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The low weighted carrier mobility has long been considered to be the key challenge for improvement
of thermoelectric (TE) performance in BiTel. The Rashba-effect-induced two-dimensional density

of states in this bulk semiconductor is beneficial for thermopower enhancement, which makes it

a prospective compound for TE applications. In this report, we show that intercalation of minor
Cu-dopants can substantially alter the equilibria of defect reactions, selectively mediate the donor-
acceptor compensation, and tune the defect concentration in the carrier conductive network.
Consequently, the potential fluctuations responsible for electron scattering are reduced and the
carrier mobility in BiTel can be enhanced by a factor of two to three between 10K and 300K. The
carrier concentration can also be optimized by tuning the Te/l composition ratio, leading to higher
thermopower in this Rashba system. Cu-intercalation in BiTel gives rise to higher power factor,
slightly lower lattice thermal conductivity, and consequently improved figure of merit. Compared
with pristine BiTe, l, ,,, the TE performance in Cu, ,BiTel reveals a 150% and 20% enhancement at
300 and 520K, respectively. These results demonstrate that defect equilibria mediated by selective
doping in complex TE and energy materials could be an effective approach to carrier mobility and
performance optimization.

Carrier mobility in materials plays an important role in energy storage and conversion, as epitomized
in batteries, photovoltaics, and thermoelectrics'*. In lithium-ion battery cathodes, the electron mobility
needs to be high enough to match the diffusion speed of lithium ions’. As for the thin-film solar cells, suf-
ficient electron mobility is favored for the transparent conductive oxide, while the photovoltaically active
layer should possess high carrier mobility x lifetime products for electrons and holes?®. Meanwhile, the
electrical performance of thermoelectric (TE) materials fundamentally relies on the carrier mobility py
and more specifically on the weighted mobility py (m*/m,)*? where m* and m, are the carrier effective
mass and free electron mass, respectively®’. Improving the carrier mobility is challenging but significant
for all high-performance energy materials. In principle, carriers cannot “see” the periodically-arranged
ions in perfect crystals, as no collisions occur for carriers in the periodic potential. However, perturba-
tions from lattice imperfections, impurities, and thermal vibrations of the ions can scatter the carriers
and deteriorate the carrier transport mobility in materials®.
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TE technology is one potential candidate which can facilitate direct thermal-to-electrical energy con-
version®. TE materials, combinations of fine electrical and poor thermal conductors, are the keys to
improving the efficiency of this green technology. The performance of a TE material is determined by its
dimensionless figure of merit ZT = S*T/pr = (Szn)-(uH/ )-eT, where S is the thermopower, T the
absolute temperature, p the electrical resistivity,  the thermal conductivity, n the carrier concentration,
and e the electron charge!®!!. Doping strategies and defect related approaches have been successfully used
to optimize TE properties in several classes of high efficiency TE material systems, such as CoSb;'*™™,
Mg,(Si, Sn)'5, Bi,Te;'S, and Pb(Se, Te)!”'8. Narrow gap semiconductors with low iconicity generally
should have high carrier mobility!®. However, methods to optimize the TE performance, such as doping
to tune the carrier concentration and alloying to engineer the band structure or reduce lattice thermal
conductivity, would inevitably introduced disorders and randomness to the materials, Thus, the carrier
mobility ;1 can be deteriorated to unexpectedly low values®.

In intrinsic semiconductors, the predominant carrier scattering source is the acoustic phonons, as
shown in most conventional TE materials?®. The mobility is coupled with carrier concentration (the
Fermi level) by the deformation potential®'. This situation leaves little room for mobility tuning. On
the other hand, many complex TE compounds, including ternary and multinary materials, belong to
the family of compensated semiconductors in the extrinsic regime, where all impurities are ionized, the
transport carriers are generated by but at the same time strongly scattered by these ionized impurities
including both acceptors and donors*. These localized scattering centers break the lattice periodicity and
create electrostatic potential fluctuations. In real crystal lattices, the defects and imperfections in carrier
conductive network can cause the undesirable potential fluctuations and strongly scatter the carriers.
Carrier mobility is closely related to the concentration of ionized impurities N;, N;= N, + Np, where
N,, Np are the concentration of negative-charged acceptors and positive-charged donors, respectively.
Taking an n-type extrinsic semiconductor as an example, the electron concentration n can be expressed
as n=Np— N,%. Then at a given electron concentration # (the optimal # is 10"°~10*cm— for most TE
materials), the impurity concentration is primarily determined by the compensation ratio K= N,/Ny,.
A Monte Carlo study clearly shows that compared with the situation in single-type-charged impurity
(K=0), impurities of two different charges (0 <K< 1) can lead to more severe potential fluctuations
around the mean potential value?®. Larger compensation ratio K will result in stronger potential fluctu-
ations, which can strongly scatter transport carriers and thus lower the carrier mobility?*?*. This study
also implies that reducing K may become an unusual avenue to increase the carrier mobility and enhance
the TE performance in systems with high compensation.

Until recently, non-centrosymmetric Rashba spin-split bismuth tellurohalides BiTeX (X=1, Br, Cl)
have been reported as promising TE materials®®-*. The electrical performance of BiTel is superior than
those in spin-degenerate materials, while the lattice thermal conductivity of undoped polycrystalline
BiTel is as low as ~1 W m™! K~! at room temperature?. However, the overall TE performance of BiTel
is still unassuming because of its low weighted mobility®. Antisite defects occur in BiTel crystals owing
to the similarity between Te and I atoms. Thus the dominant defects can be expressed as Te; and I7,.
High concentrations of ionized impurities, including acceptors and donors, exist in this layered mate-
rial®!. Consequently, the electrons are scattered by both the ionized impurities and the acoustic phon-
ons*?2, This material can be an ideal testbed for tuning carrier mobility by altering the impurity
compensation.

