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ABSTRACT: Defect engineering, at the core of the field
of thermoelectric studies, serves as a scaffold for
engineering the intrinsic electrons’ and phonons’ behaviors
to tailor thermoelectric parameters through the direct
impacts of band engineering and phonon engineering,
which can modify electronic band structure and phonon
transport behavior to enhance the power factor (PF = σS2)
and reduce the lattice thermal conductivity (κl). By virtue
of the implementation of defect engineering, the past
decades have witnessed great progress in thermoelectric
research through synergistic optimization of the inter-
correlated transport parameters, and substantial enhance-
ment has been achieved in the performance of various
thermoelectric materials. However, current established
optimization strategies based on defect engineering are
mainly focused on tuning the electronic and phonon
structures, while modulation by additional degrees of
freedom caused by defects has long been neglected. In this
Perspective, we focus on our interest in the under-
exploited aspects of defect engineering, which include
defect-related spin effects, defect-mediated atom or charge
migration effects, and defect-related interface effects.
Through these new points of view, we hope to arouse
intense attention to the overlooked parts of defect
engineering and combine them with current optimization
strategies from the perspective of multiple degrees of
freedom modulation, to enable the full potential of defect
engineering for boosting thermoelectric performance.
Finally, based on the discussion herein and current
achievements in thermoelectric research, some personal
perspectives on the future of this field are also presented.

■ INTRODUCTION

The dwindling availability of fossil fuels and concerns about
greenhouse gas emissions1 highlight the ever-growing demand
for alternative “green” renewable energy, as well as the
establishment of new energy conversion technologies with
increased efficiency.2−5 Within this context, thermoelectric
technology, which is able to achieve reversible conversion
between electricity and heat on the basis of the propagation of
electrons and phonons, has been recognized as a potential
candidate to alleviate the energy and environment crisis by
recycling waste heat and has been extensively studied world-
wide.6−9 However, an inconvenient truth is that, although much
time and effort has been invested in research and development
into this energy conversion technology since its discovery, large-
scale commercialization of thermoelectric technology is still in its
infancy, mainly attributed to the low energy efficiency,6,10−12

which is gauged by a dimensionless figure of merit quantified as
ZT = σS2T/(κe + κl), where σ is the electrical conductivity, S is the
Seebeck coefficient, T is absolute temperature, and κe and κl are
the electronic and lattice components of the total thermal
conductivity.13,14 The non-trivial roadblock lies in the strong
interdependence between electrical and thermal parame-
ters.11,12,15

It is worth noting that, in a thermoelectric solid, the parameters
governing the ZT performance are essentially the external
manifestations of the electron (hole) flow, phonon flow, and
their intercoupling, mediated by defects.16 This leads to the use
of defect engineering17−19 to optimize thermoelectric properties
via intentional manipulation of the type, size, concentration, and
spatial distribution of defects, which can serve as a scaffold for
engineering the intrinsic electrons’ and phonons’ behaviors to
tailor the thermoelectric parameters.16,20−24 Given the lower
inter-dependence between the electrical properties and the
lattice thermal conductivity, defect engineering can impact the
thermoelectric property via two basic strategies: band engineer-
ing, which can enhance the power factor (PF = σS2) by tuning the
electronic band structure, and phonon engineering, which can
reduce κl by enhancing phonon scattering (as illustrated in Figure
1).20−22,25 In fact, the past decades have witnessed significant
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Figure 1. Schematic illustration of the ZT optimization strategies based
on defect engineering from the perspective of multiple degrees of
freedom synergistic modulation.
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progress in thermoelectric technology through the implementa-
tion of defect engineering, and substantial enhancement of the
ZT performance has been achieved in various thermoelectric
materials.7,8,21,26−37 However, for defect engineering, this is only
half of the story. Current established optimization strategies
based on defect engineering are mainly focused on tuning of the
electronic and phonon structures, which is far less than what
defects can do. Actually, additional modulation degrees of
freedom via defect engineering including defect-related spin
tunning,38−42 vacancy-mediated atom or charge transfer,43,44

surface distortion,46 and so on have begun to show up in
thermoelectric studies. We believe that, once combined with the
existing electronic and phonon structure optimization strategies,
these new enhancements can enable the utmost efficiency of
defect engineering.
Therefore, in this Perspective, we focus our interests on the

