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M AT E R I A L S  S C I E N C E

Unraveling electronic origins for boosting 
thermoelectric performance of p-type (Bi,Sb)2Te3
Rui Cheng1†, Haoran Ge1†, Shengpu Huang2†, Sen Xie1, Qiwei Tong1, Hao Sang1,  
Fan Yan1, Liangyu Zhu1, Rui Wang2, Yong Liu3, Min Hong4*, Ctirad Uher5, Qingjie Zhang1,  
Wei Liu1*, Xinfeng Tang1*

P-type Bi2−xSbxTe3 compounds are crucial for thermoelectric applications at room temperature, with Bi0.5Sb1.5Te3 
demonstrating superior performance, attributed to its maximum density-of-states effective mass (m*). However, 
the underlying electronic origin remains obscure, impeding further performance optimization. Herein, we synthe-
sized high-quality Bi2−xSbxTe3 (00 l) films and performed comprehensive angle-resolved photoemission spectros-
copy (ARPES) measurements and band structure calculations to shed light on the electronic structures. ARPES 
results directly evidenced that the band convergence along the Γ-​M direction contributes to the maximum m* of 
Bi0.5Sb1.5Te3. Moreover, strategic manipulation of intrinsic defects optimized the hole density of Bi0.5Sb1.5Te3, al-
lowing the extra valence band along Γ-​K to contribute to the electrical transport. The synergy of the above two 
aspects documented the electronic origins of the Bi0.5Sb1.5Te3’s superior performance that resulted in an extraor-
dinary power factor of ~5.5 milliwatts per meter per square kelvin. The study offers valuable guidance for further 
performance optimization of p-type Bi2−xSbxTe3.

INTRODUCTION
Thermoelectric (TE) technology enables the direct and reversible 
conversion between thermal and electrical energies and has emerged 
as a notable approach regarding environmentally friendly power 
generation and carbon emission reduction (1–6). The energy conver-
sion efficiency of TE materials is determined by their dimensionless 
figure of merit ZT = S2σT/κ, where S stands for the Seebeck coeffi-
cient, σ is the electrical conductivity, T is the operating temperature, 
and κ is the total thermal conductivity that comprises both lattice 
(κlat) and electronic (κe) contributions (7–11). Boosting the power 
factor (PF = S2σ) and ZT values of TE materials has long been con-
sidered a critical task for a more widespread use of thermoelectricity 
in various applications (12–14). The effort has focused on improving 
the existing TE materials while concurrently pioneering materials 
with high carrier mobility and low lattice thermal conductivity, par-
ticularly composed of low toxic and earth-abundant elements such as 
CaAl2Si2-type Zintl compounds (15, 16), SnSe (17, 18), and Ag2Se 
(19) that were previously unidentified. Since being used for TE mate-
rials 70 years ago (7, 20–23), Bi2Te3, Sb2Te3, Bi2Se3, and their alloys 
have maintained their dominant position for TE applications near 
room temperature. For example, Bi2Te3-based Peltier coolers are 
used for precise temperature control of optical modules in 5G com-
munication systems (24, 25), in polymerase chain reaction thermal 
cyclers (26, 27), as well as in low-grade heat recovery and power gen-
eration, including self-powered wearable electronic devices (28–32). 
Of particular importance has been the high-performing p-type 

Bi0.5Sb1.5Te3 with its exceptional room-temperature power factor 
(PF) of 3.0 to 5.0 mW m−1 K−2 and ZT values of 1.0 to 1.8 (33–38), 
having its superior TE properties associated with the high density-of-
states effective mass (m*) (39, 40).

Numerous theoretical and experimental studies were carried out 
to reveal the valence band structure of Bi2−xSbxTe3 that determines S, 
which can be expressed as S ∝ m∗

