.58,59 Such defects have been found to enhance the TE
properties of the material as they can act as electron donors,
which can increase the chemical potential while simultaneously
acting as electron and phonon scattering centers, which
reduces the thermal conductivity. In the case of Bi2Te2Se, the
He+ ion beam is likely to generate Se/Te vacancies, which can
act as n-type dopants.60 Hence, the suppressed thermal
conductivity measured in the nanostructured Bi2Te2Se films
is due to the combined effects of increased electron and
phonon scattering along with the reduction of TSS
contribution to the thermal transport.

The sheet resistance RS of the Bi2Te2Se films was measured
using a standard four-probe technique and used to calculate
the electrical conductivity σ. A detailed description of the
measurements is provided in the Experimental Section. The
calculated thickness-dependent electrical conductivity σ of the
pristine and nanostructured films is presented in Figure 1e.
The measured electrical conductivity of the pristine films also
increases rapidly when the thickness is below ∼25 nm due to
increased TSS contribution to the transport, similar to the
trend observed for thermal conductivity in Figure 1c. However,
a crucial finding for improving TE performance is that the
electrical conductivity of thinner nanostructured films does not
deteriorate as significantly as the thermal conductivity. It is also
seen from Figure 1c,e that the alteration of transport properties
of the Bi2Te2Se films due to the effects of nanostructuring is
less prominent with increasing film thickness. This is because

since the same He+ ion dose was used to pattern the
nanostructures, the depth of the structures across all samples is
similar, estimated to be only a few nm. A nanostructure that is
a few nm deep is expected to impede TE transport significantly
in thinner films due to increased surface scattering, while in
thicker films, most of the phonon and electron transport in the
bulk remains largely unaffected.

Potential damage or residue deposition on the surface of the
Bi2Te2Se films during the nanostructuring is also a great
concern. To ensure that the exposure to the He+ ion beam
does not significantly damage the material structure and impair
the surface states, we conduct thorough investigations and
demonstrate the presence of the circular photogalvanic effect
(CPGE) and the weak antilocalization (WAL) effect in our
nanostructured films. The generation of a net spin-polarized
current from thin Bi2Te2Se films using circularly polarized light
is illustrated in Figure 1b. This type of optical response to
circularly polarized light is called CPGE which has been widely
discussed and has also been demonstrated in our previous
work.50,61,62 In the case of TI, this response arises exclusively
from the TSS and not from the bulk due to the coupling of the
spin of the surface states with the incident photons.43,63 In our
experiments, a 632.8 nm He Ne laser was focused on the
center of a Bi2Te2Se device, obliquely incident at an angle of
45°. The incident laser polarization is altered using a quarter-
wave plate (QWP). A detailed description of the photocurrent
measurements is provided later in the text and the
Experimental Section. The measured polarization-dependent
photocurrent as a function of QWP angle (ϕ) is presented in
Figure 1f. The experiments were performed on the same 10 nm
thick Bi2Te2Se device before and after fabricating the
nanostructures. The total measured polarization-dependent
photocurrent includes additional components generated from
other mechanisms along with the desired CPGE, and can be
described by eq 143

I D C L Lsin(2 ) sin(4 ) cos(4 )1 2= + + + (1)

where the C term is associated with the desired circular
photoresponse, L1 and L2 terms depend on the linear
polarization of light, and the D term originates from the
photothermoelectric background arising from the bulk and is
polarization insensitive. The measured polarization-dependent
data was fit using eq 1, and the results are presented as the
dashed lines in Figure 1f. From the fitting results, a dominating
CPGE contribution to the total photocurrent is apparent for
both the pristine and nanostructured film, along with a trend
that distinctly follows a 180° period, as observed in Figure 1f.
The obtained circular photoresponse term C from the fitting
are 1.647 nA and 0.775 nA for the pristine and nanostructured
film, respectively. The presence of such a strong polarization-
dependent photocurrent indicates that the TSS has not been
damaged during the nanostructuring. Such a robust nature of
the surface states has also been theoretically predicted and
experimentally observed earlier in thin TI films.33,57,64 In
addition to CPGE, low-temperature magnetotransport meas-
urements were also performed on thin Bi2Te2Se films and the
results are presented in Supporting Note S2. The presence of
the WAL effect was observed in a 9 nm thick device before and
after the nanostructuring, providing additional evidence of the
robust nature of the TSS. The retention of TSS properties like
their unique spin−orbit coupling also enables the use of the
nanostructured Bi2Te2Se films in variety of on-chip photonic
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applications like chirality detection, as demonstrated in our
previous work.50