under-exploited aspects of defect engineering, including defect-
related spin effects (spin entropy, Kondo effect, and spin-state
transition), defect-mediated atom or charge migration effects
(atom exchange and interlayer charge transfer), and defect-
related interface effects (homojunctions and surface distortion).
By presenting these different points of view in this Perspective,
we hope to arouse attention to the overlooked aspects of defect
engineering, such that they might be combined with the
established strategies of tuning electronic and phonon structures

from the perspective of multiple degrees of freedom synergistic
modulation, to enable the full potential of defect engineering for
boosting thermoelectric performance (as illustrated in Figure 1).
We believe that the concept of synergistic modulation via
multiple degrees of freedom is superior and critical for the further
development of thermoelectric technology, and we expect that
presenting this idea will stimulate a new round of prosperity in
thermoelectric studies. Finally, on the basis of the discussion
presented herein and current achievements in thermoelectric
research, we give some personal perspectives on potential
research directions for this field.

■ DEFECT-RELATED SPIN EFFECT

As an intrinsic property of electrons, spin can be engineered by
introducing crystal defects and used to tailor the related
thermoelectric parameters. For example, the entropy carried by
electron spin (also called spin entropy) increases when a crystal is
doped withmagnetic ions with unpaired 3d or 4f electrons, which
is favorable for enhancement of the Seebeck coefficient.39,40 In
fact, these localized magnetic moments can interact with the
electron spin (Kondo interaction/effect), resulting a giant
Seebeck coefficient.40 In addition, rich spin configurations,
which are widespread in transition-metal oxides (Ca3Co4O9
etc.), can be modified by aliovalent doping on the transition-
metal lattice site, leading to a spin-state transition and influencing

Figure 2. (a,b) Comparison of the temperature-dependent electron paramagnetic resonance signals for pristine (a) and Ni-doped (b) Cu2ZnSnS4
nanocrystals. (c) Comparison of the ZT values for Cu2XSnS4 (X = Zn, Mn, Fe, Co) nanocrystal composites. The background shows their TEM images.
(d) Schematic illustration of the different scattering mechanisms in Cu2XSnS4 nanocrystal-based composites, including electron spin and electron and
phonon scattering. Adapted with permission from ref 39. Copyright 2014 The Royal Society of Chemistry.
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the thermoelectric performance.41,42 These defect-related spin
effects are very important for thermoelectric optimization;
however, they have long been neglected.
Spin Entropy. According to thermodynamic analysis, the

Seebeck coefficient is defined as the entropy density carried by a
unit charge carrier as it moves,38,47 which means that the more
entropy it carries, the larger Seebeck coefficient it can possess.
However, it is worth noting that, in addition to its charge degree
of freedom, the electron’s spin can also carry entropy flow, which
indicates that spin entropy can be used as a new degree of
freedom for modulating the Seebeck coefficient.38,48−51 In most
compounds, the spin contribution to the total entropy current
can be ignored. However, it was reported to dominate the
entropy current in materials with strong electron−electron
interactions, as can be found in Co-based thermoelectric
NaxCo2O4

38,50 and Ca3Co4O9,
51 and thus it can be used to

tune the Seebeck coefficient. For example, in theNaxCoO2-based
system, the spin entropy brought by Co ions endows it with a
large Seebeck coefficient, which is higher by almost 1 order of
magnitude compared to those of conventional metal and high-
temperature superconductor thermoelectric systems. What’s
more, benefiting from the much enhanced Seebeck coefficient,
the ZT performance at high temperatures reaches 0.8, which is a
high value for oxide thermoelectrics and subverts the traditional
cognition that oxide materials are not suitable for thermoelectric
applications.
Inspired by the above concept, we also achieved the

optimization of the Seebeck coefficient in I2-II-IV-VI4-type
Cu2ZnSnS4 nanocrystal composites through using unpaired 3d