∝ (NV)
2∕3m∗

b
, with NV and m∗

b
 be-

ing the band degeneracy and single-valley effective mass, respectively 
(41–45). Density functional theory (DFT) calculations (40, 46) have 
revealed that the valence band maximum (VBM) of Bi2−xSbxTe3 is not 
located at high-symmetry points of the Brillouin zone, and NV and 
m* thus acquire a high value. This could be well explained by the sce-
nario of a topological electronic transition in Bi2−xSbxTe3, whereby 
strong spin-orbit interactions induce band inversion and gap open-
ing, leading to the formation of complex conduction/valence band 
edges and the high NV (47–50). DFT calculations corroborated the 
high NV and the large m* in p-type Bi2−xSbxTe3, but they could not 
explain the abrupt change in m* and the largest values of m* observed 
in p-type Bi0.5Sb1.5Te3. Many attempts have been made to experimen-
tally explore the underlying electronic origin responsible for the larg-
est m* observed in Bi0.5Sb1.5Te3. First, investigations of the reflection 
spectra and electrical properties on single crystals of Bi2−xSbxTe3 have 
concluded that (51) the peak value of m* in p-type Bi0.5Sb1.5Te3 is due 
to a remarkable increase in the carrier pocket anisotropy and also the 
flattening of VBM. Second, assuming the valence band energy offset 
of Bi2Te3 being larger than that of Sb2Te3, Kim et al. (52) have recently 
put forward a reasonable hypothesis of valence band convergence to 
explain the abrupt change of m* at Bi0.5Sb1.5Te3. It should be noted 
that the two-valence band feature was previously proposed for both 
Bi2Te3 and Sb2Te3, with the calculated energy difference of 3.8 meV 
(53) and 27 meV (54) for Bi2Te3 and 4.9 meV (54) for Sb2Te3. More-
over, Shubnikov–de Haas measurements have indicated the valence 
bands energy offsets of ~15 and ~150 meV for Bi2Te3 and Sb2Te3, re-
spectively (55, 56). The reported two valence bands as well as the va-
lence band energy offsets could not explain the hole pocket anisotropy 
nor the peak value of the effective mass m* in Bi0.5Sb1.5Te3. Therefore, 
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the electronic origin for the abrupt change of m* and the largest m* in 
Bi0.5Sb1.5Te3 among p-type Bi2−xSbxTe3 remained obscure, and this 
impeded any further improvement in the TE performance.

To address this issue, we epitaxially grew Bi2−xSbxTe3 (00 l) films 
with various Sb content using the molecular beam epitaxy (MBE) 
technique. We employed advanced characterization tools, including 
angle-resolved photoemission spectroscopy (ARPES) and scanning 
tunneling microscopy (STM), combined with band structure calcula-
tions and electrical transport measurements in this work. We system-
atically investigated the evolution of the valence band structure of 
Bi2−xSbxTe3 by varying the content of Sb. Moreover, we monitored the 
influence of intrinsic point defects and the Fermi level (EF) position 
on the m* of p-type Bi0.5Sb1.5Te3. The results revealed that the ARPES-
probed band convergence of the two valence bands along the Γ-​M 

direction together with the extra contribution from the valence 
band along the Γ-​K direction at a deep EF were important electronic 
origins responsible for the largest m* in Bi0.5Sb1.5Te3 among all p-
type Bi2−xSbxTe3. Furthermore, the record-high PF of 5.50 mW m−1 
K−2 near-ambient temperature was obtained in the fabricated p-
type Bi0.5Sb1.5Te3 film under appropriate hole doping.

RESULTS
The valence band evolution of Bi2−xSbxTe3 with varying 
Sb content
Figure  1 illustrates the ARPES-obtained band structure and band-
related properties of Bi2−xSbxTe3 (00 l) films with varying Sb content. 
All single-crystalline Bi2−xSbxTe3 (x = 0 to 2.0) films are epitaxially 

Fig. 1. ARPES band structures and band-related properties of Bi2−xSbxTe3. (A) Tetradymite-type crystal structure of Bi2−xSbxTe3 and the Brillouin zone with the high-
symmetry points. Γ-​K and Γ-​M directions are denoted on the surface Brillouin zone. (B) ARPES intensity plots along K-​Γ-​M directions. EF, TSS, DP, and VBM represent the 
Fermi level, the TSSs, the Dirac point, and the VBM, respectively. (C) The momentum distribution curves (MDCs) along the Γ-​M direction. Two valence bands are revealed 
by ARPES band dispersions along the Γ-​M direction, which are depicted by two downward parabolas (in black dashed lines) according to the MDC peak positions. Pa-
rabola fittings of the VBM along Γ-​K and Γ-​M directions in (B) are shown by green ( VBM

Γ−K ) and red ( VBM
Γ−M ) dashed curves, respectively, while the second valence band 

along the Γ-​M direction is marked by white dashed curves. Two valence bands along the Γ-​M direction align in energy at Bi0.5Sb1.5Te3, resulting in the flattening of the red 
VBM

Γ−M band. (D) The carrier density and Seebeck coefficient of Bi2−xSbxTe3 films as a function of Sb content x. As the x increases, the carrier transport switches from 
electron-dominated (n) to hole-dominated (p), while the transition appears at x = 1.0. (E) The energy positions of the topmost VBM

