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By first-principles methods combined with Boltzmann transport theory, we perform a systematic investiga-
tion of the thermoelectric properties of RbGel;/CsSnl; superlattices. RbGel;/CsSnl; superlattices construct a
quantum well with valence and conduction states near the Fermi level located in CsSnl; layers, which yields
a periodic repetition of two-dimensional transport channels. The quantum-confinement effects and the ultralow
lattice thermal conductivity of the superlattices greatly enhance the in-plane thermoelectric power factor and
figure of merit (Z7), which further increase when decreasing the thickness of CsSnlj layers in the superlattices.
In (RbGels)s/(CsSnl;), superlattice, the power factor increases by two times, and Z7 is enhanced by nine times,
compared to the parent CsSnl;. The ZT of this superlattice is 1.34 at 300 K and 3.78 at 550 K, providing
a potential candidate for room-temperature thermoelectric applications. These results also confirm a way to

improve the thermoelectric performance of CsSnl;.
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I. INTRODUCTION

Thermoelectric (TE) materials that can generate a direct
and reversible conversion between heat and electricity with-
out any moving parts have attracted increasing attention as a
promising clean-energy technology [1-4]. The performance
of a TE material is largely determined by the dimensionless
figure of merit ZT = S?0T/(kee + k1), Where S, o, T, Kefe,
and «;, represent the Seebeck coefficient, electrical conductiv-
ity, temperature, electronic thermal conductivity, and lattice
thermal conductivity, respectively. It is clear that a greater ZT'
may be achieved by either raising the numerator (S?c’) and/or
lowering the denominator («,;. and ;) based on the preceding
formula. However, the strong coupling effect among S, o, and
Kele usually impedes the improvement of TE performance.
Proven strategies for improving ZT are typified either by an
enhancement of power factor (S?0) via band engineering
approaches [4—6] or by a suppression of the only relatively in-
dependent material property, lattice thermal conductivity (k)
through phonon scattering due to various sources [7,8]. The
decoupling studies of electron and phonon transports reveal
that the semiconductor material with intrinsic ultralow lattice
thermal conductivity is very promising as a high-performance
TE material.

Halide perovskite materials of ABX; (X =F, Cl, Br, 1)
not only show broadly anticipated applications in photo-
voltaic and light-emitting devices due to their extraordinary
optoelectronic properties [9] but also hold great promise for
TE applications, as they may offer ultralow thermal conduc-
tivities [10] and large charge mobilities [11-13]. In 2014,
He and Galli [14] first investigated the TE properties of
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CH3;NH;MI; (M = Pb, Sn) by using first-principles density
functional theory calculations and found that the predicted
ZT can reach values ranging from 1 to 2 after assuming the
lattice thermal conductivity of 1 Wm~!K~!. Shortly after-
wards, on the experimental front, Mettan et al. [15] also
studied the CH3;NH3;MI; (M = Pb, Sn) bulk crystals and
found that the ZT can be improved by photoinduced doping
(in CH3NH;3Pbl3) and chemical doping (in CH3NH;3Snl3).
In addition to the above hybrid organic-inorganic halide per-
ovskites, the TE properties of all-inorganic halide perovskites
have attracted considerable attention [16—18], especially for
tin-based halide perovskites [19-21], owing to the consid-
erable amount of intrinsic tin vacancies and the self-doping
process through the oxidation of Sn** to Sn** [19,22]. Lee
et al. [21] investigated a series of single-crystalline all-
inorganic halide perovskites (CsPbBr3;, CsPbls, and CsSnl3)
and revealed that the CsSnl; possesses a ZT of 0.11 at
320 K, which is attributable to the rare combination of ul-
tralow thermal conductivity (0.38 +0.04 Wm~'K~!), high
electrical conductivity (282Scm™!), and high hole mobil-
ity (394cm? V~1s71). Recent studies for TE properties of
tin-based halide perovskites focus on the mixed perovskite
containing A-site [23], B-site [24], and X-site [19,20] alloying.
Liu et al. [20] reported that CsSnl;_,Cl, films obtained from
thermal evaporation methods can achieve a ZT of 0.14 +
0.01 at 345 K for x = 1%. Although the TE properties of
tin-based halide perovskites have been improved, the experi-
mental ZT values observed at room temperature rarely exceed
0.2 [25,26], as shown in Supplemental Material Table S1 [27]
(see also Refs. [19-21,23,24,28-34] therein). Therefore, the
ZT of tin-based halide perovskites may be further improved
by appropriate strategies.

