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Excellent thermoelectric performance in the out-of-layer n-doped SnSe has been observed experi-
mentally [Chang et al., Science 360, 778-783 (2018)]. However, a first-principles investigation of the
dominant scattering mechanisms governing all thermoelectric transport properties is lacking. In
the present work, by applying extensive first-principles calculations of electron-phonon coupling as-
sociated with parameterized calculation of the scattering by ionized impurities, we investigate the
reasons behind the superior figure of merit as well as the enhancement of 21" above 600 K in n-doped
out-of-layer SnSe, as compared to p-doped SnSe with similar carrier densities. For the n-doped case,
the relaxation time is dominated by ionized impurity scattering and increases with temperature, a
feature that maintains the power factor at high values at higher temperatures and simultaneously
causes the carrier thermal conductivity at zero electric current (ke1) to decrease faster for higher
temperatures, leading to an ultrahigh-27" = 3.1 at 807 K. We rationalize the roles played by ke and
k" (the thermal conductivity due to carrier transport under isoelectrochemical conditions) in the
determination of z7'. Our results show the ratio between x° and the lattice thermal conductivity
indeed corresponds to the upper limit for z7T', whereas the difference between calculated z7T" and the

Page

upper limit is proportional to Ke.
I. Introduction

New materials for energy harvesting applications are
necessary for reducing greenhouse gas emissions. Ther-
moelectric (TE) materials that can harvest waste heat
from traditional nuclear or coal power plants[2, 3] rep-
resent a source of cleaner electric power.[4, 5] However,
widespread deployment will require increases in efficiency
to compete with other forms of power generation.[4-6]
The efficiency of a TE material is characterized by the
dimensionless figure of merit, 2T = 0.5°T /K01, Where o
is the electrical conductivity, S is the Seebeck coeflicient,
T is the absolute temperature, and Kiot = Klaty + Kel 1S
the total thermal conductivity composed of lattice (Kiatt)
and carrier (k) contributions.

The search for high-zT materials is ongoing[5]. The
most common strategies for the optimization of zT are
enhancement of the power factor (PF = ¢5?), which can
be accomplished by band-structure engineering[7—11], or
reduction of the lattice thermal conductivity through al-
loying and nanostructuring,[12-16] or by finding materi-
als with intrinsically low kjatt.[17-19] Though minimiza-
tion of Kyt is crucial, less attention has been paid to
the carrier contribution to the thermal conductivity, k.
The carrier concentration can be significant in doped TE
materials with optimized carrier densities, so the effects
of ke should not be ignored. However, minimization of
Kel through the reduction of o can be counter-productive
due to the corresponding reduction in the power factor.
In order to navigate the interdependence of the relevant
properties, it is claimed that the reduction of ke can
be best accomplished by minimizing the Lorenz number,

A = ke /(0T).[20] Moreover, as pointed out by Mahan
and Sofo[21], 2T is always bounded by k°/k1at¢, where x°
is the thermal conductivity due to carrier transport under
isoelectrochemical conditions. Thus, the maximization of
k0 allows for a higher upper limit for 2T, an important
result that has not been fully exploited given the diffi-
culty in accurately calculating x°. Despite the complex-
ity arising from the interdependence of all the transport
properties that contribute to 27T, impressive progress has
been made and new high-performance TE materials are
continuously emerging.[22-28]

In the search for high 27 materials, bulk crystals
with two-dimensional (2D) layered structures have at-
tracted attention in recent years due to their high
anisotropy and improved electrical conductivity along in-
plane directions.[29-32] The recent discovery of a high
2T value for intrinsic[33] and p-doped SnSe[34] are ex-
amples that have boosted the interest in high-efficiency
bulk TE materials. Meanwhile, the out-of-plane direc-
tion had been ignored due to the generally low electrical
conductivity along the stacking axis, even though it is
accompanied by intrinsically low lattice thermal conduc-
tivity. This perspective changed recently when an out-
standing TE performance with 27" = 2.8 at 773 K was
reported for n-doped SnSe in the out-of-plane direction
.[1] The authors attributed the outstanding performance
to two main factors: i) the delocalization of Sn and Se p
electrons close to the conduction band minimum that en-
ables high conductance between Sn and Se atoms along
the out-of-plane direction, and #i) a continuous phase
transition from Pnma to Cmem, starting at 600 K and
completing by ~810 K, that results in the divergence of



two nearly degenerate conduction bands, causing a de-
crease in the band mass and consequently higher conduc-
tivity. However, such an argument, on the basis of a
two-band model, cannot be fully reconciled with the fact
that the observed Seebeck coefficients do not decrease,
as would be expected if the average band mass were to
decrease.[35, 36]

Optimizing the carrier density by chemical doping is
one of the most important strategies for improving TE
properties of semiconductors. For SnSe, hole-doping
by p-type dopants such as Ag [37-39] and Na [39] has
led to increased values of 2T compared to the undoped
material over a broad range in temperature. Likewise,
electron-doping by n-type dopant atoms, such as 1[40],
Bi[41], and Br[1], has also led to the enhancement of
2T, with the latter yielding an impressive 271" = 2.8 for
the out-of-plane direction in Pnma-SnSe at 773 K. Un-
raveling the microscopic origin of the outstanding TE
performance of n-doped SnSe will be extremely helpful
in advancing the search for improved TE materials. To
this end, we have conducted an extensive first-principles
investigation of the electron-phonon (e-p) coupling and
related properties, which were combined with calcula-
tions based on a semi-empirical theory for ionized im-
purity scattering,[42, 43] in order to calculate TE trans-
port properties in the out-of-layer direction of n-doped
Pnma-SnSe within the Boltzmann transport equation
(BTE) framework. For comparison, we calculated the
same properties for the out-of-layer direction of p-doped
Pnma-SnSe with similar carrier density.

