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temperature thermoelectrics are Bi 2 Te 3 -based bulk alloys, and 
their best ZT is still around 1, e.g., n-type Bi 2 Te 2.7 Se 0.3  with 
ZT max  ≈0.9 [ 6 ]  and p-type Bi 0.5 Sb 1.5 Te 3  with ZT max  ≈1.2. [ 7 ]  The 
approach of phonon engineering has limited potential for 
these materials as their thermal conductivity is already low and 
does not have much room for further reduction. [ 5,8 ]  Hence, it 
is ultimately necessary to seek a breakthrough in materials 
engineering that would improve ZT beyond what is limited by 
the trade-off between  α  and  σ , preferably with a single meth-
odology. Though various experimental (e.g., energy fi ltering 
in Bi 2 Te 3 /Bi 2 Se 3  superlattices) [ 9 ]  and theoretical (e.g., hybridi-
zation by topological surface states) [ 10 ]  approaches have been 
attempted or proposed, only  α  or  σ , but not both, is effectively 
improved in these cases. The trade-off between  α  and  σ  origi-
nates fundamentally from the fact that a high  α  prefers a large 
asymmetry in electron population above and below the Fermi 
level, thus a rapid variation in the material density of states; 
this is opposite to the direction of increasing  σ  and  n , which 
occurs typically as the Fermi level is displaced deep into the 
band where the density of states is relatively constant. 

 Here, we demonstrate a new way to drastically enhance 
thermoelectric properties of Bi 2 Te 3  by utilizing native defects 
(NDs). We present a new, atomic-scale mechanism to break 
the trade-off between  α  and  σ , simultaneously improving both 
for enhanced ZT. Such a unique combination of electrical and 
thermoelectric benefi ts originates from the multifunction-
ality of native point defects in Bi 2 Te 3  acting as electron donors 
and electron energy fi lters. The presented results establish the 
importance of understanding and controlling point defects in 
thermoelectric materials as a venue to much improve their 
device performance. 

 Bi 2 Te 3  thin fi lms with a wide range of thicknesses (11 nm to 
1 µm) were grown by molecular beam epitaxy (MBE) on semi-
insulating GaAs (001) substrates. In  Figure    1  a, the cross-section 
high-resolution transmission electron microscopy (HRTEM) 
image shows clean interfaces without amorphous phases, and 
shows highly parallel quintuple layers (QLs). The crystallinity of 
the MBE fi lms was further evaluated by X-ray diffraction (XRD) 
using the Cu Kα1 radiation line (Figure  1 b). The XRD pattern 
clearly shows strong refl ections from {003}-type lattice planes. 
This is a strong indication of the highly  c -axis directional 
growth of the MBE fi lms. The QL thickness was calculated 
from the XRD data, giving  d  QL  = 1.014 ± 0.005 nm for Bi 2 Te 3  
that is consistent with the value of 1.016 nm for bulk Bi 2 Te 3 . [ 11 ]  

  Thermoelectric materials have been heavily investigated over 
the past several decades for environment-friendly applications 
of solid-state energy conversion: heat to electricity and vice 
versa. [ 1,2 ]  The fi gure of merit (ZT) of thermoelectric materials 
is given by  α  2  σT / κ , in which  α  is the Seebeck coeffi cient (ther-
mopower),  σ  is the electrical conductivity,  T  is absolute tem-
perature, and  κ  is the thermal conductivity. Since  α  and  σ  are 
anticorrelated through the free carrier concentration ( n ), recent 
successes to enhance ZT have mostly relied on reduction of lat-
tice thermal conductivity ( κ  l ) without signifi cantly affecting the 
power factor ( α  2  σ ). [ 3 ]  This approach has achieved ZT of PbTe–
SrTe compounds exceeding 2 at temperatures above 900 K by 
effectively scattering acoustic phonons with all-length-scale 
mean free paths. [ 4 ]  