electrons from the magnetic dopant as the new source of spin
entropy.39 More importantly, combined with narrowed band gap
and enhanced bond anharmonicity caused by doping, the three
necessary conditions for achieving high ZTlarge electrical
conductivity, high Seebeck coefficient, and low thermal
conductivitycan be met simultaneously. Cu2ZnSnS4 is a
wide band gap semiconductor adopting the distorted chalco-
pyrite-like structure, which endows it with a pretty low lattice
thermal conductivity and promising high ZT performance.
Benefiting from the above-mentioned advantages, we first
synthesized pure and Ni-doped Cu2ZnSnS4 nanocrystals, and
we performed electron paramagnetic resonance (EPR) experi-
ments to study the effect of magnetic ion incorporation. As
shown in Figure 2a,b, when Zn2+ was partly substituted by Ni2+,
in addition to the Zn nuclear spins (67Zn, I = 5/2)-induced six-
line hyperfine spectrum splitting and surface defects-induced
single symmetric line located at g = 1.996, two additional lines
that corresponded to g = 2.23 and 2.06 were also observed, which
can be ascribed to the Ni2+ electron spin, indicating that Ni2+

doping brought more spin into Cu2ZnSnS4. More importantly, as
the temperature increases, larger entropy flow can be gained from
the Ni2+ electron spin, as evidenced by the enhanced EPR
intensity when the temperature is raised from 300 to 590 K,
which finally gave rise to a remarkably enhanced Seebeck
coefficient. Subsequently, to verify the universality of spin
entropy tuning by magnetic doping, fully substituted Cu2XSnS4
(X = Fe, Mn, Co) nanocrystals with different magnetic ions were
synthesized and extensively investigated. The results have
demonstrated that magnetic dopants with smaller electro-

Figure 3. (a) Crystal structure model for type-I clathrates. The red guest atoms M are located in the cages constituted by the blue host atoms N. Note
that M atoms occupy two different lattice sites (2a and 6d), which make up the cubic and tetragonal point symmetry. (b) Comparison of the
temperature-dependent electrical resistivity for Ce-BAS and La-BAS. (c) Comparison of carrier density-dependent Seebeck coefficients for Ce-BAS and
La-BAS. Data selected from published literature58 for BAS samples with both carrier types and different concentrations are also shown for reference, with
linear fitting. (d) Temperature-dependent specific heat curves plotted according to C/T3 versus ln T for Ce-BAS, La-BAS, and BAS samples. (e)
Temperature-dependent magnetic susceptibility curve plotted according to χT versus T for Ce-BAS, which reveals the paramagnetic contribution. (f)
Temperature-dependent dimensionless figure of merit ZT for Ce-BAS and La-BAS. The inset shows the total thermal conductivity (symbols, left axis, κ)
together with the electronic (solid lines, left axis, κe) and lattice parts (dashed lines, right axis, κl = κ − κe), estimated using the Wiedemann−Franz law.
Adapted with permission from ref 40. Copyright 2013 Nature Publishing Group.
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negativity but larger ionic radius differences from the constituent
elements and larger crystal field stabilization energy are favorable
for thermoelectric enhancement. Because of these improve-
ments, the ZT value of Ni-doped Cu2ZnSnS4 nanocrystals is
significantly improved by 7.4 times compared to that of the
pristine counterpart, while a 9.2 times enhancement is found for
the fully Co2+-substituted Cu2ZnSnS4 nanocrystals (as seen in
Figure 2c). Therefore, the above results have demonstrated that
spin-entropy modulation can be seen as a new choice, derived
from defect engineering, which may achieve the independent
manipulation of the inversely coupled thermoelectric parame-
ters.
Kondo Effect. According to the thermodynamic definition as

stated above, we may expect that the Seebeck coefficient can be
affected by charge carriers’ interactions with the local magnetic
moment in a magnetic solid (i.e., Kondo interaction/effect).38,47

Recently, in strongly correlated compounds, especially those
involving actinide elements like U and rare earth elements like Yb
and Ce, high power factors (most of which have giant Seebeck
coefficient values) have been discovered, which can be traced
back to the Kondo interaction between conduction electrons and
local unpaired 4f states.52,53

In a non-magnetic metallic system with magnetic impurities
(like dilute magnetic alloys), the resistance show an unusual
minimum as the temperature approaches 0 K,54 and its origin
puzzled the scientific community for a long time, until early in the

1960s, when Van den Berg recognized that55 the resistance
minimum was related to magnetic impurities in the non-
magnetic host, which could induce local magnetic moments due
to the spin of unpaired electrons in their atomic-like d or f shells.
In 1964, Kondo56 first calculated the problem using third-order
perturbation theory and showed that the magnetic impurity and
conducting electron exchanged their internal spin states, which
contributed to a rise in the resistivity as the temperature
approached 0 K and left a resistance minimum.57