One promising avenue to improve TE properties is the
quantum-well superlattice, proposed by Hicks and Dres-
selhaus [30], which could enable both the suppression of

©2024 American Physical Society
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thermal conductivity and the increase of the power factor. In
a quantum-well superlattice, the electrons and/or holes are
quantum confined to move within the narrow-band-gap semi-
conductor, which has been confirmed experimentally with
the use of the PbTe/Pbg 927Eug 973 Te multiple quantum well
(MQW) [35,36]. In 2007, a break-through experiment [37]
reported a record ZT~2.4 for the MQW composed of SrTiO3
(barrier)/StTip gNby 03 (well)/SrTiO3 (barrier) having the
two-dimensional electron gas as the active region. For similar
materials and structures, Choi et al. [38] observed a threefold
enhancement of the polaron effective mass and relaxation time
when the Nb:SrTiOj3 layer thickness is reduced from 11 to 1
unit cell. The role of quantum confinement and/or superlattice
engineering to enhance and design TE has been assessed in
abundant perovskite oxides, such as LaNiOs/LaAlO3 [39,40],
LaNiO3/StTiO5 [41], SrRuO3/StTiO5 [42], LaAlO3/StTiO3
[43,44], and SrX O3/StTiO; (X =V, Cr, or Mn) superlattices
[45,46]. However, systematic studies on the TE properties
of CsSnlz-based superlattices are still lacking because of the
difficulty in finding an appropriate barrier material for CsSnlz
quantum wells in preparing the quantum-well superlattices
[31,36].

Here, we studied the thermoelectric properties of
RbGels/CsSnlj; superlattices by first principles combined with
Boltzmann transport theory. RbGels/CsSnl; is a quantum-
well superlattice where the band offset is large between
CsSnl; and RbGel; [47]. In the RbGel3/CsSnl; superlattices,
we observe the two-dimensional conduction channels (Sn—I,
atomic layer) which are derived from the band offset in the
valence band edge. Meanwhile, the improvement in in-plane
power factor and ZT is achieved for RbGels/CsSnl; su-
perlattices due to the two-dimensional quantum-confinement
effects and the ultralow lattice thermal conductivity. The ZT
of RbGels/CsSnl; superlattices can be as large as 1.34 (3.78)
at 300 K (550 K), nine times larger than that of CsSnl; pure
structure.

II. COMPUTATIONAL METHODS

The first-principles calculations were performed by the
Vienna ab initio simulation package (VASP) code [48,49] based
on density functional theory. We use the generalized gradient
approximations (GGAs) with the Perdew-Burke-Ernzerhof
revised for solids (PBEsol) [50] exchange-correlation func-
tional, which has been proved to yield more accurate lattice
constants and phonon frequencies than other GGA functionals
[51]. The valence electron configurations of the atoms are Cs
(55% 4p° 651), Rb (457 4p° Ss1), Sn (4s2 4p?), Ge (452 4p?), and
I (55> 5p°). A plane wave energy cutoff of 350 eV and a con-
vergence criterion of 1077 eV were utilized in the electronic
self-consistent calculations. The energy cutoff convergence
test has been considered, as shown in Supplemental Material
Fig. S1 [27]. During the structural relaxation, crystal struc-
tures including the internal positions were optimized until
atomic forces were smaller than 5 meV/A. A Monkhorst-Pack
k-point mesh of 8 x 8 x 6 was applied for relaxing structures
and calculating electronic properties.

