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ABSTRACT: Thermoelectric materials can realize sig-
nificant energy savings by generating electricity from
untapped waste heat. However, the coupling of the
thermoelectric parameters unfortunately limits their
efficiency and practical applications. Here, a single-layer-
based (SLB) composite fabricated from atomically thick
single layers was proposed to optimize the thermoelectric
parameters fully. Freestanding five-atom-thick Bi,Se; single
layers were first synthesized via a scalable interaction/
exfoliation strategy. As revealed by X-ray absorption fine
structure spectroscopy and first-principles calculations,
surface distortion gives them excellent structural stability
and a much increased density of states, resulting in a 2-fold
higher electrical conductivity relative to the bulk material.
Also, the surface disorder and numerous interfaces in the
Bi,Se; SLB composite allow for effective phonon scattering
and decreased thermal conductivity, while the 2D electron
gas and energy filtering effect increase the Seebeck
coefficient, resulting in an 8-fold higher figure of merit
(ZT) relative to the bulk material. This work develops a
facile strategy for synthesizing atomically thick single layers
and demonstrates their superior ability to optimize the
thermoelectric energy harvesting.

hermoelectric materials could provide a clean and efficient

way to solve the global energy and environmental crisis,
thanks to their ability to generate electricity directly from
untapped waste heat from various sources such as factories,
computers, automobiles, and even human bodies.! The efficiency
is defined by the dimensionless thermoelectric figure of merit ZT
= 0S*T/k, where 6, S, k and T are the electrical conductivity,
Seebeck coeflicient, thermal conductivity, and absolute temper-
ature, respectively. However, the development of highly eflicient
thermoelectric materials is still a great challenge because it
requires decoupling of o, S and k, which are often unfavorably
interdependent according to the Wiedemann—Franz law.”
Intriguingly, recent studies have focused on decreasing x through
nanostructuring of the thermoelectric material to improve
phonon scattering at the numerous grain boundaries."™?
Unfortunately, while the phonon scattering is eminently
enhanced by nanostructuring in, for example, quantum dots,”
the electron scattering is also greatly increased, resulting in a
concurrent reduction in ¢ and thus only a limited improvement
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in ZT. Herein we report a single-layer-based (SLB) composite
fabricated from atomically thick single layers to optimize the
thermoelectric parameters fully. This designed composite has
several clear-cut advantages in increasing o and S while
simultaneously reducing k (Scheme 1). Notably, both calculated

Scheme 1. Exfoliation of 3D Bulk Materials into 2D Single
Layers To Optimize the Thermoelectric Parameters
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and experimental results in our previous studies revealed that
single layers and the corresponding SLB films can exhibit much
increased densities of states (DOS) and carrier mobility (u)
compared with their bulk counterparts.® In this case, the single-
layer configuration with atomic thickness could reasonably
endow the SLB composite with increased o along with an
improvement in the thermoelectric energy harvesting.
Moreover, according to the Hicks—Dresselhans model,® §? for
quantum-well structures increases linearly with decreasing
thickness because of the quantum confinement effect. Therefore,
true atomic thickness would create a two-dimensional (2D)
electron gas in the single layer, which would improve S for the
SLB composite.'>® Also, the potential barriers at the numerous
interfaces and boundaries of the SLB composite would be
expected to filter out low-energy carriers (cold carriers) and
transmit hig -energy carriers (hot carriers), thus leading to
increased S.”° Furthermore, it is generally recognized that high o
is usually associated with large k, which unfortunately offsets the
former’s effect on the thermoelectric performance. As is known,
phonon characteristic lengths, including wavelengths and mean
free paths, are usually much longer than those of electrons,
enabling selective scattering of phonons rather than electrons.
This has been demonstrated in some recent studies by Ren,
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Chen, and Dresselhaus,” who clarified that the above contra-
diction can be resolved by suppressing phonon transport at the
interfaces, boundaries, and defects, which reduces x while
maintaining o. As such, the enormous grain boundaries and
interfaces in the SLB composite could facilitate the scattering of
mid/long-wavelength phonons, thus contributing to a reduction
in x with a minimal detrimental effect on the electrical properties.
In addition, inorganic single layers with atomic thickness usually
exhibit surface structural disorder,’ allowing for eflicient
scattering of short-wavelength phonons, which decreases «.'’
Therefore, further breakthroughs in the design and synthesis of
novel atomically thick single layers having higher ¢ and S along
with lower k hold the key to the development of high-efficiency
thermoelectric materials.