It is worthy of note that the resulting electron scattering via
magnetic impurities due to the Kondo effect can be seen as
resonance scattering. This means that the scattering process has
great energy asymmetryi.e., the scattering intensity depends
on the energy of electronwhich can increase the Seebeck
coefficient significantly. This kind of scattering mechanism
usually occurs at low temperatures (below the Kondo temper-
ature), while at room temperature and above, the phonon
scattering process dominates, which is energy-independent.
However, it was reported that, in some special cases (spin−
phonon coupling etc.), the Kondo scattering scale can be
extended to the high temperature range.40 In a Ce-incorporated
Ba8AuxSi46−x system (Ce-BAS), the 4f states associated with Ce
guest ions induced a Kondo effect at low temperature (several
K), leading to a resistivity contribution proportional to−lnT and
significantly reduced carrier mobility. What’s more, due to the
spin-phonon interaction, the Kondo scattering scale was
extended from ∼6 to the ∼120−400 K range and gave rise to
an anomalous enhancement of S (Figure 3c), compared to those
of pristine BAS58 and its 4f-free counterpart, the La-incorporated
Ba8AuxSi46−x system (La-BAS). According to the Anderson−
Holstein model, in strong electron correlation system like BAS,
the Kondo energy scale can be improved significantly, benefiting
from the considerable electron−phonon interaction. Meanwhile,
experiments have found that rattling is the characteristic phonon
model in this system, as evidenced by the results that Ce
substitution at the Ba sites in BAS gave rise to a notable
enhancement of the atomic displacement parameter (i.e., rattling
amplitude), while the Einstein-like contribution to the specific
heat did not change much (as shown in Figure 3d). On the other
hand, due to the thermally activating nature of the rattling
process, these rattling-like local phonon modes in clathrates can
be populated only at increased temperatures, which led to a
substantial renormalization of the Kondo energy scale, as
supported by the temperature-dependent magnetic susceptibility
(Figure 3e).
The above results show that the Kondo-type interaction

between Ce rattling modes in the cages and conductive electrons
in the framework of Ba6.91Ce1.06Au5.56Si40.47 effectively extends
the system’s Kondo temperature and leads to a much enhanced
Seebeck coefficient compared to the value of the pristine
counterpart. These findings point out a new direction for using
Kondo interactions to optimize the thermoelectric performance.

Spin-State Transition. As is known to all, rich spin states are
widespread in transition-metal oxides like LaCoO3 and
Ca3Co4O9, and they can be modified by stacking faults or
aliovalent doping on the transition-metal lattice sites, leading to a
spin-state transition,42,59,60 which can be used to modulate the
thermoelectric properties. For example, in Ce-doped LaCoO3,

41

whose charge transport process is strongly governed by the spin
states of the ground-state Co3+, substitution of La3+ with Ce4+

brings Co2+ ions into Co3+ matrix. Co2+ always shows a high-spin
state (HS, t2g5eg

2), while Co3+ can show a low-spin state (LS,
t2g6) or an intermediate-spin state (IS, t2g5eg

1), as illustrated in

Figure 4. (a) Schematic illustration of the eg electron hopping modes
between Co2+ HS and Co3+ LS sates, as well as between Co2+ HS and
Co3+ IS states. (b,c) Temperature dependence of resistivity (b) and
dimensionless ZT (c) of La0.94Ce0.06CoO3. The yellow area indicates the
temperature range of the LS−IS transition, where notable changes in
thermoelectric performance are seen. Adapted with permission from ref
41. Copyright 2010 American Chemical Society.
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Figure 4a. At low temperature, Co3+ ions adopted LS states which
blocked eg electron transport, and when the temperature rose, a
LS−IS transition occurred, which destroyed the spin blockade
and induced electron hopping between the Co2+ HS and Co3+ IS
states. Owing to the above favorable spin transition, the
temperature-dependent resistivity showed a sudden decrease,
accompanied by an insulator-to-metal phase transition, while the
Seebeck coefficient and thermal conductivity remained almost
unchanged. Consequently, a ZTmaximum was observed, as seen
in Figure 4c. The existence of such an exciting spin transition
behavior in transition-metal oxides-based thermoelectric systems
may lead to new approaches for the design and optimization of
thermoelectric oxides driven by spin-state transition.