The in-plane thermal conductivity of Bi2Te2Se films is
measured using micro-Raman thermometry, a technique that is
adapted from our previous work,35−38 as illustrated in Figure
2a. Briefly, micro-Raman thermometry is a noncontact optical
technique used to measure the in-plane thermal conductivity of
thin films. In this method, a focused laser beam simultaneously
acts as a localized heat source and an excitation source for
Raman scattering on a suspended thin film. The local heating
induced by the laser causes a temperature rise in the film,
which leads to a measurable redshift in specific Raman phonon
modes. By collecting Raman spectra at varying laser powers
and temperatures, the shift in Raman peak position is
calibrated as an optical thermometer, enabling the correlation
between laser-induced temperature rise and absorbed power.
The absorbed laser power is determined by measuring the
film’s reflectivity and transmissivity at the laser wavelength. A
detailed steady-state three-dimensional heat conduction model
incorporating the laser spot size, film thickness, and optical
penetration depth is then used to simulate the temperature rise

in the suspended film. Matching the experimentally measured
temperature rise with the model predictions yields the in-plane
thermal conductivity of the thin film with high sensitivity and
accuracy. Figure 2a also shows that it is preferable to suspend
the films during the in-plane thermal conductivity measure-
ment, so that the contribution to the thermal transport by the
substrate can be removed and the sensitivity of the
measurement can be preserved. A more detailed description
of the micro-Raman thermometry measurements and numer-
ical modeling is provided in Supporting Note S3. HIM images
of a nanostructured suspended Bi2Te2Se film are presented in
Figure 2b. The Raman spectra of a 10 nm thick suspended film
collected before and after fabricating the nanostructures is
shown in Figure 2c. It is observed that there is a slight shift in
the locations of the Raman peaks, along with a significant
broadening of the peak widths after the nanostructuring. A
possible reason for the peak shift could be the change in carrier
concentration due to the He+ ion patterning, as observed
previously in other 2D materials. The peak broadening can be
associated with a possible decrease in the phonon lifetime due
to increased scattering events in the nanostructured film, which

Figure 2. Preparation and micro-Raman thermometry of suspended pristine and nanostructured Bi2Te2Se films. (a) Schematic representation of a
632.8 nm laser focused on the center of a nanostructured Bi2Te2Se film suspended on a holey SiN membrane for thermal conductivity
measurements. (b) Helium ion microscope image of a suspended nanostructured Bi2Te2Se film. (c) Raman spectra of a suspended 10 nm thick
Bi2Te2Se film collected before and after fabricating the nanostructures. Eg

2 Raman peak shift of the samples as a function of (d) temperature and
(e) incident laser power PI. (f) Calculated temperature rise θrise in both samples as a function of absorbed laser power PA. Dashed lines indicate
linear fits to the data.
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also aligns with the reduction in its measured in-plane thermal
conductivity. A similar red shift and broadening of the Raman
peaks after He+ ion irradiation has also been reported in a
similar material Bi2Te3.65 The Eg

2 mode of the Raman
spectrum is used as the optical thermometer in our
measurements due to its high sensitivity to temperature
change. The change in the location of the Eg

2 peak of both the
pristine and nanostructured film as a function of temperature
and incident A power PI are presented in Figure 2d,e,
respectively. The data shows a linear trend with both the
temperature and laser power, similar to previous Raman
thermometry measurements. The results of the linear fitting
are represented as dashed lines, and their slopes are used to
extract the first-order temperature coefficient χT = Δω/ΔT and
the first-order power coefficient χP = Δω/ΔPI, respectively,
where Δω is the frequency shift. It is observed that χT remains
nearly the same after nanostructuring. However, there is a
significant increase in magnitude in χP, which indicates a
reduction in the in-plane thermal conductivity. The optical
properties of the suspended films were then measured (see
Experimental Section and Supporting Note S4 for more
details) and used to compute the temperature rise θrise as a
function of absorbed power PA as presented in Figure 2f. The
measured optical properties of the Bi2Te2Se films do not
change significantly after the nanostructuring. Rigorous
coupled-wave analysis (RCWA) calculations are also per-
formed to rule out the possibility of strong optical interference
from the periodic array. The optical properties obtained from
the RCWA calculations match well with the experimentally
measured values and are presented in Supporting Note S4. The
in-plane thermal conductivity k of the films is finally extracted
by matching the measured temperature rise per unit absorbed
power to a three-dimensional numerical heat conduction
model. This yields a thermal conductivity of 0.31 ± 0.10 W/
mK and 2.95 ± 0.31 W/mK for the 10 nm thick