The phonon calculations were carried out by the PHONOPY
[52] code. The lattice thermal conductivity, phonon lifetime,
and phonon group velocity were carried out by the PHONO3PY

[53] code with the finite displacement method. The sixth near-
est neighbor (5 A) was chosen as the three-atom interactions
cutoff distance for the third-order interatomic force constants
(IFCs). For the case of RbGel; and CsSnlz, weuse a2 x 2 x
2 supercell (160 atoms) and a 2 x 2 x 1 supercell (80 atoms)
of the unit cell for calculating the second-order and third-order
IFCs, respectively. For the case of (RbGels),,/(CsSnl3), (m =
1,2,3,4,5;n=5,4,3,2, 1; m + n = 6) superlattices, we use
a2 x 2 x 1 supercell (240 atoms) and a 1 x 1 x 1 supercell
(60 atoms) of the unit cell for calculating the second-order
and third-order IFCs, respectively. Calculating the third-order
IFCs requires a significantly larger number of displaced su-
percell structures. We note that the number of third-order
IFC calculations are 12924, 13284, 13644, 13788, and 13716
for (RbGels),,/(CsSnls), superlattices (SLs; from 1/5 SL to
5/1 SL), respectively. Note that the order of the magnitude
of the number has been confirmed to be sufficient to obtain
accurate lattice thermal conductivity [54,55]. Nonanalytical
term correction [56] was applied to the IFCs to take into
account the long-range Coulomb forces effects. Converged
lattice thermal conductivity results were obtained by using
a g mesh of 16 x 16 x 16 (see Fig. S2 in the Supplemental
Material [27] for the convergence test).

The electronic transport coefficients were calculated by the
linearized Boltzmann transport equation within the relaxation-
time approximation as implemented in the second version
of the BOLTZTRAP (BOLTZTRAP2) [28] code. A dense k-point
mesh with a Kmesh-resolved value of 0.05A~" was used
in the calculation of transport coefficients. An interpolation
factor of 100 was used during the BOLTZTRAP2 routine.

III. RESULTS AND DISCUSSION

A. Structure and stability

Both CsSnl; and RbGels are orthorhombic perovskite
structures with an antiferrodistortive tilting pattern of a"a ¢
(Glazer’s notation [57]). CsSnl; and RbGel; possess the
Pnma (#62) and Pna2; (#33) phases, respectively, as shown
in Figs. 1(a) and 1(b). It is noted that the Pna2; phase
of RbGel; is a polar structure with a 9.83 uC/cm? polar-
ization along the [001] direction from our previous studies
[47]. The calculated lattice parameters of CsSnl; (a = 8.77 A,
b=840A, and ¢ =12.24 A) and RbGel; (a =8.33 A,
b =28.03 A, and ¢ = 11.68 A) are well consistent with ex-
periments [21,22,47]. The angles of in-plane out-of-phase
(out-of-plane in-phase) octahedral tilting are 6.84 ° (10.81 °)
and 7.34° (10.97 °) for CsSnl; and RbGels, respectively. The
calculated phonon dispersions and phonon density of states
(DOS) of CsSnlz and RbGel; are depicted in Supplemental
Material Fig. S3 [27]. The absence of imaginary eigenvalues
corroborates the dynamic stability and indicates that reliable
lattice thermal conductivity can be obtained. Superlattices
(RbGel3),,/(CsSnl3), (m=1,2,3, 4,5, n=5,4,3,2,1;
m+n = 6) are considered, for which an m unit layer of
RbGels successively alternated with an 7 unit layer of CsSnl;
along the pseudocubic [001] direction. Figure 1(c) shows the
representative configurations of the (RbGels)5/(CsSnl3); su-
perlattice. The superlattices adopt a monoclinic phase (space
group Pc, No. 7) with a similar antiferrodistortive tilting
pattern of a"a ¢ as their parent structures of CsSnl; and
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FIG. 1. Atomic structures. The structures of (a) CsSnl;, (b)
RbGel;, and (c) (RbGel;)s/(CsSnls), superlattice (5/1 SL). Orange,
red, magenta, blue, and purple balls represent the Cs, Sn, Rb, Ge, and
I atoms, respectively.