Γ−K and VBM
Γ−M bands as well as the 

DP as a function of Sb content x. The DP is displayed as the reference to determine the energy positions of VBMs. (F) The single valley effective mass ( m∗

b
 ) of VBM

Γ−K and 
VBM

Γ−M bands calculated from APRES (top) and the reported density-of-states effective mass (m*) (51, 52) derived from TE properties (bottom).
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grown at a fixed substrate temperature (Tsub) of 533 K, with the phase 
structure and composition depicted in figs. S1 to S3. As schematically 
shown in Fig. 1A, carrier pockets (or electronic bands) in the Γ-Z-U-
F-L and the Γ-Z-H-K planes are projected along the Γ-​M and Γ-​K 
directions of surface Brillouin zone, respectively. Figure  1B and 
figs. S4 and S5 show the ARPES intensity plots of Bi2−xSbxTe3 along 
different k paths. The topological surface states (TSS) with a linear 
band dispersion, the massless Dirac cone (DP) as well as the VBMs 
along the Γ-​M and Γ-​K directions, denoted as VBM

Γ−M and VBM
Γ−K , 

are observed in the entire composition range of Bi2−xSbxTe3. These 
findings are also confirmed by our DFT calculations (see fig. S6) and 
align well with previous studies (47, 48, 57, 58). As shown in Fig. 1 (B 
and C), the EF of Bi2−xSbxTe3 shifts remarkably toward the VBM with 
elevating the Sb content x, lastly entering the VBM at x = 1.5 and 2.0. 
This trend is also reflected in the evolution of the Fermi surface (FS) 
shown in fig.  S7, where the predominating contribution gradually 
switches from the TSS to the VBM with the increase of x. Meanwhile, 
in the FS maps of films with x = 1.5 and 2.0, the ARPES intensity of 
VBM

Γ−M band is distinctly higher than that of VBM
Γ−K bands, as in-

dicated by the brighter color in the former, highlighting the vital role 
of VBM

Γ−M on their electronic transport properties. Figure 1D indi-
cates a transition from n-type conduction (negative S and Hall coef-
ficients) to p-type conduction (positive S and Hall coefficients) of 
fabricated Bi2−xSbxTe3 films, while the critical point of the transition 
occurs at x = 1.0. Other temperature-dependent electrical properties 
of Bi2−xSbxTe3 show a consistent evolution (fig. S8), agreeing with the 
variation trend of EF and FS maps with the increasing content of Sb 
revealed by ARPES (Fig. 1, B and C, and fig. S7).

Sb alloying also induces a noticeable flattening of VBM
Γ−M as well 

as a slight change in the energy difference between VBM
Γ−M and 

VBM
Γ−K for Bi2−xSbxTe3, as depicted by the curvatures of ARPES band 

dispersions in Fig. 1B. To comprehensively understand the band evo-
lution of Bi2−xSbxTe3, we use the momentum distribution curves 
(MDCs) to trace the possible band dispersions from the MDC peak 
positions, shown in Fig.  1C and fig.  S4B. VBM

Γ−K MDCs of all 
Bi2−xSbxTe3 films can be well described as single bands (marked by 
green dashed curves), whereas the VBM

Γ−M MDCs arise from two in-
dividual valence bands (denoted by red and white dashed curves). 
Such red and white bands move closer in energy with increasing the Sb 
content x, and the convergence of these two valence bands appears at 
x = 1.5 (schematically illustrated by two black dashed lines in Fig. 1C), 
providing a plausible explanation for the flattening of VBM

Γ−M.
The single valley effective mass ( m∗

b
 ) of VBM could be qualita-

tively estimated from the ARPES spectra by using the parabola fitting 
based on the equation m∗

b
= ℏ

2( 𝜕
2
E∕ 𝜕k

2)−1 (59, 60). Here, the en-
ergy position and the calculated m∗

b
 of the VBM

Γ−K (the green band) 
and the topmost VBM

Γ−M (the red band) of Bi2−xSbxTe3 are summa-
rized in Fig. 1 (E and F, respectively). The energy of the red VBM

Γ−M 
band is slightly higher than that of the green VBM

Γ−K band with 
small energy offsets of 25  to 41 meV for all Bi2−xSbxTe3. Thus, the 
VBM

Γ−M band substantially contributes to the electronic transport 
of p-type Bi2−xSbxTe3, while the VBM