Inspired by the aforementioned concepts, we undertook the
significant but challenging task of exploring the synthesis of
atomically thick single layers in an effort to achieve high
thermoelectric performance. For example, Bi,Se;'™'"'* pos-
sesses a layered structure in which the layers are held together by
weak van der Waals interactions and each charge-neutral layer is
composed of covalently bonded five-atom Se—Bi—Se—Bi—Se
chains [Figure S1 in the Supporting Information (SI)]. In
addition to its small band gap of 0.3 eV, the fascination with
Bi,Se; also comes from its unique 2D electron gas that covers the
whole surface, thus contributing to metallic surface states. This
suppresses the electron backscattering, ensuring a high p of
~6000 cm? V™' s7! and a Fermi velocity of ~5 X 10° m/s.”'> Asa
result, the 2D electron gas and the phonon scattering at the grain
boundaries and interfaces should enable a Bi,Se; SLB composite
to achieve improved o and S as well as lower k, thereby leading to
an enhancement of ZT.

Herein we highlight the first successful synthesis of free-
standing five-atom-thick Bi,Se; single layers via a scalable
intercalation/exfoliation strategy (Scheme S1 in the SI), which
takes advantage of an intermediate precursor, Li-intercalated
Bi,Se; microplates (Figure S2B). Notably, the Tyndall effect of
the colloidal suspension (Figure 1F inset) provides strong
evidence for the homogeneous exfoliation of the Li-intercalated
Bi,Se; microplates (Figure S2B). Transmission electron
microscopy (TEM) images of the exfoliated product reveal a
clean, freestanding, flexible sheetlike morphology with a size up
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Figure 1. (A) TEM image, (B, C) HRTEM image and the
corresponding FFT pattern, and (D, E) AFM image and the
corresponding height profile for a freestanding Bi,Se; single layer. (F)
XRD pattern for a Bi,Se; SLB film fabricated by LbL assembly. The inset
shows the corresponding colloidal suspension, which was highly stable

over 2 days and exhibited the typical Tyndall effect.

to 600 nm (Figure 1A and Figure S3), and its near transparency
shows its ultrathin thickness. The corresponding high-resolution
TEM (HRTEM) image and fast Fourier transform (FFT)
pattern (Figure 1B,C) illustrate the single-crystalline nature of
the exfoliated sheet with a [001] preferential orientation. Atomic
force microscopy (AFM) images and the corresponding height
profile and height distribution (Figure 1D,E and Figure S4)
clearly show a smooth 2D sheet with a thickness of ca. 1 nm,
fitting well with the height of 0.96 nm along the [001] direction
for the single-layer Bi,Se; slab (Figure S1). This gives solid direct
evidence for the artificial synthesis of clean and freestanding five-
atom-thick Bi,Se; single layers. Since characterization of an
individual single layer by X-ray diffraction (XRD) is difficult, a
layer-by-layer (LbL) assembly strategy was used to fabricate a
Bi,Se; SLB film, whose XRD pattern was readily indexed to pure
rhombohedral Bi,Se; (JCPDS no. 89-2008) with a high degree of
[001] orientation (Figure 1F). This confirmed that the Bi,Se;
single layers have a preferred [001] orientation, in accord with
the HRTEM results (Figure 1B,C). Also, X-ray photoelectron
spectra (Figure SSA—C) further confirmed the formation of pure
Bi,Se;, while the corresponding down-shifted Raman bands
could be ascribed to phonon softening with decreasing number
of layers and hence indicated its ultrathin thickness (Figure
SsD).'#

To study the local atomic arrangement and electronic
structure of the five-atom-thick Bi,Se; single layers, their Bi L;-
edge and Se K-edge synchrotron-radiation X-ray absorption fine
structure (srXAFS) spectra were measured (Figure 2A).
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Figure 2. (A) Bi Ly-edge and Se K-edge extended XAFS oscillation
functions k*(k) and (B) the corresponding Fourier transforms for a
Bi,Se; single layer (red) and the bulk material (blue). (C) Calculated
DOS. The inset shows an enlargement of the DOS for the single layer;
the arrows denote the increased DOS at the CBM. (D) 2D structural
model of a five-atom-thick Bi,Se; single layer.