 On the contrary, the best single-phase materials 
(i.e., excluding superlattices) [ 5 ]  available today for near-room-
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Hall effect measurements were performed in the van der Pauw 
confi guration using an Ecopia HMS-3000 system. As presented 
in Figure  1 c,  n  decreases and carrier mobility ( µ ) increases 
monotonically with fi lm thickness, and tends 
to saturate in thicker fi lms, akin to those 
observed in Bi 2 Se 3  MBE thin fi lms. [ 12 ]  In 
order to generate NDs, the samples were irra-
diated with 3 MeV alpha particles (He 2+ ) with 
doses ranging from 2 × 10 13  to 3 × 10 15  cm −2 . 
The projected range of these particles 
exceeds 8 µm in Bi 2 Te 3 , as calculated by 
Monte Carlo simulation using the stopping 
and range of ions in matter (SRIM) program 
(Figure S1, Supporting Information, inset). 
Therefore, the He 2+  ions completely pass 
through the entire fi lm thickness, leaving 
behind NDs that are uniformly distributed 
in both lateral and depth directions. As pre-
dicted by SRIM, the primary NDs induced 
by irradiation are Bi (V Bi ) and Te (V Te ) vacan-
cies and corresponding interstitials with 
average densities of 1.2 × 10 4  (for Bi) and 
1.8 × 10 4  cm −3 /ion cm −2  (for Te), respec-
tively, that scale linearly with the irradiation 
dose (Figure  1 d). We note that within the 
doses used, the materials are gently dam-
aged with only point defects generated; 
no extended defects, surface sputtering, 

non-stoichiometry, or amorphization is 
observed. [ 13 ]  We also note that the substrate 
(semi-insulating GaAs) does not contribute 
to the electrical conductivity measured from 
the fi lm. It is theoretically expected [ 14 ]  and 
experimentally confi rmed that the substrate 
remains electrically extremely insulating 
after the irradiation, with a sheet resistance 
orders of magnitude higher than that of the 
fi lm. 

  After the irradiation,  σ  of the Bi 2 Te 3  
increases for fi lms with thickness between 
47 and 740 nm, and this trend is more sig-
nifi cant for thicker fi lms ( Figure    2  a). Con-
sidering the multiple conduction chan-
nels (e.g., surface and bulk) in Bi 2 Te 3 , this 
effect suggests that bulk transport, which is 
affected by the NDs, plays an important role 
in the electrical conductance in this thick-
ness range. In contrast, very thin fi lms are 
insensitive to irradiation, because surface 
conduction dominates and remains robust 
to irradiation. Hall effect measurements 
reveal that the enhanced  σ  is a combined 
effect of a monotonic increase in  n  and a 
non-monotonic change of  µ  (Figure  2 b,c). 
The increase in  n  indicates that the irra-
diation predominantly introduces donor-like 
NDs, which are also considered as the pri-
mary reason for the unintentional n-type 
behavior of as-prepared Bi 2 Te 3 . [ 15,16 ]  

  As shown in Figure  2 c, the mobility of thick fi lms 
increases remarkably (by up to 50%) upon irradiation until an 
intermediate dose (≈2 × 10 14  cm −2 ), then steadily decreases. For 
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 Figure 1.    Characterization of pristine Bi 2 Te 3  fi lms. a) Cross-sectional HRTEM image and 
b) XRD data of Bi 2 Te 3  fi lms grown by MBE on a GaAs (001) substrate. c) Hall effect determined 
carrier density and mobility as a function of thickness at room temperature. d) The concentra-
tion of vacancies was calculated using SRIM for 740 nm thick Bi 2 Te 3  fi lm under 3 MeV alpha 
particles irradiation. SRIM predicts that the concentration of irradiation-induced defects is very 
uniform along the depth of fi lms. As indicated by the units (cm −3 /cm −2 ), the real vacancy con-
centration is given by this value multiplied with the irradiation dose (in units cm −2 ), implying 
a linear dependence between them.