Our first-principles calculations of the e-p coupling are
based on the dual interpolation technique[44] for com-
puting e-p matrix elements using density functional the-
ory (DFT)[45, 46] band structures and density functional
perturbation theory (DFPT)[47] phonon dispersions. We
determined the dominant scattering mechanisms as func-
tions of carrier energy and temperature, as well as the
average electronic group velocities, which allow us to pre-
dict the overall transport properties and understand the
origin of the high 2T value as well as the enhancement
of 2T above 600 K for n-doped SnSe. In particular, the
total relaxation time, Tiot, increases with temperature for
n-doping, a feature that maintains a high PF at temper-
atures above 600 K, while simultaneously reducing ke
even faster, leading an ultrahigh-z7" = 3.1 at 807 K. Ad-
ditionally, given the accuracy of our calculations, we ex-
plain the roles played by x° and ke in the determination
of zT. Our results show that s /Klatt indeed represents
the upper limit for 27T, whereas the difference between
calculated 2T and k° /Klatt i directly proportional to k.

II. Theoretical Approach

We have performed extensive first-principles calcula-
tions of n-doped SnSe thermoelectric properties. In par-
ticular, as described below, we combine non-polar scat-
tering of carriers by acoustic and optical phonons, polar

scattering within the Frohlich theory including Ehrenre-
ich screening, and the scattering by ionized impurities
including non-parabolic contributions.

Starting from the semiclassical BTE within the relax-
ation time approximation (RTA), [48, 49] the key quan-
tity required to calculate thermoelectric transport prop-
erties is the momentum- and band-resolved transport
distribution kernel, ¥, (n,k) = €7, xva (n, k)vg(n, k),
where e is the absolute electric charge, 7, k is the total
relaxation time and v, (n,k) is the a-component of the
average group velocity for a given electronic state with
band index n and wave vector k. The energy projected
transport function can then be defined over an energy
grid with spacing de as

Bas(©) = e 3 Basln L)
n,k

where Ny is the number of k points sampled and e, x
is the band energy. The temperature (7') and chemical
potential () dependent transport tensors can then be
calculated as an energy integral of the different energy
moments:
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where € is the volume of the unit cell and f, (T €) is the
Fermi-Dirac distribution function. The thermoelectric
transport coefficients for each crystallographic direction
can then be derived from the above tensors by taking the
trace as performed in reference 49, where o = 04 5(T, 1)
is the electrical conductivity, S = S, (T, p) = ¢’770‘(U;1B)
is the Seebeck coefficient and k¢ = m‘g}_ﬂ(T, W) = ng_ﬂ -
T¢aw(0(;i)¢5)5 is the thermal conductivity due to car-
rier transport at zero electric current, calculated from
k%, which is the thermal conductivity due to the carrier
transport under isoelectrochemical conditions.

Since SnSe is a polar semiconductor, carriers are ex-
pected to be predominantly scattered via interactions
with phonons at finite temperature and ionized impuri-
ties, especially in the case of doped SnSe. In our calcu-
lations, the relaxation time (RT) for the e-p scattering
is related to the imaginary part of the momentum- and
band-resolved Fan-Migdal electron self-energy[50-52],

1
— =2Im O, k(e=0,T), (5)
Tn, k
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where ep is the Fermi energy calculated using DFT at
0 K, gmn,o(k,q) = (Vink1ql0qoVis(r)|Vnk) are the e-p
coupling matrix elements calculated within DEPT, |¥,,;)
are Kohn-Sham (KS) orbitals and 0q9 Vi s corresponds to
the change of the KS potential upon a phonon perturba-
tion with momentum q and branch index 0, nqg(T) is the
Bose-Einstein distribution function, Qg7 is the Brillouin
zone (BZ) volume, m and n are band indices, and wqg
are phonon eigenfrequencies.

