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Abstract:

The hexagonal phase of AgBiSe, has been discovered as a promising
thermoelectric material for the room temperature applications. However, its basic
conduction type is still ambiguous and its current ZT value is pretty low. To improve
the thermoelectric performance of AgBiSez, we apply the band engineering to modify
its band structure by introducing defects to increase the band degeneracy. From the
calculated intrinsic point defect formation energies of AgBiSe; at different growth
conditions, we clarify that the conducting behavior of AgBiSe: is a p-type
semiconductor, and the Ag vacancy is the dominated acceptor. Based on scrutinizing
the band structure of AgBiSe», two kinds of methodologies can be used to modify its
band structure to achieve high band degeneracy: (1) shifting the Fermi level into the
valence band using intrinsic defects and (2) converging several valence band maxima
by introducing extrinsic defects. We find that the intrinsic Ag vacancy is helpful to
significantly increase the power factor, leading to a large ZT for Ag vacancy-doped
AgBiSe>: the maximum ZT value is increased to 0.3-0.5 at near room temperature.

Based on analyzing the bonding characters and atomic energy levels in the compound,
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we predict several extrinsic dopants (Cu, Rh and Pd) that can be used to converge three
valence band maxima. Our work provides methodologies to improve the room
temperature thermoelectric applications of AgBiSe: by tuning its band structures using

intrinsic or extrinsic defects.



I. Introduction
Thermoelectric materials enable direct conversion between thermal and electrical

energy, and offer a promising solution for harvesting waste heat to useful electrical
power. Thermoelectric performance is quantified by the figure of merit,
ZT =S%6T/ (k,tx;), where S, o, T, k., and x; are the Seebeck coefficient, the
electrical conductivity, the absolute temperature, the electrical and lattice components
of thermal conductivity k, respectively [1]. Because of the complex interdependence
of S, o, and K, it is an extreme challenge to enhance the ZT value. Recently, two major
strategies have been adopted to improve the thermoelectric performance. One is to
increase the electrical properties through engineering the band structure to achieve large
band degeneracy [2,3] or to form localized resonant states [4]. The other one is to reduce
the lattice thermal conductivity (x;, an independent thermoelectric parameter) by
forming a solid solution [5,6], searching compounds with the strong lattice
anharmonicity [7-11] or liquid-like atomic behavior [12].

It is important to reiterate that the electrical transport properties is dominated by
the details of the band structure and scattering mechanism. The optimized electrical
transport properties of a thermoelectric material depends on the weighted mobility
[2,13], u(mpos/m.)3/?, where m},s and m, are the density of states (DOS)
effective mass and the electron mass, respectively. The DOS effective mass is given
[13,14]: mpps = le/ 3m;§, where Ny is the band degeneracy and mj, is the band
effective mass. For the charge carries predominantly scattered by acoustic phonons, the
mobility can be given as: u « 1/m;, 5/ Therefore, decreasing the band effective mass
will increase the carrier mobility. To result in the large Seebeck coefficient without
detriment the mobility, the high band degeneracy (N, ) is requested to produce large
mpos. Thus, an effective way to improve the electrical transport performance is to
reconstruct the band structure near the Fermi level to increase Ny, such as shifting the
Fermi level into the band structure or aligning several bands maxima will active the
multiple bands and enhanced S and the power factor (PF = S20). This is the so-called
band structure engineering [15]. The extrinsic Mg doping in SnTe [16] can shrink the
energy difference between the light- and heavy-hole valence band maxima of SnTe,
which remarkably enhances its power factor. For the effect of intrinsic defects,

theoretical calculations conclude that Agw, antisite defects significantly increase the
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thermoelectric performance of a-MgAgSb by increasing the number of band valleys
near the Fermi level [17]. Therefore, engineering the band structure by introducing
intrinsic or extrinsic point defects, is an effective strategy to improve the thermoelectric
properties in a lot of thermoelectric materials [18].

Using the band structure engineering, many high thermoelectric performance
materials have been identified, such as half-Heusler [6], Zintl compounds [19], CoSbs
skutterudites [3], and so on. However, these compounds have the maximum ZT value
at a relatively high temperature (for example, the n-type skutterudite material with a ZT
value of 1.3 at 850 K [20]), which are suitable for the medium- and high-temperature
applications. Thermoelectric applications at low temperature (especially at room
temperature) lead to a huge business opportunity, such as harvesting energy using heat
from living beings. However, few materials are suitable for the low temperature
applications. Although Bi>Tes-based alloys with a ZT value of unity have been using as
the only thermoelectric materials for the room-temperature device since 1950 [21,22],
the scarcity and high cost of Te element limit their commercially widespread
applications. It is meaningful to seek alternative high performance thermoelectric
materials at low temperature (300-550 K) with constitute elements relatively cheap and
abundantly available in the earth’s crust. Recently, the hexagonal phase of AgBiSe> has
been attracted increasing attention for the room temperature applications. Obviously,
compared to Te in BixTes, Ag in AgBiSe> is more available and have large mass
abundance in the Earth’s crust [23].