nanostructured and pristine film, respectively. Note that the
reported thermal conductivity of the Bi2Te2Se films is an
average value over the temperature calibration range. A
detailed discussion on the uncertainties during the thermal
conductivity measurements has been provided in Supporting
Note S5.

To further study the suppression of thermal transport due to
increased scattering from the nanostructures, we perform
thermal conductivity measurements on suspended Bi2Te2Se
films patterned with different nanostructure arrays. HIM
images of different circular hole arrays of diameter D = 50
nm with varying periods P of 100, 150, and 200 nm are
presented in Figure 3a−c. The thermal conductivity measure-
ments were performed on two different films of similar
thickness ∼16 nm, with arrays of varying periods. The
measured temperature rise θrise in films as a function of
absorbed power PA is presented in Figure 3d. The temperature
rise per unit absorbed power in the films is observed to
increase monotonically with reduced spacing between the
nanostructures, which indicates a stronger suppression in
thermal transport. This trend of reduction in thermal
conductivity with reduction in the array spacing has been
well-studied theoretically and also experimentally observed in
other periodic nanostructures. The final extracted in-plane
thermal conductivity of the films is presented in Figure 3e,
which shows a ∼78% reduction in thermal conductivity from
2.37 W/mK in the pristine film to 0.53 W/mK in the
nanostructured film with period 100 nm. As discussed earlier in
the text, such a drastic suppression in the measured total
thermal conductivityis likely to arise from a combined
reduction in kTSS along with kph and ke. The reduction in kph
arises from the fact that the surface of the nanostructures can
effectively scatter phonons with mean free path (MFP) that are
comparable or greater than the spacing between them. This
observed reduction in kph also aligns with recent theoretical

Figure 3. Effect of nanostructure period on measured in-plane thermal conductivity. Helium ion microscope images of circular hole array of
diameter D = 50 nm patterned on Bi2Te2Se films with varying period P of (a) 100 nm, (b) 150 nm and (c) 200 nm. All scale bars have length 100
nm. (d) Temperature rise θrise of multiple 16 nm thick Bi2Te2Se films with different nanostructure period P as a function of absorbed laser power
PA. Dashed lines are linear fits to the data. (e) Extracted in-plane thermal conductivities of the pristine and nanostructured samples using the fitting.
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studies on Bi2Te2Se, which have suggested that phonons
having MFP >50 nm can contribute to ∼30% of lattice thermal
conductivity at room temperature.56 Thermal conductivity
measurements performed on another 21 nm thick Bi2Te2Se
film with different nanostructure periods has been provided in
Supporting Note S6.

Lastly, we study the Seebeck coefficients of the nano-
structured films. A schematic of the experimental setup to
extract the Seebeck coefficient of the Bi2Te2Se films is
presented in Figure 4a. In our experiments, a 632.8 nm He
Ne laser is focused to a spot size of ∼5 μm onto Bi2Te2Se
devices at an oblique incident angle θ of 45° with the x−y
plane. The angle of the incident beam with the x-axis is defined
as α and kept as 90° in our measurements. Since, in Bi2Te2Se,
the spin-polarization of the TSS is locked perpendicular to its
momentum,66 this orientation of laser incidence allows the
coupling between circularly polarized light and the electron

spins of the TSS to generate a measurable net spin-polarized
current along the device channel,43 as illustrated in Figure 4a.
The polarization of the incoming laser is controlled by rotating
a QWP by an angle ϕ which can convert linear polarized (LP,
ϕ = 0°) light into left circularly polarized (LCP, ϕ = 45°) or
right circularly polarized (RCP, ϕ = 135°) light. Figure 4a also
illustrates that the laser spot locally heats the Bi2Te2Se film and
creates a temperature gradient across the device, which drives
the generated carriers and leads to a measurable short-circuit
photocurrent. The photocurrent of all the devices in our
experiments is measured at room temperature with zero
source-drain and gate bias (VDS = 0 V,VG = 0 V). The short-
circuit photocurrent of a 10 nm thick nanostructured film is
measured under LP light as the laser spot is scanned over the
device, and the resulting photocurrent map is shown in Figure
4b. The dashed gold and black lines in the figure indicate the
geometry of the Au contacts and the Bi2Te2Se film,