Scattering of charge carriers by the electric polariza-
tion caused by longitudinal optical (LO) phonons can
be prominent in polar materials such as SnSe. This po-
lar mode scattering was first discussed by Frohlich [53]
and Callen [54], while Howarth and Sondheimer [55] de-
veloped the theory of polar mode scattering by treating
electrons as charge carriers on a simple parabolic con-
duction band. First-principles treatment of the Froéhlich
interaction is not amenable to Wannier-Fourier (W-F) in-
terpolation, since the long range Frohlich interaction [56]
requires a very large number of e-p matrix elements to
attain convergence. We account for the polar mode scat-
tering following the first-principles method of Verdi and
Giustino [57], in which the polar singularity is treated
by separating the e-p matrix elements into short- and
long-range parts: gmn,o(k,q) = gfm_’e(k, q) —l—gfnn_ﬂ(k, q).
The short-range part is well behaved within W-F interpo-
lation while the long-range part can be treated by using
an analytical formula based on the Vogl model [58-60]
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in which M, corresponds to the mass of atom «, N is the
number of unit cells in the Born-von Karman supercell,
G is a reciprocal lattice vector, Z* = Z; 5 is the Born
effective charge tensor, e.p(q) is a phonon eigenmode
normalized within the unit cell, (o, = Caup corresponds
to the high-frequency dielectric constant tensor, €y is the
vacuum permittivity, and h is the reduced Planck con-

stant, (Wl 00|00 = [V U]

factors given in terms of rotation matrices, Uk+q, that ap-

are phase

pear in the definition of the maximally localized Wannier
functions (MLWEs).[61]

The above expression represents a first-principles gen-
eralization of the Frohlich coupling within the theory of
polarons[62] and analogously treats the problem of a sin-
gle electron added to a polar insulator, without consider-
ing the screening of the e-p coupling caused by a finite
carrier density. The generalization to include screening
effects beyond Frohlich theory was developed by Ehrenre-
ich [63]. In the quasi-static approximation, free carriers
that are present in the sample screen out the electric field
produced by optical vibrations, resulting in both a weak-
ening of the e-p coupling as more carriers are added to
the system, and a shift of the frequency of the longitudi-
nal optical mode [63]. The former effect weakens the e-p
matrix element by a factor of 1 — (rooq) ™2, where ry is
the screening radius given by

4re? / (_
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and g(e) is the density of states (DOS), given by
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The latter effect of the screening leads to an eigenfre-
quency shift of the LO phonons given by
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where w?© is the transverse optical (TO) mode eigen-

frequency. The eigenfrequency of the LO vibration is
strongly reduced, altering the e-p matrix elements [64].
Therefore, Ehrenreich quasi-static screening modifies the
polar scattering RT by the following band-dependent fac-
tor:

1
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Combining Egs. 6, 7, and 11, we arrive at expressions
for the RT corresponding to both non-polar (Thpor) and

screened polar (7,01) phonon scattering. The non-polar
e-p RT is given by

—g ~ 2mOnle=0.Tgn, o @), (12
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and the screened polar e-p RT is given by
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The scattering by ionized impurities is calculated on
the basis of the theory developed by Brooks and Her-
ring. [42, 43] This framework neglects the effects of the
impurities on the electron energy levels and wave func-
tions and assumes that carriers are scattered indepen-
dently by dilute concentrations of ionized centers ran-
domly distributed within the material. It constitutes an
accurate yet simple description, neglecting complex ef-
fects such as coherent scattering from pairs of impurity
centers, which requires a quantum transport theory [65].
Following Refs. 49 and 66, the carriers are assumed to
scatter off a screened Coulomb potential and the Born
approximation is used to evaluate transition probabili-
ties. Accordingly, the RT for impurity scattering is given
by

Timp (1, K) = fiGo” Kk?
pAo 2me*nii Fimp (n, k)

where n;; is the concentration of ionized impurities and

n

(15)
is the screening function, with n = (2k - ro(n,k))?. Here
ro is the static screening radius given by Eq. 8, but now
screened by the static dielectric constant, (.

The average electronic group velocities are calculated
from a Fourier interpolation of the band structure ex-
panded in terms of star functions[44, 67, 68|

Denr ;M .
5 = v(n, k) ~ - Z am Z(URm) expli(vRy,) K],

m=1  {v}

(16)

with the sum running over all ns point group symmetry
operations {v} on the direct lattice translations, R.,,. M
is the number of star functions per k point and the a,,
are the Fourier coefficients of the expansion of the band
structure in terms of star functions.[44]

Once the RT for each of the three scattering process
is computed, Tiot(n,k, 1, T), the total RT that enters in
the TE transport calculations, can be determined from
Mathiessen’s rule:

1 1 1 1
= +—+
Tnpol Tpol

(17)
Ttot Timp

This is justified if the scattering mechanisms are approx-
imately independent. The temperature dependence of
the RT is given indirectly through the phonon and elec-
tron distributions within Eq. 6. Additionally, for 75, and
Timp, 1 and p dependence enters implicitly through their
respective screening radii (ro, and rg) as defined in Eq.8.
This dependence on p allows for the study of doped ma-
terials, which are important for the optimization of 2T
for thermoelectric applications.