AgBiSe: crystallizes in a hexagonal structure at room temperature. It undergoes
two structural phase transitions [24-29] at a higher temperature, ~460 K (hexagonal to
rhombohedral) and ~580 K (rhombohedral to cubic). AgBiSe; has the intrinsic low
lattice thermal conductivity (0.45 W/mK at 300 K [30,31]). Enhancing the power factor
of the compound is thus the essential way to improve its thermoelectric performance at
room temperature. However, the conducting behavior of AgBiSe: is not clear, which
hinders its thermoelectric property tuning using carrier concentrations. Xiao et al.
reported that the room-temperature hexagonal AgBiSe; phase is an intrinsic p-type
semiconductor [30,31]. Parker et al. demonstrated that the good room-temperature p-
type thermoelectric properties might attribute to its one-dimensional “plate-like” carrier
pocket anisotropy in the valence band [23]. However, Pan et al. suggested that such a

phase is an intrinsic n-type semiconductor instead of p-type, and they claimed that the
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different conductive types may due to contamination or unintentional doping during the
experiment [32]. Due to lacking results about carrier concentration, it is difficult to give
a rational explanation of the differences [32]. It is known that defects play important
roles in the properties of semiconductors, such as the carrier conduction and
corresponding thermoelectric properties. Hence, it is imperative to clarify the
conduction type of the room temperature AgBiSe> phase and optimize its thermoelectric
properties through the band structure engineering.

In this work, for the room-temperature hexagonal AgBiSe: phase, we calculate the
defect formation energies of different intrinsic charged point defects at different
chemical potentials, and find that the formation energies strongly depend on the
chemical potential. Under the Ag rich condition, Ag vacancy is the dominated intrinsic
defects, and the Ag vacancy defect is more stable than other intrinsic defects under the
Se rich condition. Thus, the acceptor defects (Ag vacancy) lead the p-type conduction
behavior of AgBiSe>. By studying the band structure of AgBiSe,, we find that the
valence bands exhibit multiple valleys, and the energy differences between the valence
band maximum (VBM), the secondary and tertiary valence bands are small. This band
feature implies that the electrical transport properties could be improved by the band
structure engineering. Two methodologies introducing intrinsic and extrinsic defects
are used to tune its band structure. The most stable intrinsic Ag vacancy defects can
directly shift the Fermi level into the valence band. Alternatively, analyzing the bonding
characters in AgBiSe>, we find that the number of band degeneracy can be largely
increased by tuning the position of Ag-d orbital. From the calculated atomic energy
levels of different atoms, we predict that the thermoelectric properties of AgBiSe> can
be improved by introducing Cu, Rh, and Pd. Therefore, our work sheds light on
improving the room-temperature thermoelectric performance of AgBiSe: by

introducing the intrinsic and extrinsic point defects.

II. Method

A. Density functional theory calculations

The structures of pristine room temperature AgBiSe> (hexagonal) phase and the
corresponding compounds with intrinsic and extrinsic defects are optimized utilizing

the plane-wave projector augmented-wave (PAW) method [33] using the Vienna ab
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initio simulation package (VASP) [34] based on density functional theory (DFT). The
generalized gradient approximation (GGA) of Perdew—Burke—Ernzerhof (PBE) [35] is
used as the exchange-correlation functional. The energy cutoff for plane wave
expansion is 500 eV. The lattice constants of the hexagonal AgBiSe, phase are
a=b=4.19 A, c=19.87 A, containing 12 atoms. To simulate various defects in the
hexagonal AgBiSe; cell, we use a (3 x 3 x 1) supercell containing 108 atoms to largely
eliminate the periodic image interactions. A (3 x 3 x 2) I'-centered Monkhorst-Pack k-
point grid was employed to sample the Brillouin zone (BZ) of the supercell.

The semi-local exchange correlation potential (such as GGA-PBE) suffers from
the well-known band gap underestimation. To correct the band gap to achieve reliable
electrical properties, we adopt the Tran and Blaha modified semi-local Becke—Johnson
exchange correlation potential (TB-mBJ) [36]. The corresponding electronic structures
of AgBiSe: are calculated using the full-potential linearized augmented plane wave
method [37], as implemented in WIEN2k [38,39]. The muffin-tin radii (Rmt) were set
to 2.5 a.u. for Ag, Bi, and Se. The cut-off parameter Rmnt X Kmax = 9 (Kmax 1s the
magnitude of the largest £ vector) is used, and the self-consistent calculations are
performed with the (9 x 9 % 2) k-mesh in the irreducible Brillouin zone for AgBiSe..
Taking 10000 k-points in the Brillouin zone, we calculate the electrical transport
properties using the semiclassical Boltzmann transport theory (BTE) [40,41] within the
constant scattering time approximation as implemented in the Boltz-TraP code [42]. To
shift the Fermi level the right position and investigate the influence of Ag vacancy
defects on the electronic structure and thermoelectric properties, we use a (4 x 4 x 1)
supercell (196 atoms in the AgBiSe> supercell) corresponding to a doping level of 2%.
The self-consistent calculations are performed with a (2 X 2 x 2) k-mesh in the
irreducible Brillouin zone. Since the supercell calculation has the well-known band
folding in the BZ, we unfold the band structure of the supercell using the band unfolding

technique, developed by Popescu and Zunger [43].



