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ABSTRACT: Sn-based halide perovskites are promising for thermoelectric (TE)
device applications because of their high electrical conductivity as well as the low
thermal conductivity associated with their soft lattices. However, conventional three-
dimensional Sn-based perovskites are not stable under typical TE device operating
conditions. Here, we report a stable two-dimensional Sn-based perovskite for
thermoelectric energy conversion by incorporating bulky conjugated ligands. We
demonstrate a thin film with a large power factor of 5.42 ± 3.07 (average) and 7.07
(champion) μW m−1 K−2 at 343 K with an electrical conductivity of 5.07 S cm−1 and
a Seebeck coefficient of 118.1 μV K−1. Importantly, these thin films show excellent
operational stability (i.e., for over 100 h) at 313 K. This work suggests that the novel
hybrid two-dimensional perovskites are a promising platform for thermoelectric
energy conversion applications.
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Halide perovskites have received much interest in
optoelectronic applications because of their promising

light absorption and photoluminescence (PL) features, long
carrier lifetime and diffusion length, and the fact that their
nanostructures and optoelectronic properties can be tuned by
controlling the composition of the materials. In addition, their
solution-processability allows for low-cost, low-temperature,
and large-area manufacturing.1,2 Thus, many efforts have
focused on generating high-performance perovskite-based
photovoltaics (PVs),3 light-emitting diodes,4 and photo-
detectors.5 In fact, current perovskite PVs have reached a
maximum power conversion efficiency of 25.5%, and they are
considered one of the most promising classes of semi-
conductors for emerging solar cell technologies.6 Currently,
commercialization of halide perovskite devices is hampered by
the material’s intrinsic instability under exposure to light and
moisture, but two-dimensional (2D) halide perovskites are a
possible replacement given their ability to overcome this
critical limitation. By partially replacing the monovalent cations
with relatively bulky organic ligands, halide perovskites are
sliced into 2D layers sandwiched by the bulky ligands, and
these ligands act as passivation layers that enhance the overall
stability of the materials. Furthermore, the chemistry
associated with the ligands opens new opportunities for tuning
their end-use properties.7−11 For instance, we recently
demonstrated that by incorporation of bulky π-conjugated
organic moieties, charge injection from the electrode to the
perovskite layers can be improved and high-performance
perovskite field-effect transistors were realized.12,13 However,

this effort only scratched the surface of numerous applications
of 2D perovskites that go well beyond solar energy conversion.
Thermoelectric (TE) devices are solid-state devices that

interconvert electrical energy and thermal energy,14 and due to
their compact structure, TE devices are used in waste heat
harvesting and cooling electronic components. The maximum
efficiency of a TE device is limited by the dimensionless
material figure-of-merit, ZT = (S2σ/κ)T.15 Here σ, S, κ, and T
are the electrical conductivity, Seebeck coefficient, the thermal
conductivity, and absolute temperature, respectively. Typically
for semiconductors, the numerator of ZT, the power factor PF
= S2σ, can be modulated by several orders of magnitude by
doping while the thermal transport properties are primarily
controlled by the lattice thermal conductivity of the crystal.
Recently, the thermoelectric performance of halide perovskites
was theoretically predicted to be comparable with traditional
bulk thermoelectric materials (e.g., Bi2Te3) due to their
excellent Seebeck coefficients16,17 and their “phonon glass,
electron crystal” nature18 (i.e., halide perovskites have both low
κ and good charge carrier transport properties).19 The low κ is
the result of low sound velocities, dynamic disorder in their
lattices, and strong acoustic phonon anharmonicity, which in
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turn impedes phonon transport.20,21 The reported κ of halide
perovskites is around 0.3−0.5 W m−1 K−1, a value approaching
the amorphous limit.20,21 Recently, a high ZT of 0.14 was
achieved by Liu et al., demonstrating perovskites’ great
potential in thermoelectric energy harvesting applications.22−24