Low temperature TE characterizations of BiTel single crystals were performed in the 1970s*. A
recent resurgence of interests in the TE properties of BiTel included band structure calculations and
galvanomagnetic characterizations?”. It was found that thermopower of BiTel can be enhanced with
small amounts of Cul additions, while both thermal conductivity and electrical conductivity decrease
in polycrystalline samples®>**. The TE figure of merit nevertheless deteriorates as compared with the
undoped single crystals. It was also speculated that the Bi** cations were substituted by the Cu™ cati-
ons, thus reducing the carrier concentration. More recently, magneto-transport measurements have been
performed on BiTel single crystals with much higher Cu contents, where copper ions were argued to
distribute randomly within the van der Waals gaps®. Cu-doping was shown to reduce the carrier con-
centration and increase the mobility. The occupancy of Cu in BiTel and its influence on the transport
properties are important for both spintronics and thermoelectrics.

Here we present that the intercalation of minor Cu dopants in BiTel polycrystals can clearly change
the equilibria of defect reactions, selectively mediate the compensation between donors and acceptors,
and limit the defect concentration in the carrier conductive network. The intercalated Cu;” donors alter
the compensation ratio between the donors (Cu;” and I7,) and the acceptors (Te;). Strikingly, the electron
mobility is enhanced by three and two times at 10K and 300K, respectively. The significantly enhanced
carrier mobility is driven by the weakened impurity compensation and reduced potential fluctuations.
The carrier concentration of BiTel is also optimized by Cu-intercalation and tuning the Te/I composition
ratio, beneficial to power factor (PF= §*/p) enlargement. Cu intercalation induced ZT improvement for
BiTel is 150% and 20% at 300K and 520K, respectively, which mainly originates from the mobility
enhancement and the carrier concentration optimization.
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Figure 1. (a) XRD patterns and (b) ratios of lattice parameters (c/a) for all Cu,BiTe,_,I,,, samples. The
dashed line in (b) is a guide for the eye. The inset of (b) shows the crystal structure of BiTel, where the
intercalated Cu atom locates in the van der Waals gap.

Results and Discussion

Figure 1(a) shows the powder X-ray diffraction (XRD) patterns of all Cu,BiTe,_,I,,, samples with the
nominal compositions x=0.00, 0.01, 0.02, 0.03, 0.05, y=10.02; and x=0.05, y=0.00, confirming the
phase purity. Compared to the calculated diffraction peaks of BiTel, these samples show a preferred
orientation of (0 0 1). Lattice parameter ratios (c/a) of the samples (Fig. 1(b)) are calculated from cell
refinements using the space group P3ml and experimental lattice parameters a=b=4.3392A and
c=6.8540 A%, The pseudo-binary phase diagram between Bi,Te; and Bil; shows that stoichiometric
BiTel does not exist®®. We also find that the Bi,Te; secondary phase is always present in the stoichiomet-
ric BiTel, while the non-stoichiometric BiTe ], o, is phase pure. However, single phase Cu, ;BiTel can
be formed without any impurities according to the XRD pattern.

In general, the lattice site occupancies of dopants have a significant impact on physical properties.
There are two potential sites for Cu dopants in the layered BiTel, i.e. substitution on the Bi site and inter-
calation into the van der Waals gap?®3. The c/a ratio increases with increasing Cu content x, as shown in
Fig. 1(b), which suggests that intercalation is more likely. Formation energy calculations were performed
to further determine the preferential site for Cu atoms*”*. In a Bi,;Te,,1,, supercell, the defect reactions
for substitution and intercalation can be expressed as

Bi,, Te,,1,, + Cu < CuBi,sTey,I,, + Bi, (1)

Bi,, Te,;1,;, + Cu < CuBiy, Te,, I,,. (2)
The formation energy for Cu-substitution on the Bi site and Cu-intercalation is calculated to be 2.24eV
and 1.17eV, respectively. The intercalation requires lower energy than the substitution by 1.07 eV, fur-
ther corroborating Cu-intercalation in BiTel. The intercalated Cu atoms are located in the tetrahedrons
formed by three I atoms and one Te atom, as shown in the inset of Fig. 1(b). The length of Cu-I and
Cu-Te bond is calculated to be 2.561 A and 2.502 A, respectively.

The electron energy loss spectrum (EELS) was used to measure the oxidation state of Cu in Cu, ;BiTel
by analyzing its L3 and L2 fine structures, as shown in Fig. 2. The acquired spectrum was compared to
those from standard Cu,O and CuO¥. The spectra are aligned to the L3 peak intensity maxima in order
to have a clear comparison of the fine structures and peak intensity ratio. The fine structures of L3, L2
edges and the L3-to-L2 ratio on the EELS, can be used as fingerprints of the oxidation states for tran-
sition metal elements***!. The spectrum for the Cu-intercalated BiTel sample has the L3 and L2 sharp
edges and intense peaks, which excludes the zero-valence state of Cu*?. The spectrum in this work sits
between those from Cu,O and CuO in terms of the fine structures. For example, the L2 peak intensity
from Cu, ysBiTel is lower than that of Cu,O but higher than that of CuO. The fine structures between L3
and L2, which are labeled as peak “A” and “B’, resemble those of CuO, while the extended fine structure
shows an intense peak (labeled as peak “C”), which is similar to that of Cu,O. Furthermore, the L3-to-L2
ratio of Cu,sBiTel is also between those in standard Cu,O and CuO. These evidences indicate that the
Cu oxidation state in Cu-intercalated BiTel is between 14- and 24-. The Cu ionization has a significant
influence on the transport properties of these samples.