RbGel;. Furthermore, the superlattices display both in-plane
and out-of-plane polarization, resulting from the unequal dis-
placements of different A-site and B-site atoms [58].

B. Ultralow lattice thermal conductivity

The lattice thermal conductivity (k;) is calculated by
solving the linearized phonon Boltzmann transport equa-
tion with the single-mode relaxation-time (SMRT) method in
PHONO3PY as below [53]:

l 2_SMRT
Ky = IV—VOXA:CAUATA , (1)

where N is the number of unit cells in the crystal and Vj is
the volume of a unit cell; Cy, vy, and ToMRT are the mode-
specific heat capacity, phonon group velocity, and phonon
lifetime, respectively, for the Ath phonon mode. We calculate
the frequency-dependent phonon group velocities and phonon
lifetimes of CsSnl; and RbGels, as illustrated in Fig. 2. The
insets of Fig. 2 are the average phonon group velocities along
the a, b, and ¢ axes and the average phonon lifetime. As
shown in Figs. 2(a) and 2(c), RbGel; possesses lower average
phonon group velocities than CsSnls, but the distribution of
square of phonon group velocities of CsSnl; and RbGel; are
very similar. In the low-mid-frequency region, they all pos-
sess high-density phonon modes with low group velocities. In
the mid-high-frequency region, they own low-density phonon
modes with slightly higher group velocities. Figures 2(b) and
2(d) reveal the different distribution ranges of phonon lifetime
for CsSnl; and RbGels. Most phonon lifetimes of CsSnls
are within the range of 0.5-3 ps and it is between 0.3 and
1.0 ps for RbGels, which is lower than those of SnSe (0-10
ps) [59], PbTe (0-10 ps) [60], and GeTe (0.1-9 ps) [61],
indicating the lower thermal conductivity in halide perovskites

and corresponding superlattices. Note that RbGels possesses
both lower phonon lifetime and phonon group velocities than
CsSnlj, resulting in shorter phonon mean free paths (see Fig.
S4 in the Supplemental Material [27]). The short phonon
mean free paths of RbGels are a reflection of its crystal struc-
tures, which contain very distorted Gelg octahedra (due to the
off-centering Ge atoms), large angle of octahedral tilting, and
highly structural inhomogeneity. In the case of RbGels, the
Gelg octahedron contains three very short (2.81, 2.84, and
2.87 A) and three long (3.08, 3.10, and 3.15 A) Ge-I bonds,
which is observably different from the Snls octahedron (see
Fig. S5 in the Supplemental Material [27]). In the Rb-centered
polyhedron, the lengths of each Rb-Ge bond and Rb-I bond
are different, but in the Cs-centered polyhedron, the same
bond length can be found (see Fig. S5 in the Supplemental
Material [27]). The highly inhomogeneous bond length map
plays a key role in the rattling mechanism, as also proposed
by Lee er al. [21] for understanding the ultralow thermal
conductivity of CsSnls. Indeed, many studies argued that a
similar mechanism is responsible for the low lattice thermal
conductivity in clathrates [62] and skutterudites [63,64]. The
low phonon lifetime and phonon group velocities are therefore
a consequence of the highly inhomogeneous bond length in
RbGels.

Figures 3(a) and 3(b) present the calculated lattice
thermal conductivities (k;) of CsSnl; and RbGel; as
a function of temperatures. In all cases, the calculated
k; exhibits distinct anisotropy as a consequence of the
crystal symmetry, and «,; > K. > Ky, for all the considered
temperatures, where «,, is the out-of-plane lattice thermal
conductivity, and «,, and «,, are the in-plane lattice thermal
conductivity along the a axis and b axis, respectively.
For the CsSnl; at 300 K, «,,=0.388Wm Kl
Ky =0353Wm' K™, k, =0487Wm'K™!, and the
average lattice thermal conductivity () is 0.402Wm~' K1,
which is in good agreement with the experimental
values of 0.38+0.04Wm~'K~' [20,21]. For the
RbGels, ke =0.121Wm™'K™!, k, =0.107Wm 'K,
k. =0.125Wm™'K~!, and ¥ =0.117Wm~!' K~!, which
are obviously lower than those of CsSnl;. Furthermore,
the predicted lattice thermal conductivities of CsSnl; and
RbGel; are lower than other thermoelectric materials and
traditional oxide perovskites [65,66]. For instance, the
lattice thermal conductivities of SnSe [67], Bi,Tes [68],
PbTe [4], GeTe [61], SrZrS; [69], and PbTiO5; [70] are
about 0.6Wm~'K~!, 07Wm~'K~!, 22Wm~'K™!,
27Wm™ 'K, 1.26Wm™'K™!, and S5Wm'K!,
respectively. The ultralow «; is the consequence of the
ultralow phonon group velocities of low-mid-frequency
high-density phonon modes and ultrashort phonon lifetime of
all phonon modes (Fig. 2).