III. Computational details

At room temperature, SnSe crystallizes in a layered or-
thorhombic structure with the Pnma space group and 8
atoms in the unit cell. We used the Quantum Espresso
package[69, 70] along with fully relativistic, optimized,
norm-conserving Vanderbilt pseudopotentials[71, 72] to
calculate the electronic structure using DFT and deter-
mine the vibrational and e-p matrix elements within the
DFPT framework. We used the generalized gradient
approximation (GGA) for the exchange-correlation func-
tional within the formulation of Perdew-Burke-Ernzerhof
(PBE)[73]. Monkhorst-Pack grids of 20x20x10 for k-
point sampling and a kinetic energy cutoff of 90 Ry were
employed to ensure the convergence of total energy in
DFT calculations. As expected, DFT-GGA calculations
underestimate the band gap, so in order to compare with
experimental data we applied the commonly used scissor
operator[74, 75] to rigidly shift the conduction bands in
order to match the experimental value of 0.86 eV for the
SnSe band gap. [33] The interlayer interactions in Pnma-
SnSe arise from weak van der Waals forces between Se
and Sn atoms separated by ~3.50 A in the out-of-plane
direction. In order to capture such weak interactions
between the layers, we added van der Waals (vdW) cor-
rections according to the D3 approach as proposed by
Grimme et al. [76]. We used the experimental struc-
ture [77] as the starting configuration and relaxed the
lattice parameters and atomic positions until all atomic
force components were smaller than 1 meV/ A, yielding
the following lattice parameters: a = 11.79 A, b = 4.52
A and ¢ = 4.22 A. These T = 0 theoretical results differ
by only 1.28%, 3.10% and 0.29% from the experimental
lattice parameters measured at T' = 673 K.[77]

The RTs arising from e-p scattering, including both
contributions of non-polar scattering and screened
polar scattering as presented in the previous sec-
tion, were calculated using our in-house Turbo-EPW
implementation,[44, 78] which utilizes the dual interpo-
lation technique based on MLWFs[79] and symmetry-
adapted star functions for efficient interpolation of e-p
scattering matrix elements onto very fine meshes of elec-
tron (k) and phonon (q) wave vectors. In the present
case this interpolation allowed for calculations based on
~3 billion k/q pairs. The first W-F interpolation, us-
ing MLWFs determined by the Wannier90 code,[80] leads
to a phonon grid of 40x40x20 q points starting from a
coarse grid of 4x4x2 points. Subsequently, starting from
an initial coarse grid of 12x12x6 k points, M = 10 star
functions were used for the second interpolation, result-
ing in a dense grid of 64x60x24 k points.

As described in the previous section, we account for
ionized impurity scattering by starting from the semiem-
pirical model of Brooks and Herring and then using
Fourier interpolation of the DFT band structure in or-
der to avoid the approximation of parabolic bands.[49]
We used the experimentally determined values[81] for the
static and high-frequency dielectric constants, y = 45
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Figure 1: a) Calculated carrier density (ncarr) in comparison to experimental values inferred from Hall measurements, as
reported by Chang et al.,[1] b) calculated ionized impurity concentration (ni;), and ¢) the resulting figure of merit (27") for

p- and n-doped SnSe, along with experimental results reported by Chang et al.[1].

The quadratic fits to low temperature

points only (300-600 K, blue dot-dashed line) and high temperature points only (600-807 K, red dot-dashed line) highlight the

enhancement of 27" above 600 K for n-doped SnSe.
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Figure 2: Calculated thermoelectric properties of p- and n-doped SnSe for 7" = 300-807 K in comparison with available
experimental data reported by Chang et al.[1] up to 773 K. a) Seebeck coefficient (S), b) electrical conductivity (o), ¢) power
factor (PF), d) thermal conductivity due to the carrier transport at zero electric current (ke1), €) Lorenz function (A) and f)
electronic figure of merit (27.). The fits to points in different temperature ranges (orange for 300-600 K, blue for 400-807 K
and red for 600-807 K) highlight the enhancement (faster decrease) of S and 2T (ke and A) above 600 K for n-doped SnSe.

and (o, = 13, respectively. The same value of M = 10
star functions used in the e-p calculations was employed
in the computation of iy in order to have a consistent
grid for integration. Finally, Mathiessen’s rule (Eq.17)
yields 7¢ot, which was used to compute TE transport co-
efficients based on a modified version of the BoltzTraP
code.[48, 49]

IV. Results

The comprehensive theoretical framework and accu-
rate computational implementation presented in the pre-
ceding sections allow us to untangle the microscopic fac-
tors behind the high zT value exhibited by out-of-layer
n-doped Pnma-SnSe.

A. Carrier density and ionized impurity
concentration

Following the iterative procedure described in
reference[49], we determined the carrier density (ncarr)
and ionized impurity concentration (n;;) at each temper-
ature T by requiring that the calculated Seebeck coeffi-
cients and electrical conductivities matched the measured
values reported in the work of Chang et al.[1] for temper-
atures up to 773 K. For higher temperatures, ncar and
n;; were determined based on a smooth extrapolation of
S and o with increasing 7T'.