Figure 3(a) shows that all Cu,BiTe, I,., samples have negative Hall coefficients Ry, suggesting
n-type electron-dominant conduction. The carrier concentration n is nearly temperature independent
(Fig. 3(b)), which indicates that these samples are in the extrinsic region where all donors and accepters
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Figure 2. Typical EELS plot of the Cu-L3 and L2 edges for Cu,;BiTel sample, compared with spectra of
standard Cu,O and CuO references.

are ionized??. The carrier concentration shows a non-monotonic dependence on the copper content x
in the Cu,BiTe ], o, samples. The room temperature carrier concentration decreases from 2.35 x 10"
to 1.68 x 10" cm™?, when x increases from 0.00 to 0.01, and then increases to 3.24 x 10" cm™? for the
x=0.05, y=0.02 sample. The Cu,;BiTel (y=0) sample has the lowest carrier concentration.

Most strikingly, the Hall mobility sy is significantly enhanced by Cu intercalation, as shown in
Fig. 3(c). The Hall mobility of the undoped sample is 92.3cm? V~! s7! at 100K and 86.0cm? V™' s7! at
300K, while the CuysBiTeyogl; o, sample has a mobility as high as 273.6 and 171.6cm?* V™! s7! at the
respective temperatures. The mobility of some BiTel single crystals exhibits a T-*? dependence, which
suggests that carriers are predominantly scattered by the acoustic phonons®. Meanwhile, the mobility in
other BiTel single crystals displays a weaker temperature dependence®*2. The temperature dependence
of mobility for these BiTel single crystals has been discussed which includes ionized impurity and acous-
tic phonon scatterings®*>. Our mobility data for polycrystals are consistent with the mixed scattering
model in the range of 4-300K, which have the temperature dependence weaker than the T~! relation-
ship. If carriers are scattered by grain barriers, such as grain boundary phases or oxidized phases, the
mobility would increase with increasing temperature®’. Our mobility data for polycrystalline BiTel show
no such temperature dependence, which excludes such extrinsic scattering factors.

Therefore, the Hall mobility p; can be analyzed by combining the scattering processes using the
Matthiessen’s law**

1 1 1
- = + —_,
Hg M My (3)

where yi; and p; represent the mobility component related to the ionized impurity and the acoustic pho-
non scattering, respectively. The acoustic phonon limited mobility zi; can be described by the equation?!

(SW)1/2h4Cii
M e ) (k) (@
or
MLT3/2 = (3.2 x 10’5)cii/<E,§ef(m*/me)s/z), (5)

where ¢; and E,, represent the average elastic constant (in the centimeter-gram-second unit of Ba) and
the deformation potential (in the unit of eV), respectively. The other constants include the electron mass
m,, the reduced Planck constant 7 = h/2m, and the Boltzmann constant k. The effective mass m* of
BiTel is about 0.19 m, determined by the Shubnikov-de Haas oscillations**. The average elastic constant
c; of BiTel is estimated to be 1.36 x 10"' Ba by using the relation ¢; = Dk?*0* (V/67r2)2/ ’/i%, where D is
the density, 6 the Debye temperature, and V the unit cell volume*. The Debye temperature € is calculated
to be 87K by taking the equation § = /iv/k, where v is the maximum frequency of acoustic branches
(61cm™") given by the calculated phonon dispersion (shown below).

The mobility component y; associated with the ionized impurity scattering can be expressed by the

Brooks-Herring (BH) formula in the limit of electron degeneracy*’**
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Figure 3. Temperature dependence of (a) Hall coefficient Ry, (b) carrier concentration n, and (c)
mobility py for Cu,BiTe,_,I;, samples. Solid lines in (c) are fitted using a mixed scattering model, while
the dashed line represents a p;oc T! relationship.

= 3e2h’n 1
T 16722 N, In(1 + b) — b/(1 + b)’ (6)

where b =

W (3n 1/3 . . . . 49
Y (§> . In the BH formula, ¢ is the dielectric constant and equals to 14.5 for BiTeI®.
The parameters N; and Z refer to the concentration of ionized impurity and charge of impurity (Z=1).

Using Equations 3, 5 and 6, we can fit the experimental Hall mobility data with two variables, i.e.
deformation potential E,,¢ and concentration of ionized impurity N;. The solid lines in Fig. 3(c) present
the fits to mobility data and Table 1 lists the fitting parameters. The deformation potential E,, (deter-
mined by the fits) is 10.6 eV for the undoped BiTe ogl; o, sample, and 12.1-14.2 eV for Cu-doped samples.
The undoped sample has very high impurity concentration (N;=18.1 x 10" cm~3). Cu-intercalation sig-
nificantly reduces the impurity concentration, all Cu-intercalated samples have impurity concentrations
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BiTey oql, 02 10.6 18.1 10.2 7.85 76.9
Cug;BiTeg o], 7 14.2 9.37 5.52 3.84 69.6
Cug 0,BiTeg o8], 42 14.1 8.01 498 3.04 61.0
Cltg 43BiTeq 1, o7 136 5.66 3.90 1.76 451
Ctg o5BiTeg o5l 0 12.1 7.24 524 2.00 38.2
Cug,osBiTel 14.0 427 2.88 1.40 485
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Table 1. Mobility fitting parameters for all samples with different nominal composition, including
deformation potential E, and concentration of ionized impurity N;. Concentrations of donor (Np),
acceptor (N,), and the compensation ratio (K= N,/Np) are calculated from n and N;.
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Figure 4. Copper content x dependent (a) ratio between carrier n and impurity concentrations Nj, and
(b) compensation ratio K for Cu,BiTe,_ I, . Compensation ratio K dependent mobility at () 10K and (d)
300K. The dashed lines are guides for the eye.