The RbGel3/CsSnl; superlattices adopt a lower symmetry
(Pc) than the parent structure RbGel; (Pna2;) and CsSnls
(Pnma). Thus, the superlattices would exhibit more com-
plex phonon dispersion and phonon-phonon coupling than
those in the parent structure [14,21] and possess low lat-
tice thermal conductivity. Because the in-plane transport
properties of RbGel;/CsSnl; superlattices with different su-
perlattice periods are the focus of our investigation, we
calculate the in-plane lattice thermal conductivity of each
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FIG. 2. Phonon transport properties. (a),(c) The square of phonon group velocities, and (b),(d) phonon lifetime at 300 K for CsSnl; (top
panels) and RbGel; (bottom panels). The symbols in the figures symbolize the phonon modes. The colored background represents the density
of the phonon modes and the brighter color means a higher density. The insets in panels (a) and (c) are the average phonon group velocities
along the a, b, and c axes, respectively. The insets in panels (b) and (d) are the average phonon lifetime.

(RbGels),,/(CsSnl3), (m + n = 6) superlattice, as shown in in the RbGel3/CsSnl; superlattices (from 1/5 SL to 5/1 SL).
Fig 3(c). We find that the in-plane lattice thermal conduc- For the (RbGels);/(CsSnls)s superlattice, the in-plane lat-
tivity decreases with decreasing thickness of CsSnl; layers tice thermal conductivity is 0.181 Wm™! K~! at 300 K. For

(b) RbGel, —=—k, (€) (RbGely),/(CsSnly), Superlattices (m/n SL)
- —— kA 0.6 - —=—1/5 SL
——, —e—2/4SL
— 3/3SL
—v—4/2SL
L | 04 ——5/1SL |

K, (W-m™K™")
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FIG. 3. Lattice thermal conductivity. The calculated temperature-dependent lattice thermal conductivity («x.) of (a) CsSnl;, (b) RbGels,
and (c) (RbGely),,/(CsSnly), superlattices (m =1...5;n=5...1; m+n = 6). The ., k,,, and k. represent the x; along the a, b, and ¢
directions, respectively. The i is the average lattice thermal conductivity. The in-plane «; is the average lattice thermal conductivity of «,, and
kyy. The vertical line indicates the «; at 300 K. The red and blue backgrounds indicate high thermal conductivity and low thermal conductivity,
respectively.
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FIG. 4. Electronic structure. (a) Calculated valence band structures, (b) effective mass, and (c) density of states for RbGels, CsSnl;, and
(RbGels),,/(CsSnl3),, superlattices (m =1...5;n=15...1; m+ n = 6). (d) Sketch of the alignment of the valence band maximum (VBM)
and conduction band maximum (CBM) energies of RbGel; and CsSnl;. Note that the energies in panel (d) are calculated by HSE06. In panels
(a) and (c), the valence band maximum is set to 0. The effective masses m,, m,, and m, were estimated from quadratic fits of the bands along

the directions I to X, I" to Y, and I to Z, respectively.

the (RbGelj3)s/(CsSnls), superlattice, it is 0.088 Wm~' KL
These results of low thermal conductivity in superlattices and
interfaces were observed in both experimental [71-73] and
theoretical studies [74,75].