■ DEFECT-MEDIATED ATOM OR CHARGE
MIGRATION EFFECT

Defects, especially vacancy-type defects, can usually act as media
for atom migration or exchange, due to the lower formation

energy of the intermediate states. This can lead to newly
generated phases when it happens at the crystal interface/surface
or to disordered structure when it occurs within the crystal
lattice. In the meantime, vacancies are electrically charged and
surrounded by oppositely charged carriers. Thus, they can also
serve as carrier centers and assistant charge transport by
mediating charge transfer. Discovery and application of these
aspects in thermoelectric research can usually bring unexpected
surprises.

Defect-Mediated Atom Exchange. Defects, especially
vacancy-type defects, can form intermediate low-energy states,
which can serve as transfer stations for atom migration, resulting
a newly generated phase or disordered structure,61,62 both of
which are favorable for thermoelectric modulation. For example,
a recent study has found that, benefiting from a Ag vacancy-
mediated Ag/Bi bimetal atom exchange, the thermoelectric
properties of AgBiSe2 can be adjusted accordingly.

43 As a p-type
semiconductor originating from the intrinsic Ag vacancies,
AgBiSe2 undergoes a continuous phase transition from a room-
temperature hexagonal phase to a medium-temperature
rhombohedral phase, and then to high-temperature cubic
phase. During this phase transition, Ag vacancy-mediated Ag/
Bi bimetal atom exchange in the Ag−Bi−Se chain results in the
newly generated Ag−Se−Ag chain with continuous electronic
band distribution and an intermediate quasi-metallic state, which
increases valence electron conduction and eventually leads to the
reversible p-n-p switch, as shown in Figure 5. Meanwhile, a ZT
maximum is observed around the phase transition temperature,
just as found in the case of Ag2X.

63 In addition, the complete
disordering of Ag/Bi atoms in the high-temperature cubic phase
gives impetus to the phonon−phonon umklapp scattering and
causes much stronger bond anharmonicity, which significantly
suppresses the lattice thermal conductivity. In the meantime, the
high mobility of these disordering ions also contributes to a high
electrical conductivity, which eventually leads to the highest ZT
performance (ZT = 1.5 at 700 K). The discovery of this novel
vacancy-mediated atom-exchange phenomenon with unusual
thermoelectric performance presents us with another new choice
for thermoelectric optimization.

Interlayer Charge Transfer. Vacancy, which breaks the
continuity of chemical bonding by right of simultaneous atom
and interatomic linkage deficiencies, has always been regarded as
a class of very important phonon scattering sources for the
reduction of thermal conductivity to promote the advancement
of thermoelectric research. On the other hand, as is known, the
vacancies are intrinsically constituted by a positively or negatively
charged center surrounded by oppositely charged carriers. Thus,
they can assistant charge transport by transfering charge
carriers.64−66 For example, recent experiments have shown that
interlayer charge transfer can be achieved in BiCuSeO through
the introduction of heterolayer Bi/Cu dual vacancies.44

BiCuSeO possesses a unique layered structure consisting of
alternating [Bi2O2]

2+ and [Cu2Se2]
2− sublayers along the c axis,

presenting us with a perfect platform for clear research on the
effect of the dual vacancies. By means of co-instantaneous
deficiencies of Bi and Cu atoms in the respective sublayers, Bi/
Cu dual vacancies were successfully introduced into the system
and induced a strong phonon scattering in the sample dominated
by Bi/Cu dual vacancies, which brought about a maximum
reduction of the thermal conductivity. More importantly, the
interlayer charge transfer mediated by the existing Bi/Cu dual
vacancies, as evidenced by positron annihilation spectrometry
characterization, further enhanced the electrical conductivity
while not changing the Seebeck coefficient (as seen in Figure 6).
As consequence, the ZT value reached as high as 0.84 at the
moderate temperature of 750 K in the Bi/Cu dual vacancies
dominant sample (as shown in Figure 6e), which is superior to its
counterparts in pristine as well as monovacancies samples. This
vacancy-mediated charge-transfer effect, together with superior
performance, undoubtedly demonstrates a novel avenue for
rational research and optimization of high-performance thermo-
electric materials.