N lower than 10.0 x 10" cm ™. In this extrinsic region, the concentrations of donors (Np) and acceptors
(N,), as well as the compensation ratio (K) can be calculated by using the relations n=N,— N, and
N;=n+2N,?. The calculated Nj,, N, and K are also listed in Table 1. Donor and acceptor concen-
trations both decrease drastically upon Cu-intercalation. The compensation ratios become smaller in
Cu-intercalated samples, as compared with that in the undoped BiTe o], o, (K= 76.9%). The strong com-
pensation in BiTel is closely related to the similarity between Te and I atoms, including the ionic radii
and atomic charges®. The two atoms can exchange their positions randomly in the crystal structure?,
forming the compensated antisite defects. The antisite defect reaction in the strongly-compensated BiTel
can be simplified as

BiTel < Biy; + (1 — w) Teg, + (1 — u) I + wTe] + ulp, + (u — w)e’. (7)
The coefficients in Equation 7 have the condition of u > w, which is the origin of the n-type conduction
in BiTel.

Figure 4 sheds light on the compensation-related physical parameters and their interrelations to the
Hall mobility py. The Cu content x dependent n/N; and K are shown in Fig. 4(a,b). The term n/N;
describes the “efficiency” of ionized impurities for providing the conducting carriers. As x increses from
0.00 to 0.05 (y=0.02), the efficiency n/N; increases from 13.1% to 44.8%. Meanwhile, the compensation
ratio K decreases from 76.9% to 38.2%. For the x=0.05, y=0.00 sample, the values of n/N; and K are
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Figure 5. Schematic diagrams of the balance of defect equilibria and electron scattering in BiTel,

(a) before and (b) after Cu-intercalation. In pristine BiTel, highly compensated antisite defects can generate
large potential fluctuations, which strongly scatter electrons and lead to low carrier mobility. Upon Cu-
intercalation, the intrinsic defect equilibrium is altered and the compensation ratio is reduced. Electron
scattering from the compensated defects is weakened. Consequently, higher carrier mobility can be achieved
in Cu-intercalated BiTel.

close to that of the x=0.03, y=0.02 sample. Therefore, the ionizations are more efficient with weaker
compensation and less impurities in the Cu-intercalated samples. Figure 4(c,d) present the compensation
ratio K dependent Hall mobility z; at 10K and 300K. At 10K, py increases almost linearly with the
decreasing K, consistent with the picture that the mobility is mainly determined by the ionized impurity
scattering at lower temperatures (below 100K). Although acoustic phonon scattering emerges at higher
temperatures, the Hall mobility is still strongly influenced by the impurity scattering in the compensated
BiTel. As shown in Fig. 4(d), the Hall mobility ji;; at 300K also varies inversely with the compensation
ratio K. Based on the EELS results, the defect reaction of Cu intercalation in Equation 2 can be simplified
as (taking the oxidation state 1+ of Cu as an example)

Cu < Cul + ¢, (8)

which provides electrons and thus increases the electron concentration. From the Le Chatelier’s princi-
ple®!, the position of equilibrium in Equation 7 moves to the left side for mitigating the electron con-
centration increase as the Cu content increases. Consequently, the concentrations of intrinsic antisite
defects (donors and acceptors) also decrease, as schematically shown in Fig. 5. The reaction in Equation
8 has no compensation effect, as intercalated Cu only act as donors. The overall compensation ratio K
is then suppressed by the ionization of intercalated Cu. The compensation ratio K in particular captures
the electrostatic potential fluctuations in semiconductors. If there are only negatively charged accep-
tors or positively charged donors in materials, K equals to zero. The potential fluctuations with respect
to their mean potential value become larger with increasing compensation ratio K. Larger potential
fluctuations cause stronger scattering for the electrons, thus reducing the carrier mobility**. In BiTel,
Cu-intercalation reduces the compensation ratio, i.e. the potential fluctuations, and weakens the electron
scattering by ionized impurities, as shown in Fig. 5(b). Hence the mobility can be significantly enhanced
in Cu-intercalated BiTel. Actually, the enhanced mobility here can also be described as increased
weighted mobility, as the effective mass should not altered by minor Cu dopants. The mobility enhance-
ment has also been found in Cu-intercalated layered Bi,Te;*>>, which may have the same underlying
mechanism. In general, dopants in semiconductors, that occupy lattice sites with minimal influence on
the charge-conducting band> or carrier-conduction network®, could lead to higher carrier mobility. The
intercalated Cu atoms reduce the perturbation in the carrier-conducting Bi-Te network. Herein we only
considered the long-range interaction in ionized impurity scattering, due to the relatively low dielectric
constant (14.5) in BiTel. However, short-range interactions may be dominant in compounds with large
dielectric constant, which can also be tuned for higher mobility>.

Figure 6(a,b) show the electrical resistivity p and thermopower S of Cu,BiTe,_J]I,,, as a function
of temperature (300-520K). These samples exhibit a metallic behavior in resistivity, which is typical
for degenerate semiconductors. The non-systematic resistivity variation with copper doping has been
revealed in the carrier concentration and mobility. Compared to the doped samples, the resistivity of
pure BiTe 4], o, (x=10.00, y=0.02) demonstrates a weaker temperature dependence, which is compatible
with its temperature-dependent Hall mobility. For Cuy,BiTey gl ¢, (x=10.01, y=0.02) and Cuy;BiTel
(x=0.05, y=0.00), the resistivity starts decreasing as holes are excited at higher temperatures.
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Figure 6. Temperature dependence of (a) resistivity p and (b) thermopower S for Cu,BiTe,_ ;. (c)
Relation between thermopower S and carrier concentration # at 300K. The inset in (c) is the calculated band
structure of BiTel, while the dashed line shows a Sexn™! relationship. (d) Temperature dependent power
factor (PF) for Cu,BiTe, I,