Fig. 1 shows the resulting ncar together with the ex-
perimental values inferred from Hall measurements.[1] It
is important to note that Hall concentrations are deter-
mined assuming a single parabolic band and a Hall scat-



tering factor of unity, which means they should not be
considered to be the exact carrier densities. However,
such measurements provide a reasonable estimate of nca,,
and serve as a qualitative check of our determinations of
Necarr and ng;. Having that in mind, we can state that our
results are quite consistent with the experimental find-
ings, displaying the same trends with temperature and
order of magnitude. Experimental and calculated values
of S, o, and power factor, PF = .52, are shown in Fig. 2.
The close match between calculated and measured values
demonstrates that our theoretical framework is robust
and can accurately describe the temperature dependence
of these TE properties for reasonable values of n¢a,r and
T

In the temperature range of 400-700 K, the calculated
Nearr and ny; for both n- and p-doped SnSe gradually
decrease with temperature. This decrease correlates well
with the measured Hall carrier concentrations. For higher
temperatures the carrier and ionized impurity concen-
trations in n-doped SnSe continue to decrease, whereas
they increase for p-doped SnSe. This increase in car-
rier and ionized impurity concentration in p-doped SnSe
was confirmed by additional calculations at 650 K and
750 K and can be attributed to the exponential intrin-
sic temperature-driven formation of Sn vacancies[49, 82—
84], Vs_nz. At 600 K this temperature-driven vacancy for-
mation starts to exceed the concentration of vacancies
formed during growth and add additional holes beyond
those generated by the extrinsic defects due to p-doping.
It is important to stress that previous works support that
in Se- or Sn-rich conditions of SnSe growth the dominant
ionized impurity is Vsjf due to its relatively low forma-
tion energy and a desirable ultra-shallow thermodynamic
transition level[82-84]. Tt has also been confirmed by dif-
ferent experiments[85-87].

For the n-doped case the additional holes from Sn va-
cancies would lead to a further reduction in the carrier
density, as observed in Fig. 1(a), since it is expected that
these vacancies will capture electrons. In the work of
Chang et al.[1], the n-type dopant impurity is Br, which
substitutes for Se atoms and forms BT'S: charged defects.
Since the Fermi level is close to the bottom of the conduc-
tion band, the formation energy of VS_n2 is low because
they capture electrons. Even the undoped material is a
p-type semiconductor due to the Vsjf that are formed
during growth and remain trapped in the structure as
the material cools down[84]. They introduce defect lev-
els close to the valence band maximum and thus provide
partial compensation in the n-doped material. As tem-
perature goes up the concentration of VS;f goes up as
well. Then, it is expected that the whole concentration
of ionized impurities would go up. However, our cal-
culations indicate that the concentration of ionized im-
purities actually decreases with increasing temperature
(Fig. 1(b)), which can be explained by the likely forma-
tion of (2Br¢,)-Vg,2 complexes, which are neutral and
electrically inert. The scattering of carriers by these neu-
tral impurities is not relevant because their concentration

remains vanishingly small when compared to the concen-
tration of ionized impurities.[42, 88, 89]

B. Calculated Thermoelectric Properties

The magnitudes of the Seebeck coeflicient for p- and n-
doped SnSe are nearly identical up to ~700 K, but then
diverge for higher temperatures. While the Seebeck coef-
ficient continues increasing for n-doped SnSe, for p-doped
SnSe it decreases for higher temperatures. The decrease
in S for the p-doped case is a consequence of two main
factors: i) the increase of ncayr, likely caused by VS;LQ for-
mation and associated generation of holes; and i) the in-
crease of hole conduction, despite the associated increase
in ny; that leads to increased scattering by ionized impu-
rities. The onset of temperature-driven formation of Vsjf
also impacts n-doped SnSe by capturing electrons in the
system. This leads n¢q. to decrease faster causing an
enhancement in S beyond ~ 600 K.

The electrical conductivity exponentially decreases
with temperature for both p- and n-doped SnSe up to
700 K, and continues decreasing for the n-doped mate-
rial, whereas the conductivity abruptly increases for the
p-doped material. This increase is a direct consequence
of the rise in n¢arr, despite the decrease in the relaxation
time. One important observation is that o decays slower
for the n-doped material due to the relaxation time be-
haviour. Though the high-temperature behaviour of S
and o are quite different for the n- and p-doped cases,
they compensate in such a way that the PF is quite flat
over the whole temperature range above 600 K for both
dopings, as shown in Fig. 2(c). This is also a consequence
of the relaxation time behaviour, which will be discussed
below. Another important feature to observe is that the
n-doped SnSe presents a higher PF' than the p-doped
case.

Having used S and o to determine nca,r and ny, the
thermal conductivity of the carriers at zero electric cur-
rent (ke1), Lorenz factor (A = ke/(0T)), and electronic
figure of merit (27, = S%/A) can be directly calculated
without any additional input. The results are shown
in Fig.2(d)-(f). For n-doped SnSe, k¢ decreases mono-
tonically with temperature, which gives rise to a similar
monotonic decrease in A and increase in 27,. On the
other hand, the behaviour of ke for the p-doped mate-
rial is decidedly non-monotonic, reaching a minimum be-
tween 600 and 700 K, which leads to a minimum in A
and maximum in 27, near the same temperature.