 Figure 2.    Electrical transport of ND-engineered Bi 2 Te 3  thin fi lms. a) Electrical conductivity 
variation upon irradiation of fi lms with different thicknesses. b) Electron concentration and 
c) electron mobility of representative Bi 2 Te 3  fi lms as a function of irradiation dose, determined 
by Hall effect measurement at room temperature.
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conventional semiconductors, it is believed that NDs produced 
by irradiation are charged Coulomb scattering centers, low-
ering the carrier relaxation time and thus the carrier mobility. 
Recent theoretical and experimental studies have shown that 
in addition to the bulk transport, Bi 2 Te 3  exhibits signifi cant 
surface or grain boundary transport, which are attributed to 
the topological insulator state [ 17 ]  or to a surface accumulation 
layer. [ 18,19 ]  We propose that the irradiation-induced NDs cause 
the unusual mobility behavior of Figure  2 c by modifying the 
relative contribution of conduction electrons between the bulk 
and the surface (including grain boundaries and specimen sur-
face). Simplifying the system into two electrically conduction 
channels, surface and bulk, we modeled the dependence of 
carrier concentration and mobility on irradiation dose. [ 20,21 ]  As 
illustrated in the inset of  Figure    3  a, parallel electron transport 
was considered in the surface and bulk layers. With the relative 
contribution from each layer, effective (modeled) electron con-
centration ( n *) and mobility ( µ* ) were determined using:
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 where  n  s ( n  b ) and  µ  s ( µ  b ) are the electron concentration and 
mobility of surface (bulk) layer, respectively, and  d  s ( d  b ) is the 
thickness of surface (bulk) layer, and the total thickness,  d , is 
given by s bd d d= + . [ 20 ]  The surface properties ( n  s  and  µ  s ) are 
inferred from Hall effect data of very thin fi lms (11–22 nm) 
where surface contribution is dominant. Note that in this model 
 n  s  and  µ  s  are assumed to be not strongly affected by irradiation, 
i.e., the irradiation generates more free electrons only in the 
bulk (increasing net  n  b ), as opposed to redistributing existing 
surface  n  s  to the bulk  n  b . Indeed, in very thin fi lms where the 
bulk conduction is insignifi cant, the measured  n*  (Hall  µ* ) 
is always dominated by  n  s  ( µ  s ), staying high (low) and nearly 
intact upon irradiation (Figure  2 b,c). Given that  µ  s  is insensi-
tive to the irradiation and  µ  s  «  µ  b , [ 13,22 ]   n * and  µ * were fi tted to 

the experimental Hall effect data at various irradiation doses. 
Such a bilayer model is in good agreement with the experi-
mental data for fi lms with various thicknesses, explaining both 
the monotonically increasing  n*  and, in particular, non-mono-
tonic variation of  µ*  upon irradiation (see representative fi tting 
in Figure  3 ). The irradiation-induced, drastic net increase in 
bulk electron density would shift the weight more toward bulk 
conduction, compared to the case in pristine fi lms where sur-
face conduction weighs more. Therefore, although  µ  b  slightly 
decreases upon irradiation, the measured  µ * shows an increase 
at intermediate irradiation doses, because after irradiation the 
higher-mobility bulk conduction plays a much more signifi cant 
role than the surface conduction. 

  More importantly, while steadily increasing  σ , the NDs at 
intermediate irradiation doses also improve the thermopower 
( α ) of the thick Bi 2 Te 3  fi lms as seen in  Figure    4  a. This simulta-
neous enhancement of  α  and  σ  is unusual, since in most cases 
 α  decreases and  σ  increases with increasing  n . Normally, as  n  
increases, the Fermi level  ε  F  moves deeper into the band where 
the density of states is fl atter, hence reducing the entropy car-
ried by charges around  ε  F . [ 23 ]  The simultaneous enhancement 
of  α  and  σ  is observed only in relatively thicker fi lms (>47 nm), 
which suggests that the measured thermopower is dominated 
by the bulk contribution that can be tailored by the NDs. 

  In the relaxation time model, the thermopower in the degen-
erate doping limit is given by:

    3
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 where  r  is the index of the electron relaxation time related to 
kinetic energy, ( ) rτ ε ε∝ , [ 24 ]  and  ε  F  is measured from the con-
duction band edge. Equation  ( 3)   not only predicts the ordinary 
decrease in  α  as  n  increases (through  ε  F ), but also an increase 
in  α  when  r  increases. The former leads to the conventional 
wisdom of the inverse coupling between  α  and  σ , while the 
latter allows it to be broken, as in our case. It is known that  r  
varies from −1/2 for acoustic phonon scattering to 3/2 for ion-
ized impurity scattering. [ 24 ]  As shown in Figure  4 b, in pristine 
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 Figure 3.    Bilayer Hall effect modeling of Bi 2 Te 3  fi lms. Comparison of a) electron concentration and b) electron mobility between experimental data with 
bilayer modeled data for 240 nm fi lm. Inset shows schematics of the two conduction channels of surface and bulk. Surface properties are assumed 
to be constant for all the fi lms within the ranges of thickness and irradiation dose. Also, its thickness ( d  s ) is assumed to be ≈3 nm, considering other 
contributions such as grain boundaries in the bulk as well as the surface roughness.
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fi lms, the measured  α  as a function of  n  follows the trend 
with calculation using  r  = −1/2, indicating that electrons are 
mostly scattered by phonons in these fi lms. This is consistent 
with theoretical prediction that electrical transport in Bi 2 Te 3  at 
similar carrier concentrations (≈1 × 10 19  cm −3 ) is limited by 
phonon scattering, [ 25 ]  and is indeed reasonable considering 
its very large dielectric constant ( ε  s  = 290). [ 26 ]  However, the 
high density and multiple charge states of NDs introduced by 
irradiation as ionized impurities cause a transition of the scat-
tering mechanism from phonon-dominated ( r  = −1/2) toward 
more impurity-dominated ( r  = 3/2); as a result, the thermo-
power is drastically enhanced, as indicated by the arrows in 
Figure  4 b. For the irradiated fi lms,  α  starts to follow the cal-
culated trend with  r  = 3/2. This transition is also confi rmed 
by the fact that the mobility  µ  of the pristine fi lm becomes 
much higher when measured at low temperatures, while  µ  is 
less temperature-sensitive for irradiated fi lms (Figure S1, Sup-
porting Information). 