B. Defect formation energy calculations

We consider three types of intrinsic point defects (vacancy, interstitial, and antisite
defects) in AgBiSe>. The cation/anion antisites always have high formation energies
[44,45] due to their large differences in atomic radius, these cation/anion antisites (such
as Ag or Bi on the Se site, and Se on the Ag or Bi sites) are not discussed in current
work. The following intrinsic defects are denoted as Vag (Ag vacancy), Vsi (Bi
vacancy), Vse (Se vacancy), Agr (Ag interstitial), Biy (Bi interstitial), Ser (Se interstitial),
Aggi (Ag on the Bi site), and Biag (Bi on the Ag site). The defect formation enthalpies
(AHy) are calculated using the following formula,

AHp 4 (Ep, 1) = Ep g - Ey + Xinigy, + q(Ep + Ey + AV) + Eopy, (1
where £p, and Ey are the total energies of supercells with and without defects,
respectively. The integer n; represents the number of type i atom that have been added

to (n; > 0) or removed from (n; < 0) the supercell. The chemical potentials x. are
expressed relative to the reference elemental phase such that .= ,u?+A,ui, where ,u? is

the chemical potential of the elemental solid and Au. is the change of the chemical
potential between the defect system and the elemental solid. Ep is the Fermi energy,
Ey; is the energy with respect to the valence band maximum (VBM), and AV is the
averaged difference between the local potential far from the defect in the defective
supercell and the corresponding one in the perfect supercell. E., is the image charge
corrections in a charged supercell, and we use the Lany and Zunger correction method

[46].
I11. Results and Discussion

A. Chemical potentials and formation energies of intrinsic point defect

Introducing defects in a compound is an effective way to tune its band structure
and possibly improve its thermoelectric performance. Appling Eq. 1 to calculate the

defect formation energy in AgBiSe>, we should firstly determine the chemical potential



of each element. Due to the complex phase transitions and the appearance of secondary
phases, previous experimental works suggested that it is difficult to synthesize pure
hexagonal phase of AgBiSe» [24]. However, carefully controlling the chemical
potential during experimental synthesis may solve the problem. The chemical potentials
of constituent species can be varied to reflect specific equilibrium growth conditions,
and they are globally constrained by the formation enthalpy of the host to maintain its

stability. Thus for AgBiSe>, we can write as,
Hagnise, Hag T Mpi 2, (2)
Epgpise, = Eag T Epi T 2Eg. + AH(AgBiSe,), (3)
where u AgBiSe2 and u, are the chemical potentials of AgBiSe; and an element X (Ag,
Bi, or Se), respectively. Ex is the energy of solid X. AH is the heat formation energy
of a compound in the unit of eV per formula unit. Under the equilibrium condition for

the crystal growth, u AgBiSe, E pgpise,» which means:
AH(AgBiSe,) = Au ae T Apg, +2 Aug, 4)

where Auy =, - Ex. For AgBiSes, our calculated heat formation energy AH is -1.1

eV/fu.. At the X-rich condition, u,= Ex and Au,=0. Thus, to avoid the elemental

bulk precipitation (Ag or Bi or Se), the upper limits of their chemical potential should
set as

A,uAgSO, Ap;=0, Aug <0. (%)

Additionally, to avoid forming any competing phases (such as Ag>Se, BiSe:,

BizSes, BisSes, and BisSes) during the AgBiSe> growth, the chemical potential Au A’

A,UBi, and A,uSe must further satisfy the following limits:
20, + Aug, < AH(Ag,Se), Ay, +2Aug < AH(BiSe,),

20y, + 3Mug, < AH(BiSe,), 3y, + 4hug, < AH(Bi;Se,),

4Aug, +3Aug, < AH(BI4Se,). (6)
These constraints (Eq. 4-6) enclose an accessible area of chemical potentials (Au A’
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Apg,) for forming the thermodynamically stable AgBiSe> compound, and the available

stable range is illustrated as the red shaded region in Fig. 1 (The vertices of this stable
region are labeled as A, B, C, D, and E). From the chemical potentials of elements at
A-E (Table I), we notice that the points (A and C) and (B and D) refer to the Ag-rich
(Au Ag 0) and Se-rich (Aug,= 0) conditions, respectively. Additionally, the coordinate

of point E is (Au A’ Ay, Aug,) = (-0.2, -0.48, -0.21) eV. Thus, the intrinsic defect

formation energies in AgBiSe: are calculated based on these chemical potentials.
From the formation energies of intrinsic point defects (Vag, VBi, Vse, Agr, Bii, Ser,