The negative thermopower S of all samples is consistent with the Hall coefficient Ry, confirming the
dominant n-type conduction. All samples show degenerate behaviors near room temperature. Unlike
other samples, Cuy;BiTeyogl; ¢, and CuysBiTel have the bipolar effect at higher temperatures as holes
are excited. The variation of room temperature thermopower S can be related to the carrier concentra-
tion #, as shown in Fig. 6(c). The absolute value of S increases with decreasing 1, showing an Scxn™!
dependence. The spin-splitting bands have a two-dimensional-like constant density of states®**’, that can
have a significant influence on the TE properties of the Rashba materials®®, The spin-splitting bands of
BiTel have been revealed by an angle-resolved photo-emission spectroscopy (ARPES) experiment and
first principles calculations®*®. We've demonstrated that the electrical term $?n can indeed be enhanced
because of the unusual density of states in the Rashba bands?**. Our work also showed that the lower
Fermi level for a given optimal carrier concentration is the underlying mechanism for electrical property
enhancement®?°. In conventional semiconductors with parabolic bands, the S-n plot typically follows an
S n~%3 relationship. We have previously developed a theoretical model to address the thermopower vs.
the carrier concentration relationship in the bulk Rashba system®. Under a degenerate approximation,
the thermopower in bulk materials with Rashba spin-splitting bands can be written as

(r+ 1) (r+2)7k’T  (m*) B
6-/2 en’ no )

where E, is the Rashba energy and r the carrier scattering parameter. The band structure of BiTel has
been calculated (inset of Fig. 6(c)), showing the Rashba energy E,= 0.11eV, which is comparable to the
ARPES and previous calculation results®®®. The scattering parameter r is —0.5 and 1.5 for the acoustic
phonon and the ionized impurity scattering, respectively?. The dashed line in Fig. 6(c) corresponds to
calculated results using Equation 9 with the scattering parameter r equal to —0.096, indicative of the
mixed scatterings in BiTel, which is consistent with our Hall mobility analysis. The temperature depend-
ent power factor PF= §%p is shown in Fig. 6(d). The significant PF enhancement in Cu-doped samples is

S| =
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Figure 7. (a) Calculated phonon dispersion of BiTel. (b) Temperature dependence of total thermal
conductivity « (dots) and lattice thermal conductivity #; (solid lines) for Cu,BiTe,_,I,,,. The dashed line in
(b) represents theoretical lattice thermal conductivity.
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Figure 8. (a) Temperature and (b) compensation ratio dependent figure of merit ZT for all Cu,BiTe,_]I,,,
samples.

attributed to the improvement of electrical term $*1 and mobility s The PF in the CuysBiTel (x=0.05,
y=0.00) sample is 2.3 times higher than that of the undoped sample at room temperature.

Figure 7(a) shows the calculated phonon dispersion of BiTel along the high symmetry points in the
reciprocal space. The maximum frequency is 157cm™! for all phonon branches and 61cm™ for the
acoustic branches. Three heat-carrying acoustic phonon branches are related to the lattice vibrations of
all atoms®. Figure 7(b) shows the temperature dependent thermal conductivity of the Cu,BiTe,_]I,,,
samples with different values of x and y. The thermal conductivity of all samples decreases with increas-
ing temperature, and is lower than 1W m™' K~! at 520K for most samples. The total thermal con-
ductivity can be divided to two components by x= x,+ k;, where x, and x; represent the electronic
and lattice thermal conductivity, respectively. x; can be calculated by deducting x, from  using the
Wiedemann-Franz law «,=LT/p, where L is the Lorenz number and equals to 2.45 x 1078 V2 K=2. The
choice of the Lorenz number here does not alter the overall conclusion we present. As the solid lines in
Fig. 7(b) show, the derived r; of Cu,BiTe;l, o, decreases as the copper content increases from x= 0.00
to x=0.05. The Cuyy;BiTeyqsl; o, sample has r; as low as 0.36 W m~! K~! at 520K, which is close to
the theoretical minimum «; of 0.3W m™"' K! .. The lattice thermal conductivity can be calculated
via the Debye-Callaway method®, as the dashed line shows in Fig. 7(b). The temperature dependence
of theoretical values is reasonably consistent with the experimental results of undoped sample. Above
room temperature, the x; of all samples follows the T~! relationship, proving that the phonon-phonon
interaction is dominant in the temperature range. The lower x; in Cu-intercalated samples is a result of
the additional phonon scattering by point defects, especially the light Cu breaks the periodicity of the
layered structure and introduces large mass fluctuations in BiTel.

Figure 8(a) shows the overall figure of merit ZT of all Cu,BiTe,_,I,,, samples. The ZT for Cu, ;BiTel
has a ~150% and 20% enhancement at 300K and 520K over the undoped sample, respectively. The
ZT enhancement in Cu-intercalated BiTel is a joint result of power factor improvement and thermal
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conductivity reduction. In fact, the mobility enlargement and carrier concentration optimization are
the main reasons for the enhanced ZT in CuysBiTel, as shown in Fig. 8(b). The high temperature TE
property of these materials is, however, still limited by the bipolar effect in the best sample, whose
thermopower is suppressed above 475K. Through substituting iodine with bromine, the band gap of
the solid solution may become larger than the pristine BiTel to mitigate the bipolar conduction at high
temperatures®.

Conclusions

In conclusion, we have demonstrated that mobility enhancement via compensation weakening is an
effective method for improving the TE properties in BiTel. Cu-intercalation changes the balance of defect
equilibria and weakens the compensation between donors and acceptors. As a result, the potential fluctu-
ations are reduced in the carrier conductive network and electron scattering are substantially suppressed,
leading to enhanced electron mobility. The carrier concentration is also tuned by Cu-intercalation and
higher thermopower is shown in this Rashba spin-splitting system. An enhanced power factor and low-
ered lattice thermal conductivity yield higher figure of merit ZT in Cu-intercalated BiTel. It is further
suggested that even better performance can be achieved in BiTel. The beneficial effects of defect equi-
libria mediation and compensation weakening we demonstrated in BiTel should be applicable to other
complex TE and energy materials.