Figure 4. Seebeck coefficient extraction of pristine and nanostructured Bi2Te2Se films with optical spin injection. (a) Schematic of the photocurrent
measurement setup with a 632.8 nm laser incident at angle θ = 45° focused on the device. The polarization of the incident light can be varied by
using a quarter wave plate. (b) Photocurrent mapping of a 10 nm thick nanostructured Bi2Te2Se device under linear polarized (LP) light. (c)
Measured short-circuit photocurrent when the LP laser spot is scanned along the center of the device channel. The red curve indicates the short-
circuit photocurrent profile along the channel obtained by using the best fit Seebeck coefficient from the numerical simulation. (d) Measured
photocurrent as a function of incident light polarization when the laser spot is focused on the one of the device contacts. An increased (decreased)
net photocurrent is observed due to optical spin injection under left (right) circularly polarized light. (e) The extracted value of helicity-tuned
Seebeck coefficient from the model under optical spin injection. (f) The thermoelectric figure of merit zT calculated using the measured
thermoelectric properties. The calculated zT of the nanostructured film is ∼0.42 under linear polarized light (more than 11 times higher than the
pristine film) which can be further improved to ∼0.50 under optical spin injection.
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respectively. The polarity of the dominant charge carriers is
determined as n-type based on the photocurrent pattern, which
aligns with our earlier described Hall measurements. The
center of the channel can be found as the location where the
photothermoelectric current is minimum.

To extract the Seebeck coefficient of the Bi2Te2Se film, a
numerical photothermoelectric model is solved, which couples
the temperature rise in the film due to laser heating with the
measured short-circuit photocurrent. The thermal, optical, and
electrical properties of the film, which were measured using the
approaches described earlier in the text, are used as inputs to
the model to obtain a value of Seebeck coefficient that best fits
the measured short-circuit photocurrent from our experiments.
The numerical model is adapted from our previous work,61

where this approach for extracting Seebeck coefficient was
validated against experiments by directly measuring the
developed Seebeck voltage as a function of the temperature
rise in the film using micro-Raman thermometry. A detailed
description of the photothermoelectric model is provided in
Supporting Note S7. The profile of the experimentally
measured short-circuit photocurrent in the 10 nm thick
nanostructured film under LP light as the laser spot is scanned
along the length of the device channel is presented in Figure
4c, along with the results of the numerical simulation. The
extracted value of Seebeck coefficient for the nanostructured
film is −123.43 μV/K, while it was found to be −116.95 μV/K
before the nanostructuring. These obtained values include the
contributions from both the TSS and the bulk states and are
sensitive to the location of the chemical potential.26 The
Seebeck coefficient extraction for a thicker Bi2Te2Se device,
which demonstrates p-type behavior, is provided in Supporting
Note S8. The obtained Seebeck coefficients match well with
reported values from other TI films where the Seebeck
coefficient of the bulk states with parabolic band dispersion is
usually higher in magnitude than the TSS with linear
dispersion.27,61 In addition to the photothermoelectric current,
we use LCP(RCP) light to selectively excite down(up) spin
electrons of the TSS to generate a net spin-polarized current,
which is aligned along(against) the carrier flow driven by the
temperature gradient in the device. The polarization-depend-
ent short-circuit photocurrent generated when the laser spot is
focused near one of the contacts of the device, is presented in
Figure 4d. This measurement is also performed on the same 10
nm thick device before and after the nanostructures are
patterned. The dashed lines in the figure indicate the obtained
results of the fitting of the polarization-dependent photo-
current using eq 1. It is found that a larger short-circuit
photocurrent is obtained under LCP light. The apparent
Seebeck coefficient in the pristine and nanostructured films
under LCP light are found to be −141.76 μV/K and −135.38
μV/K, respectively. Correspondingly, a similar enhancement in
the short-circuit photocurrent and Seebeck coefficient is
observed under RCP light when the laser spot is focused on
the other contact of the device. The comparison between the
polarization-dependent short-circuit photocurrent obtained
when the laser beam is focused on different contacts of the
10 nm thick nanostructured device is discussed in Supporting
Note S7. The further enhancement of Seebeck coefficient in
the Bi2Te2Se films is challenging as the Seebeck coefficient of
the TSS is inherently limited to a maximum value of ∼ −160
μV/K as shown in our earlier work using the Landauer
formalism.61 Figure 4e shows the values of the helicity-tuned
Seebeck coefficient under optical spin injection for both the