Γ−K band provides an addition-
al contribution in the case of heavy hole doping. In addition, the m∗

b
 

values of both the green VBM
Γ−K band and the red VBM

Γ−M band 
first increase and then decrease with increasing the Sb content x and 
peak at x = 1.5. It is important to note that the Bi0.5Sb1.5Te3 acquires 
the abruptly increased m∗

b
 and the largest m∗

b
 of 1.27 me for VBM

Γ−M 
among all p-type Bi2−xSbxTe3. This result agrees with reported m* 
derived from TE properties, which shows that p-type Bi0.5Sb1.5Te3 

attains the largest m* among p-type Bi2−xSbxTe3 (see the bottom 
panel of Fig. 1F) (51, 52). Therefore, our ARPES results validate that 
the presence of the abrupt change and the largest m* at Bi0.5Sb1.5Te3 
could be ascribed to the convergence of two valence bands along the 
Γ-​M direction as well as the resulting abruptly increased m∗

b
 . Further-

more, the excellent PF obtained in p-type Bi0.5Sb1.5Te3 could also 
come from the additional contribution from the green VBM

Γ−K 
band under heavy hole doping, due to the small energy offset be-
tween VBM

Γ−K and VBM
Γ−M.

The calculated band structures of Bi2−xSbxTe3 (x = 0 to 2.0) are 
displayed in Fig. 2 and fig. S9. The calculations reveal that the projec-
tions of high-lying valence bands along Z-H and Γ-K paths as well as 
along Z-U, Γ-F, and Γ-L paths form the VBM

Γ−K and VBM
Γ−M , re-

spectively. Noteworthy, valence bands from Γ-F and Γ-L paths can 
contribute to the VBM

Γ−M of ternary Bi2−xSbxTe3. This is different 
from binary Bi2Te3 and Sb2Te3, where only the band from Z-U con-
tributes to the VBM

Γ−M ; see Fig. 2 (A to C). Thus, the band conver-
gence of ARPES-probed two valence bands along the Γ-​M direction 
in ternary Bi0.5Sb1.5Te3 is probably caused by two topmost valence 
bands projected from Z-U, Γ-F, and Γ-L paths. Inferred from mo-
lecular orbital theory (61) and topological electronic transition (7, 
47), the band convergence of Bi0.5Sb1.5Te3 might be promoted by al-
tered orbital interactions (orbital overlap) as a result of the balance 
between bond polarity and spin-orbit coupling with varying Sb con-
tent. By setting the hole density (p) from 1 × 1019 to 2 × 1020 cm−3, 
the calculated FS maps of p-type Bi0.5Sb1.5Te3 evolves from the emer-
gence of six-hole pockets (along six equivalent Γ-​M directions, rep-
resenting NV = 6) to a more complex “starfish” shape configuration, 
as shown in Fig. 2 (D to F). As elucidated in Fig. 2B, only valence 
bands along the Γ-​M direction contribute to the FS map in the case 
of light hole doping (marked by the red line, p =  1 ×  1019 cm−3), 
while multiple valence bands from both Γ-​M and Γ-​K directions con-
tribute to the FS maps of p-type Bi0.5Sb1.5Te3 under heavy hole doping 
(marked by the blue and black lines, p ≥ 1 × 1020 cm−3), resulting in 
the evolution of FS maps. The FS map of a Bi0.5Sb1.5Te3 film in fig. S7 
is generally similar to the result of Fig.  2D, suggesting that the as-
grown Bi0.5Sb1.5Te3 film in Fig. 1 is lightly hole doped. Both experi-
ments and calculations in this work suggest that multiband transport 
and the increment of NV are the primary reasons for the largest m* 
[ m∗

∝ (NV)
2∕3m∗

b
 ] and excellent PF of Bi0.5Sb1.5Te3 among all p-type 

Bi2−xSbxTe3.

The optimization of EF and the enhanced m* and PF of 
p-type Bi0.5Sb1.5Te3
To optimize the EF and electrical transport of p-type Bi0.5Sb1.5Te3, we 
fabricated a series of Bi0.5Sb1.5Te3 films under various Tsub in the 
range of 533 to 613 K (referred to in Materials and Methods and 
figs. S10 and S11). Figure 3 displays the ARPES intensity plots and 
the FS maps of those Bi0.5Sb1.5Te3 films, and figs. S12 and S13 show 
the MDCs. As shown in Fig.  3A, the EF of Bi0.5Sb1.5Te3 gradually 
shifts toward the VBM with the Tsub increasing from 533 to 613 K, 
while the EF is close to the VBM, indicating the p-type conducting 
nature of fabricated films. The result suggests that increasing the Tsub 
can enhance p and deepen the EF, which originates from the im-
proved density of point defects contributing to free holes. Moreover, 
as the Tsub rises, the EF crosses both VBM