Additionally, we then determined kj.t¢ by subtracting
the calculated ko from the experimental ki, as mea-
sured by Chang et al.[1] Figure 4 shows Ki.t and Kot
for both p- and n-doped SnSe as a function of tempera-
ture. We observe that n-doped SnSe has a smaller Kjatt,
which can be attributed to its heavier doping, resulting in
more ionized impurities which enhance phonon scattering.
Since n-doped SnSe possesses a larger ke, both systems
have similar x¢ot. By considering a 1/T extrapolation[90]
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of the calculated values of ki.tt, we calculated ko at
807 K, which was used to determine zT for both sys-
tems (Fig.1(c)). For the n-doped case, we obtained an
ultrahigh-27T" = 3.1 at 807 K, while for the p-doped case
zT = 0.7. Since the total thermal conductivities for p-
and n-doped SnSe are comparable, the leading cause be-
hind the significantly higher 27T for the n-doped material
is its higher PF', which is a consequence of its higher elec-
trical conductivity. Importantly, above 600 K 2T starts
growing faster with 7. As we will explain below, this
enhancement cannot be attributed to the PF', which is
almost constant in that range.

C. Dominant Scattering mechanisms

We now consider the microscopic scattering mecha-
nisms and their respective RTs, which determine the
transport properties of p- and n-doped SnSe. The RT
contribution for each process, as well as for 7o, is de-
fined as a function of the carrier energy by

Zn,k 7-"-,kvn7k’Un.,k(S(e — Gn_’k)
Zn,k v"vkvnyk(;(e - 6n,k)

7(€) = (18)

Our results for 7(e) as a function of temperature for the
out-of-plane direction of p- and n-doped SnSe are pre-

sented in Fig.3. For both n- and p-doping the RT for
polar e-p scattering is so large due to the strong screen-
ing that it will not have any effect on the TE properties,
so we will not consider it further.

For the n-doped material, the dominant scattering over
most of the temperature range is due to ionized impuri-
ties with a relaxation time, Timp, that smoothly decreases
as a function of the carrier energy. The temperature de-
pendence of the individual RTs is shown in Fig. S1 in the
Supplemental Material (SM)[91], where it is clear that
Timp, and consequently Tiot, both increase with temper-
ature. This is due to the decrease of ny, even though
the screening of the impurities decreases as the charge
density diminishes with temperature. On the other hand,
since Typol decreases with temperature, non-polar scatter-
ing by phonons plays a progressively larger role, finally
becoming the dominant scattering mechanism at 807 K.

For the p-doped material, the dominant scattering
mechanism depends on the carrier energy. The RT for
ionized impurity scattering, 7imp, steadily increases as the
carrier energy moves away from the valence band maxi-
mum (VBM), dominating for both the lowest and highest
energy carriers. In contrast, the RT for non-polar phonon
scattering, T,po1, has a pronounced "U" shape that dips
below Timp for intermediate carrier energies. This has a
strong influence on the high-T" TE properties, as will be
discussed below. The temperature dependence of each
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highlights the monotonic increase of Kei/Ktot-

RT is shown in Fig. S2 of the SM[91], where we observe
that both 701 and Timp, and thus also 76, in general
decrease with 7. This behaviour of 7y, is opposite that
of the n-doped case, and it is related to the evolution of
ny; with temperature. Since ny; is nearly constant with
T for the p-doped material, the temperature dependence
of Timp must be caused by the change in the screening
radius. This feature is crucial for a proper description
of the transport behaviour of p-doped SnSe, since Timp
dominates for energies close to VBM.

A direct comparison of the total RT for n-doped and
p-doped SnSe is provided in Fig. S3 in the SM[91]. At
300 K, 7ot for the p-doped material is about ~10-20 fs
at the VBM, almost one order of magnitude larger than
that of n-doped SnSe, which has 7,; ~2 fs at the CBM.
This difference quickly decreases with increasing temper-
ature, a direct consequence of the increase of Tip,p, for n-
doped SnSe and simultaneous decrease of Thpo1 and Timp
for the p-doped material. In fact, at 807 K, the magni-
tudes of 7ot for both cases are within the same order of
magnitude (~1-10fs). However, the dependence on car-
rier energy is quite different. While 7¢o¢ for the p-doped
material exhibits a U-shaped behaviour, 7y for n-doped
SnSe decreases slowly and smoothly.

The opposite T dependence of 7 for p- and n-doped
doped SnSe is crucial for understanding their transport
properties from a microscopic viewpoint. As Tyo in-
creases with T for the n-doped material, it slows down the
decay rate of o as a function of T and, since T¢,; weakly
influences S, it prevents the PF from decreasing above
600 K, even though nca;, starts more rapidly decreasing
due to the formation of Sn vacancies. Rather, the PF
stays roughly constant in the temperature range of 600-
807 K, which contributes to the excellent performance
of n-doped SnSe, as will be discussed below. For the
p-doped material, the opposite behaviour of 7t greatly
influences o by making it decrease up to 700 K and then
preventing it from increasing as quickly as the temper-
ature rises to 807 K. Together with the behavior of |S|,
this results in a PF' that is quite flat over the whole tem-
perature range above 600 K.