Compared with the bulk material, the Bi Lj-edge k*(k)
oscillation curve for the Bi,Se; single layer displays a similar
spectral shape along with a significant reduction in amplitude,
indicating the difference in their local atomic arrangements. This
was further verified by the corresponding Fourier transform
(FT) k*¢(k) functions in R space (Figure 2B). The FT curves for
bulk Bi,Se; possess peaks at 2.43 and 4.13 A corresponding to the
nearest Bi—Se and next-nearest Bi—Bi coordinations, respec-
tively. In contrast, the peak intensities for the Bi,Se; single layers
are weakened, and the corresponding Bi—Bi peak position is
shifted to larger R by 0.05 A. Thus, the Bi Ly-edge spectra of the
Bi,Se; single layers qualitatively verify their distinct local atomic
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arrangement relative to the bulk material. This was further
demonstrated by the Se K-edge FT spectra (Figure 2B), in which
both the Se—Bi and Se—Se peaks for the Bi,Se; single layer are
shifted to larger R and noticeably less intense than those for the
bulk material. To achieve the quantitative structural parameters
around the Bi and Se atoms of the Bi,Se; single layers and the
bulk material, least-squares fits of the Bi L;-edge and Se K-edge
data were performed (Table S1 in the SI). Notably, the
interatomic distances for the Bi—Se and Se—Bi coordinations
in the Bi,Se; single layers are slightly elongated and their degrees
of disorder are much increased relative to the bulk material. The
structural model of the Bi,Se; single layer built according to the
structural parameters in Table S1 is shown in Figure 2D, in which
the distorted bond lengths are clearly labeled. Therefore,
exfoliation of layered bulk Bi,Se; into freestanding Bi,Se; single
layers does not induce an obvious change in the single-layer
structure but does induce a noticeable intralayer structural
distortion to minimize the surface energy and provide excellent
structural stability. The surface disorder of an atomically thick
Bi,Se; single layer inevitably affects its electronic structure, so
first-principles calculations were conducted using the atomic
parameters obtained by srXAFS. The single layer was found to
exhibit a much higher DOS at the conduction-band minimum
(CBM) relative to the bulk material (Figure 2C). The enhanced
DOS increases y for the single layer, leading to its outstanding
electrical properties.

As mentioned above, the coupling of o, k, and S unfortunately
limits the efficiency of the materials and hence hinders their
practical application.'* Herein we highlight the successful
synthesis of freestanding Bi,Se; single layers and their
subsequent fabrication into Bi,Se; SLB composites through a
cold compaction/sintering method (see the thermoelectric
measurements in the SI), with efforts to optimize the
thermoelectric parameters fully. The Bi,Se; SLB composite
exhibits a >2-fold increase in o relative to the bulk material at 400
K (Figure 3A), demonstrating its excellent electrical properties.
Moreover, k of the SLB composite is much lower than that of the
bulk material over the entire temperature range (Figure 3B). At
400 K, the SLB composite has k = 0.49 W K™' m™", which is ca.
2.5 times smaller than for the bulk material (12 W K™' m™).
Notably, the o/k ratio for the SLB composite is much higher than
that for the bulk material over the whole temperature range,
thanks to the increase in ¢ and concurrent decrease in x (Figure
3D). Furthermore, IS| for the SLB composite gradually increases
from 90 uV/K at 300 K to 120.7 #V/K at 400 K, which is a factor
of 1.2 greater than that of bulk material (98.5 uV/K) (Figure
3C). Meanwhile, the power factor (6S*) of the SLB composite is
much greater than that of the bulk material (Figure 3E), which
could be a benefit of the simultaneously increased 6 and S* values.
Meanwhile, the positive T dependence of the power factor can be
attributed to the coincident increases in ¢ and S* with increasing
T. Also, ZT for the SLB composite is much higher than that for
the bulk material over the whole temperature range (Figure 3F),
and its features are fairly consistent with those of the T-
dependent power factor (Figure 3E). In particular, the SLB
composite exhibits ZT = 0.35 at 400 K, which is ca. 8 times larger
than ZT for the bulk material and much higher than the
previously reported values for pure Bi,Se; nanostructures,
suggestin% the superiority of the atomically thick SLB
structure. ™"