Agsi, Biag) in their neutral charge states as a function of chemical potential (Fig. 2), for
the two experimentally suggested defects (the Ag vacancy Va, and the Agg; antisite
defect) [30,31], we find that V. has the lowest formation energy, which is much lower
than that of Agg;. This indicates that it is Vag not Agg; can be easily formed in AgBiSe»,
which is inconsistent with the previously experimentally observed Ag vacancies defects
in AgBiSe; [47]. The experimental results suggest that the two kinds of defects can be
actually coexisted in the AgBiSe: growth. Owing to the importance of charged defects
in semiconductors, it is worth to consider the influence of the point charge on the defect
formation energy. Then, we calculated the formation energy of the charged defects
( V%—gl R Ag?/ﬂ | B2 gebli2 Ag(l;/i-l/-z ’ Big/;m ).
According to Eq. 1, the formation energy of a charged defect depends on the Fermi
energy level Eg, which is varying within the band gap. Our theoretically calculated
band gap of the pristine AgBiSe: is 0.69 eV, which is in good agreement with the
experimentally measured value (~0.6 eV) [24]. We here take the experimentally
measure ~0.6 eV to constrain the Ep region (using the theoretically calculated 0.69 eV
does not affect our conclusions). The Fermi levels at the valence band maximum (VBM)
and the conduction band minimum (CBM) in our formation energy calculations are set
to 0.0 and 0.6 eV, respectively. We calculate the formation energies of the charged
intrinsic point defects in the hexagonal AgBiSe: phase (Fig. 3) at the three conditions:
the Ag-rich [point-B in Fig. 1, (A,uAg, Ay, Aug,) = (0, -0.68, -0.21) eV], Se-rich

[point-B in Fig. 1, (Au A’ Ay, Aug,) = (-0.11,-0.99, 0) eV] and (c) Ag-rich/more Se-
poor [point-C in Fig. 1, (Au A’ Ay, Aug,) =(0,-0.12 €V, -0.49 eV)] conditions. The

chemical potentials in the formation energy calculations are close to the experimental

synthesis environment. From Eq. (1) and our calculated formation energies, we can see
9



that the formation energies of the intrinsic point defects strongly depend on the chemical
potentials.

It is expected that removal of a cation or adding an extra electron in the antisite
defect will result in a net electron deficiency and generate unoccupied acceptor levels
[44]. Such empty defect levels are called shallow acceptor levels if situated slightly
above the VBM. This helps to produce positive holes (p-type carriers) in the valence
band, giving rise to the p-type conductivity. Under the Ag rich (point-A in Fig. 1)
condition (Fig. 3-a) and the Ag rich/more Se-poor (point-C in Fig. 1) condition (Fig. 3-
c), the formation energy of the Ag vacancy defects is low, meaning that they can be
easily formed in AgBiSe; and are the dominant acceptors. Thus, in the p-type
conductivity, it can be realized by forming the Ag vacancy defects, which is consistent
with the results reported by Xiao et al. [30,31]. Under the Se-rich (point-B in Fig. 1)
condition (Fig. 3-b), the Ag vacancy defect has the lowest defect formation energy (the
black line in Fig. 3-b), which is obvious that the Ag vacancy is preferred in the Ag-poor
environment. However, under both Ag-rich and Se-rich conditions, the formation
energy of the defects with a net hole [such as the Se vacancy (Vs.), interstitial (Agi, Bir)
and Biag antisite defects] are pretty high, indicating that those defects are hardly formed
under the two conditions and the n-type conductivity is not preferred. On the basis of
the formation energies in the defect diagram (Fig. 2 and Fig. 3), we clarify that the low
temperature hexagonal AgBiSe: phase is an intrinsic p-type semiconductor. The defect

influenced thermoelectric properties can be carried out in the followings.

B. Electronic band structure of AgBiSe;

The hexagonal AgBiSe; phase is stable at T < ~460 K, and the compound is
suggested as a room-temperature thermoelectric material. Owing to the low lattice
thermal conductivity of AgBiSe; at room temperature, enhancing the electrical
properties (such as the power factor, PF) of the compound is an important strategy to
achieve the high thermoelectric performance. The electrical properties of a compound
strongly depend on its electronic structure or band structure. As we mentioned before,
introducing intrinsic or extrinsic defects is an effective methodology to tune the band
structure and optimize the electrical transport properties. From our theoretically
calculated band structure (Fig. 4-a) using the MBJ band gap correction method,
AgBiSe: is a semiconductor with an indirect band gap of 0.69 eV, the VBM locating
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between the K and I" points and the CBM at the A point in the BZ. The theoretical band
gap value is in good agreement with the experimentally measured 0.6 eV [24], which
is reasonably consistent with the previously theoretically calculated 0.52 eV [23]. The
difference between the theoretical calculated band gap is due to Ref. [23] just relaxed
the internal coordinates of the AgBiSe; pristine structure.

It is known that a large band degeneracy Ny, is beneficial to a large DOS effective
mass Mmpog Wwithout deterioration of the carrier mobility u [2]. Ny is based on the
effective total number of independent carrier pockets or valleys in the Brillouin zone,
including both symmetry and orbital degeneracies. For PbTe [2], the compound has the
light hole bands at the VBM. After heavy hole doping, its Fermi level shifts down into
the valence band, allowing a high band degeneracy and a large amount of holes from
the secondary and tertiary valence band.