D. Average electronic group velocities

Along with the RTs presented in the preceding section,
the average electronic group velocity, v(e), governs all TE
properties through the transport distribution function,
Y (e), given by Eq. 1. v(e) in the out-of-plane direction is
given by

v(e) = Z [vnx|20(e — €nx)/ 26(6 —€enk) - (19)
n,k n,k

Fig. 4(a) shows v(e) for p- and n-type SnSe, clearly
demonstrating that the velocities for n-type SnSe are
much higher than those for p-type SnSe. This characteris-
tic is well known from the literature,[1, 35, 36, 75, 92, 93]
and is in line with observations that the electron ef-
fective masses in SnSe are much smaller than those of
holes.[36, 93] Yang et al.[35] pointed out that this dif-
ference is caused by two important factors. First, anti-
bonding states formed by the interaction between s and
p orbitals of Sn atoms with p orbitals of Se atoms push
away the charge density of Sn atoms at the VBM, thus
preventing hole transport. Second, p orbitals of both Sn
and Se atoms are much more delocalized at the CBM, en-
abling high conductance between Sn and Se atoms along
the out-of-layer direction. Such delocalization has been
further confirmed by DFT calculations and scanning tun-
neling microscopy, whose results indicate that the charge
density tends to fill the out-of-plane interlayer region.[1]

Fig. 4(b) shows X(e) at 300 and 807 K. The difference
between the magnitudes of v(e) is largely compensated
by the large difference in 70t for p- and n-doped systems
at 300 K. However, the difference in 3(¢) increases with
rising 7', where the n-doped case presents higher >(e)
at 807 K. These trends are also reflected in the plots
of mean-free-paths (mfp), where the mfp of n-doped (p-
doped) system increases (decreses) with T (see Fig. S4 of
the SM[91]). Typically the mfp increases from 0.5 (300 K)
to 1 nm (807 K) for electrons at the CBM in n-doped
SnSe. X(e) sets the scale of o, PF and also x° (Fig 5),
and is thus responsible for their larger magnitudes in the



n-doped material as compared to the p-doped material,
even at 300 K.

E. High-temperature enhancement of 27" in
out-of-layer n-doped SnSe

From Section IV B it is clear that the higher PF in
n-doped SnSe is the most important feature that leads
to higher 27T in comparison to the p-doped case, since
Ktot 18 very similar for both systems. This observation
is already clear in the experimental results of Chang et
al.[1] However, the high temperature enhancement of 2T
for n-doped SnSe starting at 600 K is a feature that can-
not be inferred by simple arguments on the basis of the
behaviour of the PF. The explanation has its roots in
the decrease of k¢ and the behaviour of 7., as it will be
explained below.

For n-doped SnSe, as shown in Fig. S5, PF /K0t grows
almost linearly with 7" with a linear coefficient that we
call b. By writing 2T = (PF/kiot) x T = (bT)T = bT?
we see that 27" grows approximately quadratically with 7.
Then, at 600 K, we observe that there is a large increase
in b, so 2T begins to grow faster with 7', as evidenced by
the quadratic fits for low and high T in Fig 1(c). How-
ever, this change cannot be attributed to the PF since it
is decreasing (constant) in the range of 400-600 K (600-
807 K). Consequently, it must be attributed to a faster
decrease in Kot .

By looking at the plot of kior and kiape (Fig. 4(c)),
for the n-doped case we observe that k.t decreases as
1/T, without any considerable change from 400 to 807 K
and hence we can attribute the faster decrease in Kot
to a faster decrease in ko in the range of 600-807 K
(Fig.2(d)). Such faster decrease in ke also leads zTe to
increase faster (Fig.2(f)) in close agreement with the be-
haviour of 2zT. This makes sense because Kel/ Kot Srows
almost linearly with 7' (Fig. 4(d)) and 27" can be written
as 2T = 2Te X Kel/Ktot-

The crucial question is, why does k] begin to decrease
faster above 600 K? Because k) is the difference between
k°, the integral in Eq.4, and PF x T, both of which
are increasing with temperature, the decay of ko with
T is a consequence of the faster rise of PF x T as com-
pared to k°. Thus the high PF above 600 K is the main
cause of the faster decrease in k1. Consequently, the en-
hancement of zT' at higher temperatures can be directly
connected to the behaviour of 7, and consequently,
Ttot, Since both steadily increase with 7', maintaining the
PF at high values for temperatures above 600 K. This
constitutes the microscopic origin of the excellent high-
T thermoelectric performance in out-of-plane n-doped
SnSe, since without this feature 27" would reach a sig-
nificantly smaller value of around 2.2 at 807 K, as shown
by the fit to 2T for low temperatures only (Fig. 1(c)).