Γ−M and VBM
Γ−K , which 

brings forth two VBMs contributing to electrical transport and thus 
enhancing PF of fabricated Bi0.5Sb1.5Te3 films. This conclusion is 
well supported by the evolution of ARPES-measured FS maps for 
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Bi0.5Sb1.5Te3 films fabricated under various Tsub, as shown in Fig. 3B. First, 
the sizes of VBM

Γ−M and VBM
Γ−K band pockets increase markedly 

with the increasing Tsub, agreeing with the down-shift of EF. Second, be-
cause the color contrast represents the spectra weight, the VBM

Γ−K 
band pockets offer remarkably increasing contributions to the total spec-
tral weight with the increasing Tsub. Moreover, the VBM

Γ−K band will 
contribute substantially to the electronic transport of Bi0.5Sb1.5Te3 films 
fabricated under Tsub > 573 K due to the noticeable spectra weight of 
VBM

Γ−K , coinciding with the changing trend in the calculated FS maps 
in Fig. 2 (D to F).

To identify the underlying mechanism behind the observed varia-
tion trend of EF via tuning the Tsub, we performed atomically-
resolved scanning tunneling microscope (STM) measurements on 
the fabricated Sb2Te3 and Bi0.5Sb1.5Te3 films, as shown in Fig. 4. Pre-
vious calculations of defects and STM measurements have revealed 
(62–66) that the dominant intrinsic point defects in binary Sb2Te3 
and Sb-rich Bi2−xSbxTe3 are antisite defects SbTe (i.e., Sb atoms occu-
pying the Te sites), due to their lowest formation energies among all 
intrinsic defects. In addition, antisite defects TeSb (i.e., Te atoms oc-
cupying the Sb sites) and Sb vacancies (VSb) become the minority 
intrinsic defects, resulting from their higher formation energies. Ac-
cording to the STM surface morphologies of intrinsic defects report-
ed by Jiang et al. (67) and Netsou et al. (68), four types of intrinsic 
defects (labeled I, II, III, and IV) are probed in our Sb2Te3 film and 
are distinguished from their characteristic surface morphologies for 
empty states (under positive bias) and filled states (under negative 
bias); see Fig. 4 (A to C). Defects I are donors as judged by the bright 
protrusions, while defects II to IV are acceptors due to the dark-
depression feature of STM morphologies under positive bias, and 
vice versa. The donor feature and the triangular morphology suggest 
that defects I are antisite defects TeSb located at the second atomic 
layer of a single Sb2Te3 quintuple layer. Using the same judgment, 
defects II and III are identified as antisite defects SbTe that are situated 
at the first and fifth atomic layers, respectively, while defects IV are 
determined as Sb vacancies that are located at the fourth atomic lay-
er, according to their characteristic STM morphologies. Figure 4D 
indicates that antisite defects SbTe are dominant defects in Sb2Te3, 
which is judged from the highest density of SbTe antisite defects 
(marked by white triangles) among all defects. Meanwhile, being fab-
ricated at the same Tsub of 533 K, the Bi0.5Sb1.5Te3 film contains much 
fewer SbTe antisite defects as compared with that in the Sb2Te3 film, 
as depicted in Fig. 4 (D and E). The above result implies that the den-
sity of p-type SbTe antisite defects increases with the increasing content 
of Sb, which explains the changing trend of EF in Fig. 1B. Moreover, 

Fig. 2. DFT-calculated bulk band structure of Bi2−xSbxTe3. Band structures along the high-symmetry directions for (A) Bi2Te3, (B) Bi0.5Sb1.5Te3, and (C) Sb2Te3. The calcu-
lated valence band FSs of Bi0.5Sb1.5Te3 under a given p: (D) p = 1 × 1019 cm−3, (E) p = 1 × 1020 cm−3, and (F) p = 2 × 1020 cm−3, in which the Fermi level positions are indi-
cated by red, blue, and black dashed lines in (B), respectively.