Figure 5. (a) Schematic illustration of the Ag vacancy-mediated Ag/Bi
bimetal atom exchange in the Ag−Bi−Se chain during the
rhombohedral-to-cubic phase transition, which leads to a reversible p-
n-p switch. (b,c) Temperature-dependent Seebeck coefficient (b) and
dimensionless ZT (c) for the AgBiSe2 nanocrystal-based composite.
The ZT value of AgBiSe2 shows a maximum point during the phase
transition and finally reaches 1.5 around 700 K, benefiting from the
complete disordering of Ag/Bi atoms in the high-temperature phase.
Adapted with permission from ref 43. Copyright 2012 American
Chemical Society.
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■ DEFECT-RELATED INTERFACE EFFECT

The nanostructuring approach has contributed to much of the
recent achievements in pursuing high thermoelectric perform-
ance benefiting from the advantages of abundant interfaces

resulting from planar-type defects, including grain/phase
boundaries, stacking faults, hetero-/homojunctions, and dis-
torted surfaces. Worthy of note is that interfaces can influence all
three thermoelectric parameters; thus, the introduction of

Figure 6. (a) Schematic graphs representing position and relative density of trapped positrons for Bi1−xCu1−ySeO samples in the (100) plane, based on
positron annihilation spectrometry characterization and theoretical calculation. (b−e) Temperature dependences of the thermal conductivity (b),
electrical conductivity (c), Seebeck coefficient (d), and dimensionless thermoelectric figure of merit (e) for Bi1−xCu1−ySeO samples. Adapted with
permission from ref 44. Copyright 2015 American Chemical Society.

Figure 7. (a−d) Thermoelectric properties of AgBiSe2-based samples. Temperature-dependent Seebeck coefficient (a), electrical conductivity (b),
thermal conductivity (c), and dimensionless thermoelectric figure of merit (d) for AgBiSe2 pristine nanoplates, AgBi0.5Sb0.5Se2 solid-solution nanoplates,
and AgBi0.5Sb0.5Se2 solid-solutioned homojunction nanoplates. (e) Schematic illustration of the different phonon scattering models in AgBi0.5Sb0.5Se2
solid-solution homojunctions. Adapted with permission from ref 45. Copyright 2012 American Chemical Society.
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interfaces into these nanostructured thermoelectrics can play an
important role for tailoring their ZT performance.67 On one
hand, interfaces are beneficial for reduction of the thermal
conductivity by blocking phonon propagation, and for enhancing
the Seebeck coefficient in some special cases, like the interfacial
filtering effect. However, at the same time, interfaces are also
detrimental to the electrical transport process due to inevitable
carrier scattering. Given that S is less influenced, improving ZT
by the nanostructuring approach requires that reduction in the
thermal conductivity should compensate and exceed the negative
effect on the carrier mobility resulting from interface
scattering.68−70 Therefore, controllable manipulation of inter-
faces to balance their effects on electronic and thermal
conductivities is critical for modifying the ZT performance in
nanostructured thermoelectrics. In this regard, the homojunction
strategy and surface distortion based on an ultrathin two-
dimensional structure offer promising solutions.

Homojunction. In nanostructure-based thermoelectrics,
introduction of heterostructures is accepted as an effective
means to lower the thermal conductivity originating from
interfacial phonon scattering, which has been extensively used in
recent research.71 But an unfortunate side effect of the use of
heterosturctures is that, due to different compositions at the
heterojunctions, they can scatter carriers at the same time, which
is detrimental to high electrical conductivity. Unlike hetero-
junctions, homojunctions are built with the same composition,
which seems to be favorable for minimum deterioration in
electrical conductivity while also efficiently reducing the thermal
conductivity. However, investigation on the effects of homo-
junctions has been long neglected in thermoelectric research.45