 The ND-enabled decoupling of  α  and  σ  naturally leads 
to a signifi cant increase in the thermoelectric power factor, 
 α  2  σ , as shown in Figure  4 c. It reaches a peak value of 
3.4 ± 0.3 mW m −1  K −2  for the 740 nm fi lm at an irradiation 
dose of 4 × 10 14  cm −2 , representing an eightfold enhancement 
from its pristine value. This peak power factor is a factor of 
1.5–3 higher compared to recently reported values in binary 
Bi 2 Te 3 . [ 9,27 ]  

 In addition, the effect of the NDs on the cross-plane 
( c -axis) thermal conductivity ( κ  ⊥ ), particularly in the thick Bi 2 Te 3  
fi lms, was investigated using the differential 3 ω  technique. [ 28 ]  
We found that  κ  ⊥  decreases by up to 35% upon the irradia-
tion as shown in  Figure    5  . It is noteworthy that the reduction 
in  κ  ⊥  is substantially stronger than the case if the NDs were 
replaced by conventional donor ions at the same concentra-
tions (≈3 × 10 19  cm −3 , or ≈0.1% of the atomic sites). This is 
because a point defect’s ability to scatter acoustic phonons 
goes as the square of the defect’s relative deviation in mass, 
radius, and/or bonding strength. [ 29 ]  These relative deviations 
are much stronger for the irradiation-introduced NDs (vacan-
cies, antisites, and missing bonds) as compared to simple 

substitutional dopants. [ 30 ]  As our measured  κ  is cross-plane (⊥), 
while the measured  α  and  σ  are in-plane (//), a rigorous evalua-
tion of ZT is not within the scope of this work due to the aniso-
tropic transport. However, given the eightfold enhancement in 
 α  2  σ , it is safe to conclude that ZT is expected to be signifi cantly 
enhanced accordingly, because  κ  is expected to only decrease 
upon the irradiation. 

  To summarize, irradiation-induced NDs drastically enhance 
thermoelectric properties in Bi 2 Te 3  by decoupling the three 
key thermoelectric parameters and simultaneously modi-
fying all of them toward the desired direction. This is ena-
bled by the multiple functionality of the NDs acting benefi -
cially as electron donors, energy-dependent charge scattering 
centers, and phonon blockers. Our results suggest that a sig-
nifi cant improvement of the thermoelectric performance can 
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 Figure 5.    Cross-plane thermal conductivity of the 740 nm Bi 2 Te 3  fi lm 
upon irradiation. Inset illustrates the in-plane and cross-plane confi gura-
tion of the textured fi lm.