From our theoretically calculated AgBiSe: band structure (Fig. 4-a), we notice that
the secondary and tertiary valence band maxima locate at L-H (VB;) and I'-M (VB3),
which are just 0.05 and 0.1 eV lower than that of the VBM, respectively. The small
energy difference between the three valence band maxima indicates that the AgBiSe>
compound would show a high converged band at valence band maximum. Such a good
band features associate with the high thermoelectric properties [17]. Thus, we could
shift the Fermi level to those secondary and tertiary valence band maxima to increase
the band degeneracy Ny by doping. If the bands of all these maxima are degenerated
or the Fermi level crosses all these maxima at the same time, the power factor of the
compound will be significantly enhanced. From the theoretically calculated isoenergy
surfaces near the VBM (Fig. 4-b-d), with lowing the Fermi level to -0.01 eV (VBM-
0.01), -0.06 eV (VBM-0.06) and -0.11 eV (VBM-0.11), the number of band degeneracy
Ny, is increasing from 6 to 12, and 18, respectively. Finally, in the case of -0.11 eV
(VBM-0.11, slightly below VB3), we notice that there are 6 pockets along K-I', 24
quarter-pockets along L-H, and 6 pockets along I'-M. Therefore, the isoenergy surface
of the energy level at around the maximum of VB3 (VBM-0.1) has a high degeneracy
with 18 isolated pockets. However, for the isoenergy surface of the conduction bands,
CBM+0.01eV corresponding to the Fermi energy across the energy of +0.01eV (Fig.
S1 in Supplementary Material [48]) has 2 half-pockets at X point, i.e. the full number
of the valley is 1. Moreover, the anisotropic band edge of a pocket is favorable for the

thermoelectric performance [49,50]. The isoenergy surfaces of the CBM pockets are
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close to ellipsoids, whereas the VBM ones are deviations from the ellipsoidal or
spherical shapes. The high degeneracy (large Nj,) and the anisotropic isoenergy surface
of the valence band are beneficial to the high power factor [51]. Thus, we expect that

the p-type AgBiSe: has a better power factor than the n-type one.

C. Effect of intrinsic defects on band structures and electrical properties

Once the Fermi level reaches the VB3 maximum (Fig. 4-a), it will generate a high
pocket degeneracy of 18 and 0.028 holes in the cell (the corresponding carrier
concentration is about 2.8 x 102 cm™ at 300 K). Accurately controlling heavy doping
can move the Fermi level to the right position. Under the Ag-rich and Se-rich conditions,
since the Ag vacancy (Vag in Fig. 3) defect has the lowest formation energy, we focus
on how the intrinsic Ag vacancy defect optimize the electrical transport properties.

To calculate the defect influenced band structures, we build a (4 x 4 x 1) supercell
with 192 atoms (AgssBisgSeos) and remove one Ag from the supercell to form a Vag
(Aga7BissSeos, 2% of Ag vacancy). Using the MBJ potential, the band structures of
Ags7BisgSeos and the corresponding non-defect AgagBisgSeos for comparison are given
in Supplementary Materials [48], Fig. S2-a and -b, and the corresponding unfolded band
structures of the two supercells are shown in Fig. 5. As seen from Fig. 5(b) and Fig. S2-
b, the most obvious change in the band structure with introducing the intrinsic Vag
defect is the Fermi level shifting into the valence bands, which shows the typical p-type
behavior. In addition, the number of band degeneracy (N;) near the Fermi level is
increased. This leads to two main advantages: (1) The large band degeneracy
contributes to the possible high Seebeck coefficient; (2) Since the carrier concentration
depends on the number of band valleys near the Fermi level, a high carrier concentration
will help to increase the electrical conductivity. Therefore, p-type AgBiSe; with the
intrinsic Vag defects will play an important role in achieving high electrical transport
properties.

We then solve the BTE to calculate the thermoelectric properties (Fig. 6) of the
pristine AgBiSe> and Vg systems as a function of temperature at three different carrier
concentrations (10'°, 102, 10?! holes/cm?®). Since the BTE calculated electrical
conductivity o/t includes the hardly defined carrier scattering relaxation time t, we are
going to use the experimentally measured electrical conductivity data from Ref. [25] to

obtain its value. The relaxation time (1) takes into account the contributions from both
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acoustic and optical phonons. From the standard electron-phonon interactions (for both
acoustic and optical phonons) [52-54], Tt decreases with increasing temperatures,
showing the T-! behavior. Additionally, the relaxation time has a relationship with the

1/3

carrier concentration (n) as n™'>. Thus, the relaxation time t can be written as, =CoT"