Methods

Polycrystalline Cu,BiTe,_,I,, samples were synthesized by melting stoichiometric elements of Bi, Te, 1,,
and Cu (99.999%, Sigma-Aldrich) in sealed quartz tubes. The mixtures were first kept at 135°C (above
the melting point of iodine) for 2h for pre-reaction, and then held at 720°C for 24h. Melts were subse-
quently slow-cooled to 510°C and held for three days before cooled in furnace. The grown ingots were
ground into fine powders, which could be filtered by a 75um standard sieve. Powders (weighted around
10 g) were sintered to consolidated bulk samples at 370°C in a Spark Plasma System (SPS) using a graph-
ite die with a diameter of 12.7 mm under a pressure of 40 MPa.

Powder X-ray diffraction (XRD) was performed at room temperature on a Bruke Focus D8 equipped
with Cu Ko radiation (wavelength A\=1.5418 A). EDS and elemental mapping was carried out on a
Hitachi TM 3100. The EELS spectrum from Cu,;BiTel is acquired on a FEI-Titan 300/60S STEM/TEM
at 300kV using a Gatan GIF 865 spectrometer. The beam convergence angle and collection angle used
in this experiment are 30 mrad and 45 mrad, respectively. The spectrum is averaged on 20 individual
acquisitions. The thermopower (S) and electrical resistivity (p) from 300K to 573K were measured on
an ULVAC ZEM-3 system using bar samples (2.5 x 2.5 x 10mm?*), which were cut from sintered mate-
rials vertically to the direction of SPS pressure. Thermal conductivity was determined by thermal diffu-
sivity (a), density (D) and heat capacity (C,) using the equation x = C, x D X a. Thermal diffusivity («)
was measured by a Netzsch LFA 457, vertically to the direction of SPS pressure on square samples with
dimensions of ~10 x 10 X 1.5mm?’. Archimedes method was used for density of sintered samples while
heat capacity was estimated by the Dulong-Petit law. Estimated uncertainties of the measured electric
resistivity, Seebeck coefficient, and calculated thermal conductivity are £5%, £3%, and +10%, respec-
tively!*$4-%6. Hall measurements were realized on thin bar samples (2 x 9 x 0.6mm?) in a Janis cryostat
equipped with an AC resistance bridge and a 9-T magnet (up to =4 T used in this work). The currents
(£2mA) for all Hall measurements were applied perpendicular to direction of the SPS pressure while
magnetic fields were in parallel. Hall coeflicient (Ryy) was calculated from slope of Hall voltage vs. mag-
netic field curves. Carrier concentration (n) and Hall mobility (1) were calculated from measured Hall
coefficients and resistivity using n = 3/[eRy| andu,, = |Ry|/p, respectively, where (3 approximately
equals to one in the degenerate BiTel.

Defect formation energies are calculated in a Bi,, Te,,I,, supercell, with the Cu atom in the substitution
site or the intercalation site. The change of Fermi energy (~0.026eV) is small compared to the defect
formation energy (2.24eV and 1.17eV). Thus the values of formation energy correspond to the proper
electron chemical potentials. Band structure of BiTel was calculated by the Density Functional Theory,
where the modified Becke-Johnson (mB]) exchange potential and the local density approximation (LDA)
were used. The spin-orbit coupling was fully taken into account in the calculations. In theoretical lattice
thermal conductivity calculation, the calculated phonon velocities are 1543, 1849, and 2316m s™! for
three acoustic branches, while the average Griineisen parameters are 2.42, 1.76, and 2.10, respectively.

References
1. Yuan, L.-X. et al. Development and challenges of LiFePO, cathode material for lithium-ion batteries. Energy Environ. Sci. 4,
269-284 (2011).

. Shah, A. V. et al. Thin-film silicon solar cell technology. Prog. Photovolt: Res. Appl. 12, 113-142 (2004).

. Mahan, G., Sales, B. & Sharp, J. Thermoelectric materials: New approaches to an old problem. Phys. Today 50, 42-47 (1997).

. Ishiwata, S. et al. Extremely high electron mobility in a phonon-glass semimetal. Nat. Mater. 12, 512-517 (2013).

. Ellmer, K. Past achievements and future challenges in the development of optically transparent electrodes. Nat. Photonics 6,
809-817 (2012).

. Slack, G. A. in CRC Handbook of Thermoelectrics (ed Rowe, D. M.) Ch. 34 (CRC press, 1995).

7. Pei, Y. et al. Convergence of electronic bands for high performance bulk thermoelectrics. Nature 473, 66-69 (2011).

8. Ashcroft, N. W. & Mermin, N. D. Solid State Physics (Harcourt College Publishers, 1976).

G W N

N

SCIENTIFIC REPORTS | 5:14319 | DOI: 10.1038/srep14319 10



www.nature.com/scientificreports/

10.
. Snyder, G. J. & Toberer, E. S. Complex thermoelectric materials. Nat. Mater. 7, 105-114 (2008).
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

27.
28.
29.
30.
. Horak, J.,, Tichy, L. & Lostak, P. Electrical conductivity of BiTel crystals. Phys. Status Solidi A 63, 407-416 (1981).
32
33.

34.
35.

36.
37.
38.
39.

40.

41

43.
44,
45.

46.
47.
48.
49.
50.

51

53.

54.

55.

56.

57.

. Bell, L. E. Cooling, heating, generating power, and recovering waste heat with thermoelectric systems. Science 321, 1457-1461

(2008).
Yang, J., Yip, H.-L. & Jen, A. K.-Y. Rational design of advanced thermoelectric materials. Adv. Energy Mater. 3, 549-565 (2013).

Qiu, Y. et al. Charge-compensated compound defects in Ga-containing thermoelectric skutterudites. Adv. Funct. Mater. 23,
3194-3203 (2013).

Xi, L. et al. Complex doping of group 13 elements In and Ga in caged skutterudite CoSb,. Acta Mater. 85, 112-121 (2015).
Qiu, Y. et al. Electrical properties and microcosmic study on compound defects in Ga-containing thermoelectric skutterudites.
J. Mater. Chem. A 2, 10952-10959 (2014).