 Figure 4.    Enhancement of Seebeck coeffi cient and power factor by the NDs. a) Variation of  α  upon irradiation. b)  α  enhancement of irradiated Bi 2 Te 3  
fi lms in the thick fi lm regime (Pisarenko plot). The dotted lines show the results of calculated Seebeck coeffi cient with different scattering time index 
 r  ranging from phonon-scattering (−1/2) to ionized impurity scattering (3/2). Here, the rigorous Fermi–Dirac carrier statistics are used such that the 
calculation is valid across all concentrations ranging from non-degenerate to degenerate. The arrow indicates simultaneous increase of  α  and carrier 
concentration ( n ) of the fi lms. c) Thermoelectric power factor enhancement in the ND-engineered Bi 2 Te 3  fi lms.
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be achieved through a judicious control of the ND species 
and their density by post-growth processing with high-energy 
beams. As the NDs are expected to be generated and behave 
in the similar way in a wide range of narrow-bandgap semi-
conductors (e.g., observed in InN and InAs) [31,32]  it is possible 
to extend this method to improve the fi gure of merit of other 
materials in conjunction with other widely utilized techniques 
such as alloying and nano- and hetero-structuring. Although 
irradiation cannot be directly applied to bulk materials due 
to limitation in irradiation projection range (≈10 µm), our 
approach is of practical importance because thin fi lm thermo-
electrics could play an important role in on-chip cooling; [ 33 ]  
in addition, our approach can be used in complementary to 
existing nanotechnology to scale up in bulk thermoelectrics. 
For instance, nano-objects (such as Bi 2 Te 3  nanowires, particles, 
and nanoplates) can be irradiated, and then pressed into bulk 
or assembled into bulk using a polymer matrix, as demon-
strated by Coates et al. [ 34 ]   

  Experimental Section 
  Thin-Film Growth : The Bi 2 Te 3  thin fi lms were grown using a dual 

chamber Riber 32 solid-source MBE system. The Bi and Te 2  fl uxes were 
generated by standard effusion cells, and the structure and thickness 
of the fi lms were monitored in situ by refl ection high-energy electron 
diffraction. The growth step was initiated by heating an epi-ready semi-
insulating GaAs (001) substrate to 600 °C for de-oxidation in the III-V 
MBE chamber. This was followed by deposition of a 100 nm GaAs buffer 
layer. This modifi ed substrate was then transferred to the chalcogenide 
MBE chamber through an ultra-high vacuum connection. The growth of 
the MBE fi lm was initiated by the deposition of a series of monolayers 
of Te–Bi–Te–Bi–Te (a QL) in atomic layer epitaxy fashion at room 
temperature. The substrate was then gradually heated to 300 °C, and 
the MBE growth of Bi 2 Te 3  was subsequently performed under Te-rich 
condition of  T  Te  (250 °C) <  T  substrate  (300 °C) <  T  Bi  (≈500 °C) with a Te:Bi 
beam equivalent pressure ratio ranging from 20:1 to 80:1. The fi lms were 
grown layer by layer, with typical growth rates of 0.5–2 QL min −1 . Later, the 
compositions and thicknesses of the fi lms were confi rmed by Rutherford 
backscattering spectroscopy (RBS) before further experiments. 

  Alpha Particle Irradiation : The pristine samples were irradiated in an 
accumulated manner employing a high-energy (3 MeV) He 2+  beam with 
current between 35 and 100 nA generated by an NEC Pelletron tandem 
accelerator. The accumulated dose was monitored by measuring the 
total charge on the sample in an electrically isolated irradiation chamber. 
The ion beam was defocused to an area of 40 mm 2  maintaining a 
homogeneous ion fl uence over the entire fi lm, assuring the introduction 
of uniformly distributed NDs, both vertically and laterally. 

  Thermoelectric Transport Characterization : Electrical transport 
was measured by Hall effect using an Ecopia HMS-3000 system at 
room temperature. Seebeck coeffi cient was measured by a home-
built thermopower measurement system. A differential 3 ω  technique 
was used to measure the cross-sectional thermal conductivity ( κ  ⊥ ) 
of the ND-engineered Bi 2 Te 3  thin fi lm with a thickness of 740 nm at 
various irradiation doses. Using the plasma-enhanced chemical vapor 
deposition (PECVD) technique, a 500 nm SiO 2  layer was simultaneously 
deposited on the top of both a pristine Bi 2 Te 3  thin fi lm, for electrical 
isolation, and a reference (identical semi-insulating GaAs (001)) bare 
substrate at 300 °C. Two identical 20 µm × 1500 µm gold line heaters 
were then patterned on the top of PECVD-grown SiO 2  layers using 
conventional photolithography. Since the thicknesses of the dielectric 
layer (500 nm) and Bi 2 Te 3  fi lm (740 nm) are much thinner than the 
width of the patterned gold heater (20 µm), the through-thickness 
(along  c -axis) heat conduction can be approximated as 1D to better 
than 5% accuracy. [ 35 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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