'n"13, where Cy is the constant number required to be determined. We then calculate the
electrical conductivity o/t of the pristine and Vagz AgBiSe: systems using the BTE. By
matching these calculated results with the experimentally measured electrical
conductivities [25] of the corresponding systems at the same carrier concentration and
temperature, we can obtain the constant number Co. Since we focus on the
thermoelectric properties at the low temperature region, we choose the calculated and
experimental data at [300 K, 1.96 x10%° cm™] and [300 K, 0.93 x10?° cm™] for AgBiSe:
and Vg, respectively. This leads Co as 5.3x1077 and 4.3x10° (sK/cm) for the pristine
and Vag AgBiSe: systems, respectively. These constant numbers can thus be used as
the simple approach to evaluate the relaxation time at different temperature and
concentrations as = 5.3x107 T-n"'3 and 1= 4.3x10° Tn"'® for the pristine and Vag
AgBiSe; systems, respectively, with the unit of tin s, T in K, and n in cm™. Moreover,
in order to verify the electron relaxation time, taking the pristine AgBiSe> compound
as an example, we calculate its t using the deformation potential approach (Fig. S3 in
Supplemental Material [48]). It turns out that the electron relaxation times from the two
methodologies (the experimental fitting and the deformation potential approach) are in
reasonable agreement with each other, e.g. 8.2x1071¢ s (exp.) vs 1.1x107!% s (cal.) at the
carrier concentration of 10" cm™ and 300 K. Moreover, the comparisons between the
calculated temperature-dependent thermoelectric properties (S, o, and ZT) of AgBiSe>
and the other experimental measurements [47] are shown in Fig. S3. From Fig. S3, we
can see that the experimentally measured results fall within the theoretical predicted
regions considering different carrier concentrations. This can be considered reasonable
agreement between the theoretical predictions and the experimental measurements. In
the realistic applications, various dopants introducing electrons (or holes) are needed to
manipulate the semiconductor as a p- (or n-) type. And we just consider the p-type
doping for AgBiSe», the electrical transport properties were obtained at the carrier
concentration in a range of 10'°-10?! cm™, which has been applied to many materials
[55-58]. From the calculated electrical conductivities (Fig. 6-a) of the pristine and Vg
defected systems, we find that o of the Va,g system is larger than that of pristine

13



AgBiSe:.

The comparisons between the calculated temperature-dependent thermoelectric
properties (S, o, and ZT) of AgBiSe> and the experimental measurements are shown in
Fig. S3. From Fig. S3, we can see that the experimentally measured results fall within
the theoretical predicted regions considering different carrier concentrations. This can
be considered reasonable agreement between the theoretical predictions and the
experimental measurements. From the calculated electrical conductivities (Fig. 6-b) of
the AgBiSe: and Vg defected systems, we find that ¢ of the Vag system is larger than
that of AgBiSe:.

For the Seebeck coefficient (S), it depends on the carrier concentration and

temperature [59],

S= %Nﬁﬁm;ﬁ(;—nﬁ. (7)
From the calculated Seebeck coefficient of the AgBiSe; and Va, defected systems, we
notice that the S behavior can be explained using Eq. (7): it is proportional to
temperature, yet is inversely related to the carrier concentration. Morever, we notice
that S of the Vg defected system is smaller than that of the AgBiSe> compound, which
is due to the increased carrier concentration. Without considering the large band
degeneracy, S should be more strongly decreased. In other words, the band degeneracy
maintains a suitable S with doping. The combination of high relaxation time and large
band degeneracy in the Va, system will significantly increase the power factor and the
corresponding ZT value. This confirms that the high band degeneracy in Va, suggests
the increased power factor compared to the AgBiSe;. The experimentally measured
thermal conductivity is about 0.45 W/mK from room temperature to 500 K [30]. Bocher
et al. [47] also reported that Ag vacancy defects in AgBiSe: have little effect (0.01
W/mK) on the thermal conductivity from room temperature to 500 K. Thus, it is
reasonable to use a constant thermal conductivity value at the low temperature region
to evaluate the ZT values of this two systems. Assuming that the thermal conductivity
is a constant value, we could simulate the ZT value of this two systems. A significant

enhancement of thermoelectric performance of the hexagonal AgBiSe> phase at the
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low/mid-temperature region is realized through intrinsic Ag vacancy doping (Fig. 6-c):
At the carrier concentration of 10! holes/cm? between 200 and 460 K, introducing Ag
vacancies increases the ZT values to 0.3-0.5. The large ZT value at room temperature
is achieved by manipulating the AgBiSe> band structure through forming Ag vacancies.
The ZT value is comparative to (or even larger than) that using the solid-solutioned
homojunction nanoplates (AgBiosSbosSez) [31], includeing Bi/Sb point defects and
boundaries to scatter different wavelength phonons, decrease the thermal conductivity
and increase the ZT value to 0.2 at room temperature. Therefore, introducing the
intrinsic Ag vacancy by carefully controlling the AgBiSe> growth condition can
significantly improve the thermoelectric performance of AgBiSe> for the room

temperature applications.
D. Extrinsic defects tuning the band structure and electrical properties

We have investigated that the presence of intrinsic Ag vacancies in AgBiSe: shifts
the Fermi level into the valence band resulting in high degenerated bands and heavy
hole concentrations, which plays an essential role in the high power factor and possible
high thermoelectric performance. Alternatively, we could converge or align the three
valence bands (VBM, VB2 and VB3) by using extrinsic defects. To do so, we should
firstly understand the contributions of atomic orbitals to the three valence bands. From
the atom-projected density of states (PDOS, Fig. 7-a) of AgBiSe;, we notice that the
valence band (from VBM to -5.2 eV) are mainly dominated by the hybridization of Ag-
d and Se-p orbitals. Based on the hybridizations between atomic orbitals (Fig. 7-a), we
could roughly distinguish the bonding and antibonding regions of two orbitals: The
bonding (-5.2~-3.5 eV) and antibonding (-2.5~0.0 eV) regions of Ag-d and Se-p, the
bonding (-10.8~-9.0 eV) and antibonding (-1.0~0.0 eV) regions of Se-p and Bi-s, and
the bonding (-5.2~-4.0 eV) and antibonding (CBM to 3.6 eV) regions of Bi-p and Se-d.