C. Electronic structure and quantum-confinement effect

Figure 4(a) shows the electronic structures of RbGels,
CsSnls, and RbGel3/CsSnl; superlattices. Only the valence
bands near the Fermi level are shown. One can see that the
in-plane bands along I'-X and I"-Y are very similar, while the
maximum valence state and the second valence state at the Z
point shifts to higher and lower energy, respectively, with
decreasing the CsSnl; layers in RbGels;/CsSnl; superlattices.
Note that the band energy shifting upwards/downwards at the
Z point is induced by the reduced thickness of CsSnl; layers
(even reduced to a two-dimensional structure) which flattens
the band mainly coming from CsSnl; along I'-Z. In other
words, the energy at the Z point of the band coming from
CsSnl; would shift to the energy of the I point of this band,
and the bands along I'-Z become flat. This energy shift of
state at the Z point leads to the corresponding reduction of
band curvature along I'-Z, and thus the effective mass along
I'-Z becomes large with the decreased CsSnl; layers in the
superlattice, as shown in Fig. 4(b) and Supplemental Material
Table S2 [27]. As illustrated in Fig. 4(c), the DOS near the

Fermi level increases with decreasing amount of CsSnl; in
the superlattices (from 1/5 SL to 5/1 SL).

In a quantum-well heterojunction, the band alignment of
the interface can be determined by the core-level alignment
scheme [76,77]. We thus use the average energies of 1s or-
bitals of all I atoms as the core level and the reference energy.
Comparing the band structure of RbGel; and CsSnls, the
valence band offset (AE) between RbGel; and CsSnlj is
0.549 eV with the valence band maximum of CsSnls lying
higher than that of RbGel; [see Fig. 4(d)], which is calculated
by HSEO6 [78]. A similar valence band offset is also found in
PBEsol calculations (see Fig. S6 in the Supplemental Material
[27]) but is different in specific values. Our calculated band
offset of RbGels/CsSnl; (0.549 eV) is far larger than that of
BiyTe3/SbyTes (0.035 eV) [79], StTe/PbTe (0.06 eV) [80],
PbS/CdS (0.13 eV) [81], and PbTe/Pbg gy7Eug 973 Te super-
lattice (0.2 eV) [36]. The large band offset in the valence
band edges is high enough to set up large potential barriers
in the superlattices, which can lead to strong confinement of
the hole transport in the CsSnl; well region that benefits the
thermoelectric performance [82].

Low-dimensional hole transport requires the low-
dimensional electronic structure and valence band maximum
(VBM); we therefore examined the layer-resolved densities
of state (LDOS) of superlattices, as shown in Fig. 5, together
with the LDOS of bulk RbGel; and CsSnl; for comparison.
In bulk RbGel; and CsSnljs, the valence states near the Fermi
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FIG. 5. Layer-resolved electronic structure.
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Layer-resolved electronic density of states (LDOS) for RbGels,
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CsSnl;, and

(RbGel;),,/(CsSnly), superlattices(m =1...5;n=5...1;m+n=06).

level are mainly from Ge, Sn, and I atoms, and the A-site
atoms (Rb and Cs) do not contribute to the valence states.
Interestingly, in the cases of RbGels/CsSnl; superlattices, the
valence states near the Fermi level are only from Snl, atomic
layers, and RbGels does not contribute to the states near the
Fermi level (band and DOS in a broad energy range; see Fig.
S7 in the Supplemental Material [27]), implying that the hole
carriers are confined in Sn—I, atomic layers. This is similar
to the charge transport behavior exhibited in the engineering
of band alignment at perovskite solar cells that have been
extensively reported [13,83,84]. Additionally, as the CsSnl;
layer thickness decreases in the RbGel3/CsSnl; superlattices,
the densities of state near the VBM of each Sn—I, atomic
layer increase. The electronic structures clearly show that
RbGel;/CsSnl; superlattices exhibit a multiple quantum well
composed of (RbGels),, (barrier)/(CsSnls), (well) having a
strong hole carrier quantum-confinement effect.