pristine and nanostructured film. A slightly higher magnitude
of Seebeck coefficient obtained under LP light for the
nanostructured film indicates that bulk electrons now play a
more important role in TE transport as compared to the
pristine film. On the other hand, a slightly higher fraction of
CPGE to the bulk photocurrent (C/D ratio) is obtained in the
pristine film, and it is found that its Seebeck coefficient can be
tuned much more effectively under optical spin injection. This
suggests that the chemical potential in the pristine film is closer
to the Dirac point as the electrical and optical responses from
the TSS become more prominent when the chemical potential
is near the middle of the bulk bandgap due to reduced
scattering of the TSS with the bulk states.67 Both of the above
observations indicate that the chemical potential in Bi2Te2Se
films shifts toward the conduction band due to nano-
structuring, which also aligns with our obtained thermal
conductivity and Hall measurement results.

Finally, after obtaining all the crucial TE parameters, the
figure-of-merit zT = S2σT/k and power factor PF = S2σ was
calculated for both the pristine and nanostructured film under
optical spin injection, and the results are presented in Figure
4f. It is found that the calculated PF for the nanostructured
film is 435.71 μW/mK2 and zT is ∼0.42 under LP light, a value
that is more than 11 times higher than the pristine film at room
temperature. The drastic increase in zT mainly stems from the
highly suppressed thermal conductivity in the nanostructured
film, along with a slight improvement in the Seebeck
coefficient. The enhanced apparent Seebeck coefficient
obtained for the 10 nm thick nanostructured film using optical
spin injection can lead to a further improvement in zT to
∼0.50 and PF to 524.17 μW/mK2 under LCP light. The
obtained value for PF in our Bi2Te2Se system is comparable to
and the value of zT in our Bi2Te2Se system is higher than
reported values for other thin film TIs39,41,68,69 including
nanostructured thin film TIs.40,45,46,70 However, the further
enhancement of TE properties is limited by the inherent low
value of the Seebeck coefficient of the TSS in TI films.

■ CONCLUSIONS
In summary, in this work we present experimental studies of
TE properties in thin TI films Bi2Te2Se. We demonstrate that
nanostructuring can be used as an effective approach to
drastically suppress thermal conductivity in Bi2Te2Se without
causing a significant deterioration in electrical conductivity or
Seebeck coefficient, while retaining the unique properties of
the TSS. The thermal conductivity of a 10 nm thick
nanostructured film was measured to be 0.31 W/mK at
room temperature, a value which is nearly an order of
magnitude lower than a pristine film of the same thickness, and
is close to the amorphous limit. Moreover, we obtain a greatly
enhanced zT of 0.42 in the nanostructured film, a factor ∼11
times larger than the pristine film. The unique spin texture of
the TSS of Bi2Te2Se also allows the generation of an additional
spin-polarized current parallel to the current driven by the
temperature gradient, which results in an enhanced apparent
Seebeck coefficient and a further improved zT of 0.50 at room
temperature−a value which is higher than those reported for
most thin film TIs. We also investigate how the relative
contribution of the TSS and the bulk states affect the TE
transport across multiple Bi2Te2Se films with varying thickness.
Our results demonstrate the potential for tuning TE properties
in thin film TIs through nanostructuring and making our
Bi2Te2Se itself as a cooling device, and hence, an alternative to
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more complex structures and materials. TE devices made of
such thin film TIs, which can also be optically modulated, can
be promising candidates for compact solid-state cooling
solutions for nanoscale electronic and spintronic devices.