Jiang, G. et al. High performance Mg,(Si, Sn) solid solutions: A point defect chemistry approach to enhancing thermoelectric
properties. Adv. Funct. Mater. 24, 3776 (2014).

Hu, L., Zhu, T, Liu, X. & Zhao, X. Point defect engineering of high-performance bismuth-telluride-based thermoelectric
materials. Adv. Funct. Mater. 24, 5211 (2014).

Wang, H., Pei, Y., LaLonde, A. D. & Snyder, G. J. Heavily doped p-type PbSe with high thermoelectric performance: An
alternative for PbTe. Adv. Mater. 23, 1366-1370 (2011).

Pei, Y., Gibbs, Z. M., Balke, B., Zeier, W. G. & Snyder, G. J. Optimum carrier concentration in n-Type PbTe thermoelectrics. Adv.
Energy Mater. 4, 1400486 (2014).

Wang, S. et al. Anisotropic multicenter bonding and high thermoelectric performance in electron-poor CdSb. Chem. Mater. 27,
1071 (2015).

Goldsmid, H. J. Introduction to Thermoelectricity (Springer-Verlag, 2009).

Bardeen, J. & Shockley, W. Deformation potentials and mobilities in non-polar crystals. Phys. Rev. 80, 72 (1950).

Putley, E. H. The Hall Effect and Related Phenomena (Butterworths, 1960).

Long, D. & Myers, J. Ionized-impurity scattering mobility of electrons in silicon. Phys. Rev. 115, 1107 (1959).

Gamiz, F. & Lopez-Villanueva, J. A. Influence of negatively and positively charged scattering centers on electron mobility in
semiconductor inversion layers: A Monte Carlo study. J. Appl. Phys. 78, 1787-1792 (1995).

Walukiewicz, W., Lagowski, L., Jastrzebski, L., Lichtensteiger, M. & Gatos, H. Electron mobility and free-carrier absorption in
GaAs: Determination of the compensation ratio. J. Appl. Phys. 50, 899-908 (2008).

Kulbachinskii, V. A., Kytin, V. G., Kudryashov, A. A., Kuznetsov, A. N. & Shevelkov, A. V. On the electronic structure and
thermoelectric properties of BiTeBr and BiTel single crystals and of BiTel with the addition of Bil; and Cul. J. Solid. State. Chem.
193, 154-160 (2012).

Kulbachinskii, V. A., Kytin, V. G., Lavrukhina, Z. V., Kuznetsov, A. N. & Shevelkov, A. V. Galvanomagnetic and thermoelectric
properties of BiTeBr and BiTel single crystals and their electronic structure. Semiconductors 44, 1548-1553 (2010).

Jacimovic, J. et al. Enhanced low-temperature thermoelectrical properties of BiTeCl grown by topotactic method. Scr. Mater. 76,
69-72 (2014).

Wu, L. et al. Two-dimensional thermoelectrics with Rashba spin-split bands in bulk BiTel. Phys. Rev. B 90, 195210 (2014).
Wu, L. et al. Thermopower enhancement in quantum wells with the Rashba effect. Appl. Phys. Lett. 105, 202115 (2014).

Dich, N. T, Lostak, P. & Horak, J. Preparation and basic physical properties of BiTel single crystals. Czech. J. Phys. B 28,
1297-1303 (1978).

Kulbachinskii, V. A. et al. Thermoelectric properties of BiTel with addition of Bil;, Cul, and overstoichiometric Bi. Semiconductors
45, 845-849 (2011).

Wang, C.-R. et al. Magnetotransport in copper-doped noncentrosymmetric BiTel. Phys. Rev. B 88, 081104 (2013).

Shevelkov, A. V,, Dikarev, E. V., Shpanchenko, R. V. & Popovkin, B. A. Crystal structures of bismuth tellurohalides BiTeX (X= Cl,
Br, I) from X-ray powder diffraction data. J. Solid. State. Chem. 114, 379-384 (1995).

Tomokiyo, A., Okada, T. & Kawano, S. Phase diagram of system (Bi,Te;)-(Bil;) and crystal structure of BiTel. Jpn. . Appl. Phys.
16, 291 (1977).

Luo, Y. et al. Enhancement of the thermoelectric performance of polycrystalline In,Se, s by copper intercalation and bromine
substitution. Adv. Energy Mater. 4, 1300599 (2014).

Hou, Z.-E, Zhu, Z.-Z., Huang, M.-C. & Yang, Y. Formation energies of lithium intercalations in AlSb, GaSb and InSb. Phys. Chem.
Comm. 6, 47-50 (2003).

Muller, D. A. WEELS-Websource for Electron Energy Loss Spectra. (2009) Available at: http://muller.research.engineering.cornell.
edu/sites/ WEELS/View/Cu.html. (Accessed: 1st July 2014).

Wang, Z. L., Yin, J. S. & Jiang, Y. D. EELS analysis of cation valence states and oxygen vacancies in magnetic oxides. Micron 31,
571-580 (2000).

. Chi, M. et al. Atomic and electronic structures of the SrVO;-LaAlO; interface. J. Appl. Phys. 110, 046104 (2011).
42,

Koski, K. J. et al. High-density chemical intercalation of zero-valent copper into Bi,Se; nanoribbons. J. Am. Chem. Soc. 134,
7584-7587 (2012).

Orton, J. & Powell, M. The Hall effect in polycrystalline and powdered semiconductors. Rep. Prog. Phys. 43, 1263 (1980).
Debye, P. & Conwell, E. Electrical properties of N-type germanium. Phys. Rev. 93, 693 (1954).

Martin, C., Mun, E. D., Berger, H., Zapf, V. S. & Tanner, D. B. Quantum oscillations and optical conductivity in Rashba spin-
splitting BiTel. Phys. Rev. B 87, 041104 (2013).