F. Connections to the best thermoelectric

As pointed out by Mahan and Sofo[21], 2T has a the-
oretical upper bound of 2Ty = k° /Klatt, which we can
calculate directly using our formalism. In fact, several
factors impact the magnitude and the behaviour of x°
with 7', including: 4) the magnitude, temperature depen-
dence, and carrier energy dependence of Ty (€), v(e) and
thus (¢); 4i) the position of the chemical potential, di-
rectly related to nearr, and i) the combined effects of the
multiplicative factor, (e — u)?, and the window function,
0f /O¢, that broadens with T'. At first glance, it seems
that an increase in x° would lead to an increase in ke
and kK¢ot and thus a decrease in zT'. However, our results
in Fig. 5 demonstrate the more subtle roles played by «°
and k¢ in the determination of 27

We observe that " is much higher for n-doped SnSe
than p-doped SnSe, clearly indicating that the former has
the potential for a higher zT},ax, at least for the specific
carrier densities considered in this work. Additionally,
k0 steadily increases as a function of T for n-doped SnSe,
which is related to the fact that its 7ot only increases
with T. For the p-doped case k° decreases with tem-
perature up to 600 K and then start to increase again
for T up to 807 K, which can be explained by the fact
that its 7ot only decreases with 7. However, for tem-
peratures higher than 600 K, the U shaped behaviour
of Ti0¢(€) allows k° to increase due to the broadening of
Of/0e. (A detailed explanation is provided in the SM[91]
accompanying Fig. S6.) The difference between 27" and
2Tmax is inversely proportional to the ratio 0.S?T/k° (see
Fig. 5(a)), which is intrinsically connected to the magni-
tude of ke1. In fact, ke is smaller when 0.52T'/k" is larger,
and kg — 0 as US2T/I<LO — 1. Thus, our results clearly
show that 2T approaches the upper limit, x°/kjat;, only
when ke is small. In view of this picture, the use of
band-pass energy filters[20] over transport distribution
functions is not always productive, since it cuts off x°
in order to reduce ke and A, with the disadvantage of
lowering the upper limit.

V. Conclusions

We investigated the reasons behind the excellent TE
performance in out-of-plane n-doped SnSe by employ-
ing dual interpolation first-principles calculations of non-
polar and screened polar e-p coupling combined with a
semi-empirical methodology to compute the scattering
of charge carriers by ionized impurities. Using reported
values for S and o to self-consistently determine the car-
rier density and ionized impurity concentration, we cal-
culated the TE transport properties of SnSe, including
K, kel, A, 2T, and 2T, for both n- and p-doping and
temperatures up to 807 K. Our calculations predict an
ultrahigh-z7T" = 3.1 for n-doped SnSe at 807 K. In order
to understand the high 27" as well as the enhancement
of zT above 600 K for n-doped SnSe, we analyzed sev-



1.0

0.6

0.4

0.2 K o-

KO (Wm K1), 68%T/K°

300 400 500 600 700 800
Temperature (K)

10

10° 3

KO/K|att, zT

10_1 E 1 L | L | L | L | L 1 3
300 400 500 600 700 800
Temperature (K)

Figure 5: a) Thermal conductivity due to carrier transport under isoelectrochemical conditions (k) and the ratio o.S*T/x", b)
calculated thermoelectric figure of merit (27") and the upper limit of 27", namely K’ /Kiatt, as a function of temperature for p-

and n-doped SnSe.

eral important microscopic quantities that jointly impact
the overall transport properties, such as the average elec-
tronic group velocities as well as the carrier energy and
temperature dependence of scattering mechanisms and
their respective relaxation times.

Our results show that the scattering by ionized impu-
rities is the dominant scattering mechanism in n-doped
SnSe up to 700 K, while non-polar phonon scattering
dominates for higher temperatures. In the p-doped case,
these two mechanisms are comparable throughout the
temperature range, but have different dependence on the
carrier energy. All the RTs calculated show a decrease
with temperature, except for Timp in n-doped SnSe. Be-
cause impurity scattering is dominant for n-doping, Tiot
increases with temperature, even after the crossover to
non-polar e-p scattering at 700 K. This behaviour of 7t
that increases with temperature, in conjunction with the
intrinsically higher electronic group velocities in n-doped
SnSe, act cooperatively to produce a high PF and high
k0 and, simultaneously, to reduce k. even faster beyond
600 K, allowing for the ultrahigh-z7" = 3.1 at 807 K. Note
that kiagt is smaller in n-doped SnSe, possibly due to the
heavier doping of the sample. This contributes to the
increase in z7T, though it is not the decisive factor.

For p-doped SnSe, the intrinsically lower electronic
group velocities, along with 7,4 that decreases with T,
makes the PF and % much smaller than in the n-doped
case, and with the tendency to decrease further with ris-
ing T'. At higher temperatures, some hope arises for the
p-doped case due to the U shaped behaviour of i (€)
that acts to increase x° and thereby increase the upper
limit (k°/k1ate) of 2T. At 807 K, the increase in ncarr
due to the formation of Sn vacancies tends to increase
the PF, but it is counteracted by the reduced 7¢ot. Con-
sequently, with low PF, ke increases as PF x T/k% de-
creases (see Fig. 5(a)), causing the calculated zT" to move
further away from the upper limit, £°/k1.;. The plots
of 2T and zTax for p-doped SnSe in Fig.5(b) clearly
demonstrate that z7T approaches its upper limit when
Kel is very small. Informed by our results, optimization

of the TE performance of p- and n-doped SnSe can be
achieved by adjusting nearr in order to optimize x°. This
is the subject for future work.
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