D. Thermoelectric properties

To evaluate the thermoelectric performance (ZT =
S20T/(kee + k1), we then consider the electronic transport
properties of the Seebeck coefficient (S), electrical conduc-
tivity (o), power factor (PF; S%0), and electronic thermal
conductivity (k.;.). These electronic transport properties can
be calculated by solving the electronic Boltzmann transport
equation within the relaxation-time approximation (see Note
1 in the Supplemental Material [27]). In solving the elec-
tronic Boltzmann transport equation, choosing a reasonable
relaxation time for carriers is crucial to compute the electrical
conductivity, power factor, electronic thermal conductivity,
and figure of merit ZT. Here, the relaxation time was chosen
to be 20 fs (at 300 K), which was determined by fitting the
calculated electrical conductivity in the experiments of the
CsSnlj system [21]. To validate the relaxation time (20 fs) and
our computation methodology, we evaluated the thermoelec-
tric properties of bulk CsSnl; (see Fig. S8 in the Supplemental
Material [27]) and the calculated results are in good agreement

with experimental values [21]. The required parameters to
obtain the thermoelectric properties are given in Supplemental
Material Table S3 [27].

We calculated the Seebeck coefficient, electrical conduc-
tivity, power factor, and Z7 in the [100] and [010] (in-plane)
directions, as well as in the [001] (out-of-plane) direction
for all RbGel3/CsSnl; superlattices. The average in-plane
thermoelectric properties of the RbGels/CsSnl; superlattices
are displayed in Fig. 6. As shown in Fig. 6(a), we find that
the in-plane Seebeck coefficient (S,;) of all RbGel3/CsSnls
superlattices is larger than that of CsSnl;. Furthermore, the
Sa» increases with decreasing thickness of CsSnl; layers in
the RbGel3/CsSnl; superlattices (from 1/5 SL to 5/1 SL),
which is mainly induced by the increase of the density of
state near the Fermi level [8,85,86] [see Fig. 4(c)]. Unlike
the S,, the calculated in-plane electrical conductivity (o)
of superlattices is lower than that of CsSnl;. Therefore, the
o of the superlattices has a negative contribution to the ZT,
compared to the parent materials.

The improved S, in superlattices results in the enhance-
ment of the in-plane power factor (PF,;, S?c) at the carrier
concentrations of 10'7-3 x 10" cm—3, though o, tends to
reduce PF,,. In these carrier concentrations, the maximum
PF,;, of CsSnl; at 300 K is 184 uW m~! K=2 [Fig. 6(c)]. For
the (RbGels),,/(CsSnls), superlattices, the maximum PF,, is
203 uW m~! K~2 for 1/5 SL and it increases with the decrease
of thickness of the CsSnl; layer in the superlattice, and it
is 360 uW m~! K=2 for the 5/1 superlattice [Fig. 6(c)]. Fig-
ure 6(d) shows the in-plane figure of merit (ZT,;). Because
of the lower lattice thermal conductivity, the ZT,;, for super-
lattices is obviously improved. The maximum Z7;, of CsSnl;
is only 0.15. The maximum ZT,;, for superlattices increases
with the decrease of CsSnlj layers in superlattices. It is 1.34
of 5/1 SL at a hole doping concentration of 5.0 x 10" cm—3,
which is the highest for any CsSnlz-based compounds. We nu-
merically find that the maximum PF,;, and ZT,;, of 5/1 SL are
about two times and nine times those of CsSnl;, respectively.
A similar enhanced phenomenon was observed in the BiTes
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FIG. 6. In-plane thermoelectric properties. The thermoelectric properties of RbGels, CsSnl;, and (RbGels),,/(CsSnl3), superlattices (m =
1...5;n=5...1; m+ n = 6) along the in-plane direction under hole doping at 300 K. (a) The Seebeck coefficient S ;. (b) The electrical
conductivity o,. (¢) The power factor PF,;,. (d) The figure of merit Z7,,. The blue fading into red indicates the changed thermoelectric
properties with decreasing thickness of CsSnlj; layers in the RbGels/CsSnl; superlattices (from 1/5 SL to 5/1 SL).

quantum wells [30,87]. The increase in ZT with decreasing the
quantum-well thickness is caused by the bound motion in two
dimensions, which can be explained by the single parabolic
band model (see Note 2 in the Supplemental Material [27]).