Fig. 3. ARPES band structures of Bi0.5Sb1.5Te3 films fabricated with Tsub rang-
ing from 533 K to 613 K. ARPES intensity plots along high-symmetry directions 
(A) and the corresponding FSs (B) for Bi0.5Sb1.5Te3 films. EF, TSS, and DP represent 
the Fermi level, the TSSs, and the Dirac point. VBM

Γ−K and VBM
Γ−M denote the top-

most valence bands along Γ-​K and Γ-​M directions, respectively.
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the density of p-type SbTe antisite defects is significantly boosted in 
the Bi0.5Sb1.5Te3 films with the Tsub rising from 533 to 578 K and to 
613 K; see Fig. 4 (E and F) and fig. S14. The formation of SbTe antisite 
defects can be expressed by the following equation (69, 70)

in which the V∙∙

Te
 , V′′′

Sb
 , and Sb′

Te
 represent the positively charged Te va-

cancies as well as the negatively charged Sb vacancies and SbTe antisite 
defects, respectively, while the h• denotes a positively charged hole. 
Owing to the high vapor pressure of Te (71), a higher Tsub will cause a 
deficiency of Te and introduce more VTe, thus favoring the formation 
of p-type SbTe antisite defects, which enhances the hole density p in 
Bi0.5Sb1.5Te3 films. Therefore, the shift of the EF toward VBM in p-type 
Bi0.5Sb1.5Te3 films results from the generation of high density of p-type 
SbTe antisite defects through increasing the Tsub.

Figure 5 summarizes the electronic transport properties of fabri-
cated Bi0.5Sb1.5Te3 films under various Tsub. As shown in Fig. 5A, in-
creasing Tsub notably increases the p of Bi0.5Sb1.5Te3 films by over one 
order of magnitude. Specifically, the room-temperature p increases 
from  0.95 × 1019 cm−3 in the sample with Tsub = 533 K to  15.42 × 
1019 cm−3 in the sample with Tsub = 613 K. This trend agrees with the 
EF evolution revealed by ARPES and is ascribed to the dominating p-
type SbTe antisite defects as aforementioned. As shown in Fig. 5B, the tem-
perature dependence of the carrier mobility (μ) satisfies μ ∝ T−3/2 
near room temperature, indicating acoustic phonons as the dominating 

carrier scattering mechanism in Bi0.5Sb1.5Te3 films (8, 72, 73). Al-
though the p increases more than one order of magnitude, the μ of 
Bi0.5Sb1.5Te3 films declines slightly from 112 to 86 cm2 V−1 s−1 at 300 K 
as the Tsub increases from 533 to 613 K. Consequently, with the rising 
Tsub, the electrical conductivity σ of the Bi0.5Sb1.5Te3 film increases 
significantly, while the Seebeck coefficient S decreases gently (Fig. 5, C 
and D). The decrease of the temperature-dependent S is caused by the 
minor carrier excitation (74–76). The increase of p suppresses the mi-
nor carrier excitation in Bi0.5Sb1.5Te3 films and shifts the peak of S to-
ward high temperatures; see Fig. 5D. The turnover trend of S-​T curves 
disappears in Bi0.5Sb1.5Te3 films grown under Tsub ≥ 583 K, confirm-
ing that the minor carrier excitation has been eliminated. According-
ly, the PF of Bi0.5Sb1.5Te3 films is significantly boosted by increasing 
the Tsub and the p (Fig.  5E). The Bi0.5Sb1.5Te3 film grown under 
Tsub = 578 K achieves the highest room temperature PF of 5.10 mW 
m−1 K−2 and the maximum PF (PFmax) of 5.50 mW m−1 K−2 at 323 K 
among all films, which is ensured by the optimized p of 7.25 × 
1019 cm−3 at 300 K.

To further reveal the impact of valence band evolution on the m*, 
we plot the correlation between S and p for fabricated Bi0.5Sb1.5Te3 
and Sb2Te3 films in Fig. 5F. The theoretical Pisarenko curves with dif-
ferent m* are calculated by using the single parabolic band model (77, 
78) and are plotted in Fig. 5F. The electronic transport properties of 
fabricated Sb2Te3 films under different Tsub are shown in fig.  S15. 
Bi0.5Sb1.5Te3 films reach much higher S and m* compared with Sb2Te3 
films in a wide range of p, which is attributed to the convergence of 

5V∙∙

Te
+ 2SbSb = (2V���

Sb
+ 3V∙∙

Te
) + 2Sb

�

Te
+ 12h∙ (1)