■ EXPERIMENTAL SECTION
Sample Preparation. For thermal measurements, Bi2Te2Se flakes

were exfoliated using Nitto dicing tapes from bulk crystals grown by
the Bridgeman method53 and then released onto a poly(methyl
methacrylate) (PMMA, 950 A4) and poly(vinyl alcohol) (PVA) thin
film stack spin-coated on a Si wafer. The film stack was examined
under an optical microscope to identify candidate flakes for transfer
based on the optical contrast, with thickness later confirmed by
atomic force microscopy (AFM, AIST-NT). The desired flakes were
then precisely aligned to holey silicon nitride membranes (Ted Pella)
and attached. The whole sample was then dipped into acetone to
dissolve the PMMA, leaving the Bi2Te2Se flakes suspended on the
holes for micro-Raman thermometry measurements. For electrical
measurements, the Bi2Te2Se flakes were exfoliated onto heavily doped
Si substrates capped with 90 nm SiO2. Candidate flakes were selected
under the optical microscope and characterized using AFM. The
devices were fabricated by electron beam lithography followed by the
deposition of Au/Cr (90 nm/5 nm) contacts using electron beam
evaporation. We refer to the as-exfoliated Bi2Te2Se films, that have
not undergone any patterning as “pristine”. After preparing the
suspended films and electrical devices, nanostructures were finally
patterned onto them using a Zeiss Orion NanoFab helium ion
microscope (HIM), creating the “nanostructured” films. An
accelerating voltage of 25 keV was used for all exposures with a
He+ ion dose of ∼4 × 1017 ions/cm2. Arrays of circular holes with 50
nm diameter were patterned on the samples with varying periods of
100, 150, and 200 nm. The prepared samples were stored under
vacuum in between measurements.
Micro-Raman Thermometry and Optical Property Measure-

ments. Raman thermometry and optical property measurements
were performed on suspended Bi2Te2Se films (without the substrate).
A HORIBA LabRAM HR800 Raman spectrometer equipped with a
632.8 nm wavelength He−Ne laser was used for all Raman
measurements. The laser was focused on the suspended Bi2Te2Se
films using a 100× objective (Olympus MPlan, N.A. = 0.90) to a spot
size of ∼0.48 μm, acting both as a steady-state heat source and Raman
excitation source. The acquired Raman spectra were fitted using a
Lorentzian function to extract the Raman peak positions. The grating
used has a groove density of 1800 L/mm, which gives a nominal
spectral resolution of 0.27 cm−1 per pixel. The Lorentzian peak fitting
yields a peak position shift uncertainty of less than 0.02 cm−1,
corresponding to a temperature rise measurement uncertainty of less
than 1 K. The reflectivity and transmissivity of each suspended film
were measured by the same laser using a power meter (Newport 1815
C). The amount of absorbed laser power was derived from the
reflectivity, transmissivity, and total incident laser power and was
subsequently used as heat source input for the numerical heat transfer
model to extract the in-plane thermal conductivity of the suspended
thin film. The measured thickness-dependent optical properties of the
suspended films were fit to an optical model to extract the refractive
index of Bi2Te2Se at 632.8 nm. More details can be found in
Supporting Notes S3 and S4.
Electrical Transport Measurements. Hall effect measurements

were performed on six-terminal Hall bar devices on SiO2/Si substrates
inside a Lakeshore CRX-VF cryogenic probe station, which allows a
temperature range from 10 to 420 K and an applied magnetic field up
to ±2.5 T. The transverse Hall resistance Rxy signal was
antisymmetrized to correct the geometry effects and misalignment
of the contacts. The sample resistances were measured by a four-
probe method using a Stanford Research SR830 lock-in amplifier with
a low frequency (∼17.7 Hz) excitation current of 1 μA from a
Keithley 6221 source meter. The sheet resistance of the devices was
calculated from the longitudinal resistance RS = Rxx×W/L, where W

and L are the width and length of the conduction channel in the
device, respectively.

Photocurrent Measurements and Seebeck Coefficient Extrac-
tion. A 632.8 nm wavelength He−Ne laser was focused using a long-
working distance objective (Mitutoyo 10× M Plan Apo, N.A. = 0.28)
to a spot size of ∼5 μm and an incident angle of 45°. The laser spot
was scanned along the channel of Bi2Te2Se devices on SiO2/Si
substrates using a piezoelectric nanopositioner. A quarter-wave plate
(QWP) was used to control the polarization of the beam and convert
it from linearly polarized to left/right circular polarized. The
photocurrent was measured using a DC source meter (Keithley
2612A). The measured short-circuit photocurrent was used as an
input for a numerical photothermoelectric model, which is used to
extract the Seebeck coefficient from the temperature rise in the device
due to laser heating. More details can be found in Supporting Notes
S7 and S8. All measurements were performed at zero source-drain
bias and zero gate bias at room temperature.
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