As a supplemental confirmation, we also consider the case
of different total layers (m + n) of (RbGels),,/(CsSnl3), su-
perlattices, and similar results of thermoelectric properties
are still observed (see Supplemental Material Fig. S9 [27]).
By comparing the cases of (RbGels),,/(CsSnls), superlattices
m=1,3,5,7,9), we find that the maximum PF,;, increases
first and then decreases. The 5/1 SL possesses the best ther-
moelectric performance owing to the highest valence states
near the Fermi level (Supplemental Material Fig. S10 [27]).
This indicates that the gain of thermoelectric performance
in the confined region can be partly counterbalanced by the
contribution from the RbGel; barrier material which produces
the confinement, similar to what was proposed by Bilc et al.
[88]. Therefore, the key to obtaining the optimal ZT is to
prepare the appropriate quantum-well superlattice.

Figure 7(a) shows the predicated ZT,;, of 5/1 SL as a func-
tion carrier concentration at temperatures of 300, 400, 500,
and 550 K. ZT increases with the increase of temperature. The
carrier concentration at which Z7 is the maximum remains
at about 9.0 x 10'®ecm™> for any considered temperature,
enabling a self-optimized ZT,;, at different temperatures in
a single material without changing the actual doping levels

[89,90]. The maximum Z T, is 3.78 at 550 K, much larger than
that (0.15) of p-type doping of CsSnl; [19]. Fig. 7(b) shows
the ZT of 5/1 SL at different temperatures compared to that of
other thermoelectric materials [3,91-105]. 5/1 SL exhibits the
largest ZT at a temperature larger than 300 K. These high ZTs
combined with the stabilized optimal carrier concentration,
make the 5/1 SL a promising material for room-temperature
thermoelectric applications.

IV. SUMMARY

In summary, we investigated the thermoelectric properties
of RbGel3/CsSnlj; superlattices by utilizing the first-principles
method combined with the Boltzmann transport theory. The
CsSnl; and RbGel; possess ultralow lattice thermal conduc-
tivities of 0.402 and 0.117 W m~! K~! at 300 K, respectively.
The latter is lower because it holds a significantly reduced
phonon lifetime, resulting from ferroelectric instability. Ex-
ploiting the quantum-confinement effects, we selected the
RbGels as the barrier material for the CsSnl; quantum well
in preparing RbGels/CsSnl; superlattices. As a consequence,
we achieved low-dimensional hole transport, thereby resulting
in an increase in the in-plane power factor and ZT. In the
RbGels/CsSnl; superlattices, the in-plane power factor and
ZT increase with decreasing the CsSnl; well thickness. The
in-plane power factor and ZT of the (RbGels)5/(CsSnls); su-
perlattice are about two times and nine times those of CsSnl3,
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FIG. 7. The dimensionless figure of merit Z7 of 5/1 SL. (a) The predicated in-plane ZT,, values of (RbGel;)s/(CsSnlz); superlattice as
a function of carrier concentration at temperatures of 300, 400, 500, and 550 K. The blue and red vertical lines represent the optimal carrier
concentration N* (where the ZT peaks) at 300 and 550 K, respectively. (b) Temperature dependence of ZT for various thermoelectric materials.
The red balls represent the results of 5/1 superlattice. The ZT information of other materials comes from Refs. [3,91-105]. The red and blue

backgrounds indicate high ZT and low ZT, respectively.

respectively. We unveiled that the (RbGels)s/(CsSnlz); su-
perlattices possess the high ZT (1.34 at 300 K and 3.78 at
550 K), which is promising for room-temperature thermo-
electric applications. In a word, our current findings unveiled
the critical role of the quantum-confinement effects in en-
hancing thermoelectric properties, which will provide useful
information for further experimental and theoretical studies
on CsSnl; and other related halide perovskite superlattice
materials.
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