Fig. 4. Atomic-resolution STM surface morphologies of the fabricated Sb2Te3 and Bi0.5Sb1.5Te3 films. Intrinsic point defects could be distinguished by their charac-
teristic surface morphologies and the color contrast under positive bias (empty states) and negative bias (filled states). Four types of intrinsic point defects are found and 
marked by white circles shown in (A to C). (D to F) The defects of SbTe5, i.e., the Sb atoms occupying the Te sites at the fifth layer in a single Sb2Te3 quintuple layer, are the 
predominant defects in Sb2Te3 and Bi0.5Sb1.5Te3 films, which are highlighted in inserted images and marked by white triangles. The numbers 1 to 5 denote the atomic 
layer number of the outmost Sb2Te3 and Bi0.5Sb1.5Te3 quintuple layer.
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two valence bands along the Γ-​M direction as well as the increased NV 
and m* as already noted. Moreover, as the p increases, the m* of 
Bi0.5Sb1.5Te3 and Sb2Te3 are respectively increasing from 1.10 me and 
0.50 me to 1.75 me and 0.85 me, verifying the additional contribution 
from the low-lying VBM

Γ−M band when the films are heavily hole 
doped. Therefore, because of the optimized valence band structure, 
the PFmax obtained in the Bi0.5Sb1.5Te3 film is significantly superior to 
the PFmax of 3.2 mW m−1 K−2 in Sb2Te3 films, as indicated in Fig. 5E 
and fig. S15F.

The two-step band structure optimization scheme for 
p-type Bi2−xSbxTe3
Figure 6A summarizes the found two-step band structure optimiza-
tion for p-type Bi2−xSbxTe3. First, increasing Sb content shifts the EF 
toward the valence band and induces the valence band convergence 
along the Γ-​M direction. As a result, Bi0.5Sb1.5Te3 exhibits the maxi-
mum m* among all p-type Bi2−xSbxTe3, as revealed in Figs. 1 and 2. 
Second, the higher Tsub facilitates the formation of SbTe antisite de-
fects, which moves the EF deeper into the valence band, and en-
ables the extra valence band along Γ-​K to participate in electrical 
transport. This leads to a further enhancement in m* and p, as 
shown in Figs. 3 and 5. Hence, the composition-driven band con-
vergence (the first step) and the EF-induced contribution from an 
additional band (the second step) are at the heart of the remark-
ably high m* and PF obtained in p-type Bi0.5Sb1.5Te3. Figure  6B 
compares the PFmax of p-type Bi2−xSbxTe3 films reported in recent 
studies. The optimal composition of Bi0.5Sb1.5Te3 results in the 
highest PFmax among all p-type Bi2−xSbxTe3 films. Notably, a 
record-high PFmax of 5.50 mW m−1 K−2 near-ambient temperature 
is obtained in our Bi0.5Sb1.5Te3 film, significantly outperforming 
the reported PFmax of 1.2 ~ 4.5 mW m−1 K−2 (62, 79–87). There-
fore, this study discloses the evolution of valence band structures 
of Bi2−xSbxTe3 when tuning the Sb content and the intrinsic point 
defects, as well as documents the record-high PF in the epitaxially 
grown p-type Bi0.5Sb1.5Te3 film.

DISCUSSION
In this study, we fabricate the high–crystalline quality Bi2−xSbxTe3 
(00 l) films by MBE and investigate the influence of Sb content and 
intrinsic point defects on the valence band structure and TE perfor-
mance. Through comprehensive ARPES measurements and band 

Fig. 5. The carrier transport and TE transport properties of Bi0.5Sb1.5Te3 films fabricated at Tsub = 533 to 613 K. Temperature dependence of p (A), μ (B), σ (C), S (D), 
and PF (E). (F) The correlation between p and S. Four lines represent the theoretical Pisarenko curves with different m*.

Fig. 6. The summary of valence band structure optimization leading to out-
standing PF of Bi0.5Sb1.5Te3. (A) The two-step valence band structure optimi-
zation scheme. (B) The record-high PF of Bi0.5Sb1.5Te3 film in this work and the 
comparison to literature reports.
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structure calculations, we reveal the two-step band structure optimi-
zation scheme for p-type Bi2−xSbxTe3, addressing the long-standing 
challenge to understand the highest m* attained in Bi0.5Sb1.5Te3 
among all p-type Bi2−xSbxTe3. We first consider the convergence of 
two valence bands along the Γ-​M direction in Bi0.5Sb1.5Te3. We then 
show that both VBM

Γ−M and VBM
Γ−K bands contribute to the elec-

tronic transport of Bi2−xSbxTe3 under the condition of heavy hole 
doping due to the small energy offset between the two bands. STM 
measurements clarify that p-type SbTe antisites are the predominant 
defects and that, by increasing Tsub, the formation of SbTe antisites is 
promoted. Last, through the synergistic optimizations of the hole car-
rier density p and the valence band structure, the fabricated p-type 
Bi0.5Sb1.5Te3 film with p = 7.25 × 1019 cm−3 (at 300 K) yields a record-
high PF of 5.50 mW m−1 K−2 near-ambient temperature. This work 
substantially advances the understanding of the valence band struc-
tures of Bi2−xSbxTe3 and shows the road toward further improvements 
of the PF in p-type Bi2−xSbxTe3.