Based on the above discussion and the calculated relevant atomic energy level of

the Ag, Bi, and Se atoms in Table II, we can obtain a schematic diagram of atomic
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orbital interactions for AgBiSe> as shown in Fig. 7-b, where the bonding and
antibonding states are formed in the shaded region. Then the positions of bonding and
antibonding states match with the corresponding states in PDOS in Fig. 7-a. From the
chemical bonding schematic view (Fig. 7-b), we can clearly see that the top valence
band is mainly composed of the antibonding states of Se-p with Ag-d and of Se-p with
Bi-s, and the bottom conduction band is mainly composed of the antibonding states of
Se-p with Bi-p. Therefore, we can modify the valence band by tuning the Ag-d, Se-p,
or Bi-s position. However, since tuning the Se-p orbital will affect the conduction band
as well, this leaves the Ag-d or Bi-s orbitals to modify the valence band. Moreover,
since the contribution of the Bi-s orbital on the top valence band is relatively small, the
features of the valence band can be significantly adjusted by solo tuning the Ag-d orbital
without affecting the conduction band.

From the projection of the band structure onto the Ag-d orbital (Fig. 8), we notice
that VBM and VB2 have higher Ag-d components than VB3. This indicates that the
modification of Ag-d orbital will mainly influence VBM and VB2 rather than VB3. If
VBM and VB2 could shift downward to VB3, the number of band degeneracy will be
obviously increased. As we are known, the weak interatomic interaction will shrink the
gap between the bonding and antibonding states, i.e. pushing up the bonding states
while drawing down the antibonding states. Since VBM and VB2 represent the
antibonding of Se-p and Ag-d orbitals, they can be drawn down by decreasing their
interactions. The p-d interactions can be decreased by increasing the on-site energy
difference between the two orbitals. The current energy difference between Se-p and
Ag-d orbitals is about 1.1 eV (Table II). We calculate the atomic energy levels of many
elements (Fe/Co/Ni/Cu/Ru/Rh/Pd/Os/Ir/Pt/Au) with d orbital, and select four elements
X (X=Cu, Rh, Ru and Pd in Table II) whose energy differences between X-d and Se-p
are larger than 1.1 eV: 1.41, 2.9, 2.95, and 1.94 eV, for Cu, Ru, Rh and Pd, respectively.
The larger energy difference between Se-p and X-d, the lower the antibonding states

are. This is responsible for the three bands convergence. With an appropriate
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Cu/Ru/Rh/Pd doping concentration in AgBiSe,, the number of hole pockets will be
enlarged.

We calculate the formation energies of Cu/Ru/Rh/Pd doping in AgBiSe. Beside
the chemical potential constrains in the pristine AgBiSe, compound (Eq. 5, 6),
additional constrains of chemical potentials for impurity doping should be used to avoid
the formation of impurity-related phases. For Cu, Ru, Rh and Pd doping, the chemical
potential of these elements are constrained by,

Auc, < 0, 3D, +20ug, < AH(CusSe,),
A, + Mug, <AH(CuSe), Auc, +20ug, <AH(CuSe;). (8)
App, < 0, App, +2Aug, <AH(RuSe,). 9)
Atg, < 0, 3Aug, + 8Aug, <AH(Rh;Se,),
Apigy, +Aug < AH(RhSe), Aug, +2Au, < AH(RhSe,). (10)
Aoy < 0, 4Aupy + Aug, <AH(Pd,Se), Aupy + 2Aug, < AH(PdSe,),
TAupg + 20, < AH(Pd;Se;), TAup, + 4Aug, < AH(Pd;Se,). (11)
At the Ag-rich [point-A (0, -0.68 eV, -0.21 eV) in Fig. 1], Se-rich [point-B (-0.11 eV, -
0.99 eV, 0) in Fig. 1] and Ag-rich/Se-poor [point-C (0, -0.12 eV, -0.49 eV) in Fig. 1]
conditions, these equations lead to the chemical potentials constrains of Cu, Ru, Rh and
Pd (Table III). For example, at the Ag-rich [point-A (0, -0.68 eV, -0.21 eV) in Fig. 1]
condition, these equations lead Au. < -0.09 eV. So in this case, the Au., = -0.09
eV is used for the calculation of formation energy for Cu-related defects.