Kodigala, S. R. Cu(In,_,Ga,)Se, Based Thin Film Solar Cells (Elsevier Inc., 2010).

Mansfield, R. Impurity scattering in semiconductors. Proc. Phys. Soc. London Sect. B 69, 76 (1956).

Tufte, O. & Chapman, P. Electron mobility in semiconducting strontium titanate. Phys. Rev. 155, 796 (1967).

Horak, J. Propriétés optiques du semiconducteur BiTel. J. Phys. (Paris) 31, 121-123 (1970).

Bahramy, M. S., Arita, R. & Nagaosa, N. Origin of giant bulk Rashba splitting: Application to BiTel. Phys. Rev. B 84, 041202
(2011).

. Atkins, P. & de Paula, J. Elements of Physical Chemistry (Oxford University Press, 2012).
52.

Liu, W. S. et al. Thermoelectric property studies on Cu-doped n-type Cu,Bi,Te,,Se,; nanocomposites. Adv. Energy Mater. 1,
577-587 (2011).

Wang, S., Li, H, Lu, R, Zheng, G. & Tang, X. Metal nanoparticle decorated n-type Bi,Te;-based materials with enhanced
thermoelectric performances. Nanotechnology 24, 285702 (2013).

Wang, H., Cao, X., Takagiwa, Y. & Snyder, G. J. Higher mobility in bulk semiconductors by separating the dopants from the
charge-conducting band-a case study of thermoelectric PbSe. Materials Horizons 2, 323-329 (2015).

Shi, X, Xi, L., Fan, J., Zhang, W. & Chen, L. Cu-Se Bond Network and Thermoelectric Compounds with Complex Diamondlike
Structure. Chem. Mater. 22, 6029-6031 (2010).

Cappelluti, E., Grimaldi, C. & Marsiglio, E. Topological change of the Fermi surface in low-density Rashba gases: Application to
superconductivity. Phys. Rev. Lett. 98, 167002 (2007).

Casella, R. Toroidal energy surfaces in crystals with wurtzite symmetry. Phys. Rev. Lett. 5, 371 (1960).

SCIENTIFIC REPORTS | 5:14319 | DOI: 10.1038/srep14319 11


http://muller.research.engineering.cornell.edu/sites/WEELS/View/Cu.html
http://muller.research.engineering.cornell.edu/sites/WEELS/View/Cu.html

www.nature.com/scientificreports/

58. Hicks, L. D. & Dresselhaus, M. S. Effect of quantum-well structures on the thermoelectric figure of merit. Phys. Rev. B 47,
12727-12731 (1993).

59. Ishizaka, K. et al. Giant Rashba-type spin splitting in bulk BiTel. Nat. Mater. 10, 521-526 (2011).

60. Sklyadneva, 1. Y. et al. Lattice dynamics of bismuth tellurohalides. Phys. Rev. B 86, 094302 (2012).

61. Zhou, S., Long, J. & Huang, W. Theoretical prediction of the fundamental properties of ternary bismuth tellurohalides. Mater.
Sci. Semicond. Process. 27, 605-610 (2014).

62. Zhang, Y. et al. First-principles description of anomalously low lattice thermal conductivity in thermoelectric Cu-Sb-Se ternary
semiconductors. Phys. Rev. B 85, 054306 (2012).

63. Wang, S. et al. Conductivity-limiting bipolar thermal conductivity in semiconductors. Sci. Rep. 5, 10136 (2015).

64. Wang, H. et al. Transport Properties of Bulk Thermoelectrics-An International Round-Robin Study, Part I: Seebeck Coefficient
and Electrical Resistivity. J. Electron. Mater. 42, 654-664 (2013).

65. Wang, H. et al. Transport Properties of Bulk Thermoelectrics: An International Round-Robin Study, Part II: Thermal Diffusivity,
Specific Heat, and Thermal Conductivity. J. Electron. Mater. 42, 1073 (2013).

66. Hsu, K. E et al. Cubic AgPb,,SbTe,, ,: bulk thermoelectric materials with high figure of merit. Science 303, 818-821 (2004).

Acknowledgements

This work was supported by National Basic Research Program of China (973 program) under Project
2013CB632501, and National Natural Science Foundation of China (NSFC) under 11234012. This
work was also partially supported by US Department of Energy under corporate agreement DE-FC26-
04NT42278, by GM, and by National Science Foundation under award number 1235535. LW would like
to thank China Scholarship Council for support.

Author Contributions

J.Y., WZ. and L.C. designed the research; L.W., S.W. and PW. synthesized the samples and made
the physical property measurements; Jiong Yang carried out band structure and phonon dispersion
calculations; M.C. did the TEM and EELS measurements; L.W,, ].Y. and W.Z. analyzed the mobility
data. LW, ].Y. and W.Z. analyzed the results and wrote the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wu, L. et al. Enhanced Thermoelectric Performance in Cu-Intercalated
BiTel by Compensation Weakening Induced Mobility Improvement. Sci. Rep. 5, 14319; doi: 10.1038/
srepl4319 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:14319 | DOI: 10.1038/srep14319 12


http://creativecommons.org/licenses/by/4.0/

	Enhanced Thermoelectric Performance in Cu-Intercalated BiTeI by Compensation Weakening Induced Mobility Improvement
	Introduction
	Results and Discussion
	Conclusions
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Enhanced Thermoelectric Performance in Cu-Intercalated BiTeI by Compensation Weakening Induced Mobility Improvement
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14319
            
         
          
             
                Lihua Wu
                Jiong Yang
                Miaofang Chi
                Shanyu Wang
                Ping Wei
                Wenqing Zhang
                Lidong Chen
                Jihui Yang
            
         
          doi:10.1038/srep14319
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14319
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14319
            
         
      
       
          
          
          
             
                doi:10.1038/srep14319
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14319
            
         
          
          
      
       
       
          True
      
   