In our previous work, we put forward that the solid-solutioned
homojunction concept can serve as an effective way to balance
the effects of interfaces and synergistically optimize the
thermoelectric parameters in a high-temperature disordered
lattice.45 For example, Sb-doped AgBiSe2 solid-solutioned
nanoplates with homojunctions were successfully synthesized
for the first time and served as a platform for investigation of the
effect of homojunctions. Experimental results elucidated that Sb
doping can stabilize the non-ambient high-conductive phase to
room temperature, which ensured that high electrical con-
ductivity, only available at high temperatures before, can now be
acquired over the whole temperature range (as seen in Figure
7b). What’s more, the homojunctions generated in situ on the
surface of AgBi0.5Sb0.5Se2 nanoplates not only solved the
dilemma of deterioration in electrical conductivity originating
from interfacial scattering as occurred in heterojunctions,
showing an unexpected increase, but also resulted in further
reduction of the thermal conductivity by additional scattering of
mid-wavelength phonons. As a result, the thermoelectric ZT of
solid-solutioned AgBi0.5Sb0.5Se2 was significantly increased from
0.03 (pristine AgBiSe2, at 550 K) to 0.51, and further increased to
1.07 when homojunctions were added (as seen in Figure 7),
benefiting from an unexpected increase in the electrical
conductivity, together with a further reduction of thermal
conductivity caused by homojunctions. These results indicate
that the homojunction strategy can be a promising solution for
balancing the effects of interfaces in nanostructure-based
thermoelectrics and serve as new degree of freedom to
synergistically modulate the intercoupled thermoelectric param-
eters.

Surface Distortion. As the surface of a crystal or crystallite,
interfaces have particular atomic structures with the disruption of
interatomic bonds, which endow them with a positive surface
energy and make them intrinsically less energetically favorable
than the bulk material. According to the principle of minimum
energy, surface energy tends to minimize its value to maintain the
thermodynamically stable state. Therefore, interfaces are very
important in systems with big surface area-to-volume ratios, such
as ultrathin two-dimensional nanosheets. Studies have shown
that,72−74 when a material is reduced to atomic thickness, the
large specific surface energy (the ratio of surface energy per unit
volume) makes the system very unstable. In this regard, surface
distortions, like changes in interatomic distance and local atomic
coordination, and distorted bond lengths and angles, are usually
found at the interfaces, which can minimize the surface energy
and stabilize the lattice structure. Obviously, these distorted
interfaces would inevitably affect the electronic properties of the
host, and they may serve as an independent degree of freedom to
modify the potential thermoelectric performance.

Figure 8. (a,b) k2χ(k) oscillation curves of Bi L3-edge and Se K-edge (a)
from extended XAFS, and the corresponding Fourier transformation (b)
for Bi2Se3 single layers (red line) and commercial bulk powder (blue
line). (c) Calculated PDOS and DOS for single-layer and bulk Bi2Se3.
Inset shows the enhanced DOS at the conduction band maximum for
the single-layer Bi2Se3. (d) Two-dimensional structural model for Bi2Se3
single layer. (e−h) Temperature dependences of the electrical
conductivity (e), thermal conductivity (f), Seebeck coefficient (g),
and dimensionless ZT (h) for SLB composite and bulk Bi2Se3. Adapted
with permission from ref 46. Copyright 2012 American Chemical
Society.
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Taking Bi2Se3 as an example, Sun and co-workers46

synthesized ultrathin Bi2Se3 nanosheets with atomic-level
thickness, which were then fabricated into single-layer-based
(SLB) nanocomposites to investigate their thermoelectric
properties. Local atomic structure characterization by synchro-
tron-radiation X-ray absorption fine structure (srXAFS) spectra
unambiguously elucidated that, in order to maintain its structural
stability when the thickness reached atomic level, surface
distortion occurred on the interface of the Bi2Se3 nanosheet,
showing a much enhanced degree of lattice disorder together
with slightly elongated interatomic distances compared to their
bulk counterpart (Figure 8a−c). Moreover, first-principles
calculations also revealed a much enhanced density of states
(DOS) at the conduction band edge (Figure 8d), which is
beneficial for electrical transport, as evidenced by the 2 times
improvement in electrical conductivity of the SLB nano-
composite. Further research indicated that this surface distortion,
in cooperation with the abundant interfaces, can enable selective
scattering of the whole wavelength phonons rather than
electrons, thus contributing to a reduction in thermal
conductivities with no deterioration in electrical conductivity.
In addition, the strong two-dimensional electron gas and
“interface carrier filtering” effect also helped to improve the
Seebeck coefficient, which finally resulted in a relative high ZT
value (ZT = 0.35 at 400 K) for the SLB nanocomposite, about 8
times enhancement when compared to its bulk counterpart (as
shown in Figure 8h). This newly discovered surface distortion
effect demonstrates the superiority of interface structural
disorder for synergistic modulation of the inverse-coupled
thermoelectric parameters in nanostructured composites, when
used in cooperation with other optimization strategies like
interface energy filtering.