MATERIALS AND METHODS
Film fabrication
High-crystallinity Bi2−xSbxTe3 (00  l) films were epitaxially grown on 
Al2O3 (000 l) substrates in a commercial MBE system (Octoplus 300, 
Dr. Eberl MBE-Komponenten GmbH). High-purity Bi (99.9999%) and 
Sb2Te3 (99.999%) were evaporated from standard Knudsen cells, and Te 
(99.9999%) was evaporated from a special two-stage thermal cracker 
cell. The relative contents of Bi and Sb in Bi2−xSbxTe3 were modulated 
by adjusting the nominal flux ratios of Bi/Sb2Te3. During the growth 
process, in situ reflection high-energy electron diffraction was used for 
monitoring the phase structure of films. The film thickness was about 
100 nm, measured by a step profiler (DektakXT, Bruker).

X-ray studies
The crystal structure was studied by a high-resolution x-ray diffrac-
tion (XRD) apparatus (smart lab, Rigaku), including the θ-2θ scan 
and rocking curve measurements. The actual composition and chem-
ical states of constituent elements were determined by x-ray photo-
electron spectroscopy (XPS; Scienta Omicron, XM1000), which is 
integrated into an MBE-STM-ARPES ultrahigh vacuum system. The 
content of Bi and Sb in Bi2−xSbxTe3 (x = 0 to 2.0) films was semiquan-
titatively determined on the basis of the ratio of XPS peak area for 
Bi-4f and Sb-3d core levels (88); see fig. S3 and table S1.

Band structure and point defects characterizations
The electronic band structure of fabricated Bi2−xSbxTe3 and Bi0.5Sb1.5Te3 
films was studied using the ARPES system (ARPES, Scienta Omicron) 
at 300 K. Monochromatic He−I (hν = 21.2 eV) light source and a state-
of-the-art DA-30L hemispherical electron analyzer were used for mea-
surements. Because of the thermal broadening at 300 K, the energy 
resolution is about 30 meV for all ARPES measurements, while the 
angle resolution is better than 0.2°. STM surface morphology measure-
ments were performed in a scanning tunneling microscope (CreaTec 
Fisher & Co. GmbH) that operated at 77 K.

Electrical transport measurements
The Seebeck coefficient and electrical conductivity were measured si-
multaneously by commercial CTA-3 equipment in a helium atmo-
sphere and at temperatures ranging from 300 to 473 K. The Hall 
coefficient (RH) at low temperature (10 to 300 K) was measured by 

using a five-point configuration on a physical property measurement 
system (PPMS-9T, Quantum Design) with a magnetic field of ±1 T. The 
carrier concentration (n/p) and carrier mobility (μ) were calculated 
by n(p) = 1/(e·RH) and μ = σ·e·|RH|.

DFT band structure calculations
The electronic band structures of Bi2−xSbxTe3 were computed through 
the application of DFT using the projector-augmented wave approach 
(89, 90), as implemented in the Vienna ab initio simulation package. 
Structural relaxation and electronic calculations were performed us-
ing the Perdew-Burke-Ernzerhof functional (91) with the generalized 
gradient approximation. To integrate over the Brillouin zone, an 
11  ×  11  ×  11 Monkhorst-Pack 𝑘-mesh was used, and the kinetic-
energy cutoff was set to 550 eV. The atomic positions were optimized 
until the forces on each atom fell below 0.01 eV/Å. For the electronic 
self-consistent loop, the convergence criterion was set to 10−7 eV. The 
spin-orbit coupling effect and van der Waals interactions with the 
form of DFT-D3 (92) are considered throughout the calculation. To 
study the surface states, we used the iterative Green’s function meth-
od, as implemented in the WANNIERTOOLS package. This method 
is based on maximally localized Wannier functions, which were con-
structed using wannier90 (93, 94).

Supplementary Materials
This PDF file includes:
Figs. S1 to S15
Table S1
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