It is notable that the calculated DOS at the conduction band
edge is higher for the Bi,Se; single layer than for the bulk material
(Figure 2C). Thus, o for the Bi,Se; SLB composite is >2 times
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Figure 3. T dependence of (A) electrical conductivity (), (B) thermal
conductivity (k), (C) Seebeck coefficient (S), (D) 6/k ratio, (E) power
factor (6S?), and (F) figure of merit (ZT) for the SLB composite and
bulk Bi,Se;.

higher than that of the bulk material, indicating the fascinating
superiority of the single-layer structure with atomic thickness.
Also, the atomically ultrathin thickness and high degree of [001]
orientation of the Bi,Se; single layers further endow the SLB
composite with unusual electronic properties, including 2D
conducting channels and better grain-boundary connectivity,>"!
as shown by its o value (Figure 3A). In addition, it is noteworthy
that nanostructuring could provide an efficient strategy to
decrease k through the enhanced phonon scattering at the
numerous grain boundaries and interfaces.">**®? In this regard,
the five-atom-thick Bi,Se; single layers endow the SLB
composite with very high interface and boundary densities,
which can effectively scatter mid/long-wavelength phonons and
hence contribute to reducing k. Meanwhile, the surface structural
disorder revealed by srXAFS results in effective scattering of
short-wavelength phonons, further decreasing .

Moreover, the semiclassical Mott—Jones formula'® shows that
S is inversely proportional to the carrier density (n) and can be
estimated as S ~ n>/%."” As a result, one would expect S for the
Bi,Se; SLB composite to be much lower than that of the bulk
material because of the much higher DOS in the Bi,Se; single
layers. However, the measured S values for the SLB composite
and the bulk material disagree with that trend, suggesting that
other factors such as potential-barrier scattering may play an
important role in affecting n as well as the S.° It is noticeable that
the potential barriers at the interfaces and grain boundaries can
filter low-energy carriers, which are known to decrease g 1b3els
Accordingly, the eminently increased interface and boundary
densities in the SLB composite facilitate the filtering of low-
energy carriers and hence contribute to enhancing its S value.
Meanwhile, the 2D electron gas covering the surface of each
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Bi,Se; single layer further enhances S for the SLB composite
because of the quantum confinement effect.'**>**'3 More
importantly, according to the above discussion, it is known that
the energy filtering by the interfacial barriers is an obvious
hindrance only to the mobility of low-energy carriers,'>3¢1819
Thus, p for the SLB composite increases gradually with
increasing T, thus leading to the positive T dependence of o
(Figure 3A).

In conclusion, a single-layer-based composite fabricated from
atomically thick single layers has been developed to optimize the
thermoelectric parameters fully. Clean, freestanding five-atom-
thick Bi,Se; single layers were artificially synthesized via a
scalable intercalation/exfoliation strategy. Surface atomic
elongation and structural disorder (as revealed by srXAFS and
first-principles calculations) endow the Bi,Se; single layer with
excellent structural stability and much higher DOS at the
conduction band edge, thus accounting for the 2 times higher o.
Also, the unique 2D electron gas and the “energy filtering” at the
interfaces in the Bi,Se; SLB composite increase the S value.
Moreover, the numerous interfaces are effective at scattering
mid/long-wavelength phonons, while the surface structural
disorder facilitates short-wavelength phonon scattering, thus
decreasing k. As a result, the SLB composite achieved a ZT value
of 0.35 at 400 K, which is ca. 8 times higher than that of the bulk
material. The superior thermoelectric efficiency of the Bi,Se;
SLB composite is undoubtedly just one example showing the
great promise of atomically thick SLB composites for future
applications in tailoring the thermoelectric performance, thanks
to their ability to overcome the disadvantages that occur in
conventional nanostructuring, where optimizing one thermo-
electric parameter often adversely affects others. The novel
strategy developed here to optimize the coupled thermoelectric
parameters should impact practical low/mid-temperature
thermoelectric applications in various areas.
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