■ CONCLUSIONS AND PERSPECTIVES

Defect engineering leads to substantial improvement of the ZT
performance that makes the field of thermoelectric study fertile
for future waste heat recovery and solid refrigeration
technological applications with precisely tailored properties.

The present Perspective conveys the flavor of the defect
engineering culture and emphasizes the pervasive role of defects
in modulating the parameters that govern the ZT performance.
However, divested of the mature established strategies for
optimization of electronic and phonon structures based on defect
engineering, we focus our interests, in this Perspective, on the
under-exploited aspects of defect engineering, which include
defect-related spin effects, defect-mediated atom or charge
migration effects, and defect-related interface effects. As
described above, the spin behavior of a thermoelectric solid
can be tuned by crystal defects, leading to spin-entropy changes,
Kondo interactions, and/or spin-state transitions, which would
modify the thermoelectric parameters. In addition, vacancy-type
defects can usually act as media for atom migration or charge
exchange, which lead to a newly generated phase or disordered
structure, and mediate charge transfer. Design and application of
these aspects in thermoelectric research usually bring unexpected
surprises. In the end, controllable manipulation of interfaces to
balance their effects on electronic and thermal conductivities is
critical for modifying the ZT performance. The homojunction
strategy and surface distortion induced by introduction of defects
provide promising solutions by maintaining the high electronic
conductivity while effectively reducing κl. Through these new
perspectives, we hope to combine the long-neglected parts of
defect engineering with the current optimization strategies from
the perspective of multiple degrees of freedom modulation, and
we expect this to enable defect engineering to perform at full
potential for boosting thermoelectric performance.
Reviewing the history of thermoelectric technology, a boom in

academic research and breakthroughs of ZT values are always
promoted by new concepts and ideas. From the semiconductor
and alloy concept proposed by Ioffe in the early 1950s to the
nanostructure approach established by Hicks and Dresselhaus,
together with the PGEC concept put forward by Slack in the late
1990s, ZT has penetrated the threshold of 1 and 2 successively,
reaching a state-of-the-art value of 2.6 recently.75 On the other
hand, when it comes to practical applications for direct heat-to-
electricity conversion, thermoelectric devices are unlikely to

Figure 9. Efficiency of thermoelectric devices at different ZT values and Thot (Tcold = 300 K, ηTE = η+ −
+ +

ZT
ZT T T
1 1

1 / Ccold hot
). Efficiency of conventional

mechanical engines together with the Carnot limit (ideal, reversible heat engine, ηC = 1 − Tcold/Thot) and the Curzon−Ahlborn limit (endoreversible
heat engine considering the irreversibility of heat transfer, ηCA = 1 − T T/cold hot ) is also shown. Tcold and Thot are the absolute temperature of the cold
and hot sides. Adapted from ref 10. Copyright 2009 Nature Publishing Group.
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replace conventional mechanical engines in the near future.10,76

When competing with existing mechanical heat engines, ZT
values greater than 3.0 are needed; a device with a ZT value
higher than 4 may have the potential to dominate the market (as
seen in Figure 9).6,10 Therefore, there is still a long way to go to
achieve the large-scale commercial application of thermoelectric
technology. We expect that the idea of multiple degrees of
freedom modulation will lead researchers to some new thoughts
and stimulate a new round of prosperity in thermoelectric
studies.
For future research in this field, we think that a controlled

study of the defects in thermoelectric solids is of critical
importance. This means that intentional control of the type, size,
concentration, and spatial distribution of defects is needed. Also,
newmethods and tools must be developed to precisely introduce
and characterize defects in the lattice, together with new
theoretical simulation method to model the structure−property
relationship. There is no doubt that following such an integral
approach will help in accelerating progress for thermoelectric
applications. In conclusion, defect engineering is definitely at the
core of thermoelectric research, and we are confident that, with
the multiple degrees of freedom modulation idea in mind,
breakthroughs in thermoelectric technology will certainly be
unraveled in the decades to come.
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