The calculated formation energies of the Cu, Rh, Rh, Pd-doped AgBiSe; systems
are shown in Fig. S5 (Supplemental Material [48]). For Cu- and Rh-doping at the Ag-
rich/Se-poor condition (point-C in Fig. 1) condition, Cu and Rh tend to substitute the
Ag atoms in AgBiSe; since Cuag and Rhag have the lower formation energy than other
defects (Fig. S5 in Supplemental Material [48]). Pd is easier to occupy Ag site at the
other Ag-rich (point-A in Fig. 1) condition. However, for Ru-doping, it is preferred to

substitute Bi not Ag due to Rug; has the lowest formation energy. Thus, Ru is hard to

be doped at the Ag site.
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In order to understand the effects of impurities on the electrical properties, we
calculate band structures using a (2 x 2 x 1) AgBiSe; supercell (containing 48 atoms)
with one impurity atom (Cu, Ru, Rh, or Pd, Fig. S6 in Supplementary Material [48]).
From the band structures, the energy differences between the three valence band
maxima become smaller for Cu, Rh, and Pd-doped AgBiSe> compared to the pristine
compound, leading to the band convergence and the Seebeck coefficient (or power
factor) enhancement. Moreover, Pd doping will induce the resonant states near the
valence band, which usually lead to the improved Seebeck coefficient, as has been
demonstrated in many thermoelectric materials [4,60,61]. Such band degeneracy and
resonant states do not affect by the impurity concentration with a larger supercell
calculations [one impurity atom in a (3 x 3 x 1) supercell containing 108 atoms, Fig.
S7 in Supplementary Material [48]]. Therefore, the valence band structure of AgBiSe;
can be modified by extrinsic defects (Cu, Rh and Pd), and the increased band
degeneracy and induced resonant states imply an improvement of power factor and the

corresponding ZT value.

IV. Conclusions

We have systematically studied the intrinsic defect formation energies, the
electronic structure and the thermoelectric performance of the AgBiSe: using density
functional theory calculations. The conducting behavior of AgBiSe: is clarified as p-
type and we find that the intrinsic Ag vacancy is the dominant defects, acting as the
acceptors. The band structure engineering induced by intrinsic and extrinsic defects is
a useful tool to achieve high thermoelectric properties. A high ZT value (0.3-0.5) of
AgBiSe: can be achieved using the intrinsic defects (Ag vacancies) to increase the band
degeneracy. Moreover, the enhancement of the valence band degeneracy is predicted
by introducing extrinsic Cu/Rh/Pd dopants in AgBiSez, which indicates that these
dopants can be used to improve the low-temperature ZT of AgBiSe>. Our work not only
suggests that p-type AgBiSe; is a promising room temperature thermoelectric material,
but also provide methodologies to increase the band degeneracy by introducing intrinsic

and extrinsic point defects.
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Table 1. Chemical potentials at the A, B, C, D and E points labeled in Fig. 1 (unit: eV).

Point Au Ag Ay, A,
A 0 -0.68 -0.21
C 0 -0.12 -0.49
B -0.11 -0.99 0
D -0.20 -0.90 0
E -0.20 -0.48 -0.21

Table II. Relevant atomic energy levels of s, p, and d states of different atoms (Ag, Bi, Se, Cu, Ru,
Rh and Pd). (unit: eV)

Atom Valence state s-state p-state d-state
Ag 4d'055! -4.47 -7.44
Bi 65%6p? -14.23 -4.29

Se 4s%4p* -17.14 -6.35

Cu 3d'04s! -4.57 -4.94
Ru 4d’5s5! -0.55 -3.46
Rh 4dB5s! -0.44 -3.40
Pd 4410 -4.41

Table III. The chemical potentials of Cu, Ru, Rh, and Pd in the doped system under different
conditions (unit: eV).

A(0,-0.68¢eV,-021eV) B (-0.11eV,-0.99¢V,0) C (0,-0.12 eV, -0.49 eV)

Cu -0.99 -0.23 0

Ru -0.79 -1.21 -0.23
Rh -0.82 -1.38 -0.16
Pd -0.44 -0.79 -0.21

23



A, V)

-1.2

A, (@V)

Bi /
BiSe2 C
B Ag
E
N g E
A
Bi3Se4 D
- B
Se
"I 1 L 1 N 1 L 1 1 L
-1.2 -1 08 06 -04 -02 0

1.Se

Fig. 1. (Color online) Accessible range of chemical potential (red shaded region) for the equilibrium

growth conditions of the hexagonal AgBiSe, phase. The specific points are chosen for the

representative chemical potentials to be used for the defect formation energy calculations.
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Fig. 2. (Color online) Formation energies of neutral defects in AgBiSe» as a function of the

chemical potential at points A-E shown in Fig. 1 and Table L.
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Fig. 3. (Color online) Theoretically calculated formation energies of intrinsic charged point defects
in AgBiSe; as a function of the Fermi level, with chemical potentials under the (a) Ag-rich [point-
A (0, -0.68 eV, -0.21 eV) in Fig. 1], (b) Se-rich [point-B (-0.11 eV, -0.99 eV, 0) in Fig. 1], and (c)
Ag-rich/more Se-poor [point-C (0, -0.12 eV, -0.49 eV) in Fig. 1] conditions.
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Fig. 4. (a) (Color online) (a) Calculated band structure of the pristine AgBiSe; along high symmetry
points in BZ. The black dashed line represents the Fermi level. The calculated isoenergy surfaces
for AgBiSe» near the VBM are shown at (b) VBM-0.01 eV, (¢c) VBM-0.06 ¢V, (d) VBM-0.11 eV.
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Fig. 8. (Color online) Projection of the AgBiSe> band wave functions onto the Ag-d orbitals (the big
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