However, halide perovskites, especially Sn-based perovskites,
suffer from intrinsic instability and variation of doping levels
when they are exposed to air. While the doping level is the
most essential parameter to optimize the TE properties,
engineering halide perovskites for higher stability is also of
significant importance. 2D perovskites can aid in addressing
both of these issues with their layered structure introduced by
the hydrophobic bulky ligands that result in a quantum well
structure.25−27 Moreover, the hybrid organic−inorganic super-
lattice-like structure further reduces the thermal conductiv-
ity,28−31 a principle that has long been established for
traditional TE materials.32−34 For instance, Wan et al. tripled
the n-type ZT of TiS2 from ∼0.08 to 0.28 by intercalating
hexylammonium into the TiS2 van der Waals gaps, forming an
organic−inorganic hybrid superlattice. The ZT enhancement
was primarily due to the lowered thermal conductivity, which
was reduced from 4.45 to 0.69 W m−1 K−1.33 Similarly, the
thermal conductivity of 2D perovskites was 0.10−0.17 W m−1

K−1, less than one-third of their 3D counterparts.35 These
factors make 2D perovskites appealing as the next-generation
solution-processable TE materials.
In this work, we demonstrate the potential of 2D perovskites

in TE applications by synthesizing and characterizing a novel
2D perovskite (4Tm)2FASn2I7 featuring a bulky ligand 2-
(3‴,4′-dimethyl[2,2′:5′,2″:5″,2‴-quaterthiophen]-5-yl)ethan-
1-ammonium (4Tm). In addition to its excellent hole transport
capability, the hydrophobicity and bulkiness of the 4Tm ligand
also provide materials stability, and the difference between its
oxidative potential (i.e., + 0.8 V vs Ag/AgCl) and the reductive

potential of Sn4 (i.e., −0.05 vs Ag/AgCl) makes it highly
compatible with the Sn4+ doping. That is, it is unlikely that the
tin species will react with the conjugated ligand.7 Using an
artificial doping strategy (i.e., by doping with Sn4+), we were
able to tune the carrier concentration of the p-type n = 2
(4Tm)2FASn2I7 (Figure 1a) ranging from 2 × 1018 to 1.2 ×
1019 cm−3, providing a robust way for the PF optimization. The
champion device exhibited a high PF of 7.07 (average of 5.42
± 3.07) μW m−1 K−2 at 343 K. Furthermore, the substantially
lower κ of 0.124 W m−1 K−1 compared with their 3D
counterparts and excellent thermal stability highlight the
potential of 2D perovskites as a class of low-cost, solution-
processable TE materials.
The 2D perovskite thin films were fabricated using a facile

solution-coating method. In this process, precursor solutions of
(4Tm)2FA2Sn3I10 with a concentration of 0.05 M in N,N-
dimethylformamide/dimethyl sulfoxide (11:1, v/v) were made
and spun-coat onto the UV-ozone treated glass substrates
inside a nitrogen-filled glovebox (O2, <5 ppm; H2O, <1 ppm).
Followed by thermal annealing, ∼90 nm thick 2D perovskite
films were formed. After the formation of 2D perovskite films,
gold contacts were deposited in a van der Pauw configuration
(Figure S1) for electrical conductivity, Hall effect, and Seebeck
coefficient measurements. The XRD pattern (Figure 1b) of the
resulting thin films has reflections at 2θ = 2.4° and 4.8°,
indicating that the interlayer distance is 36.8 Å, corresponding
to the n = 2 (4Tm)2FASn2I7. Moreover, a small amount of the
n = 1 (4Tm)2SnI4 phase exists according to the PL spectrum
(Figure S2a), but they only form small clusters scattered within
the large, continuous n = 2 domains (Figure 1c). As such, we
regard these thin films as n = 2 (4Tm)2FASn2I7.
Importantly, we found that annealing temperatures lower

than 70 °C resulted in thin films showing wider and lower-
intensity XRD reflections (Figure 1b and Figure S2b),

Figure 1. (a) Structure diagram of (4Tm)2FASn2I7 thin film phase and the chemical structure of 4Tm. (b) XRD patterns of the thin films annealed
at different temperatures. (c) Confocal PL of the thin film annealed at 80 °C. The color yellow corresponds to the n = 1 (4Tm)2SnI4 domains
(597−695 nm), and the blue color corresponds to the n = 2 (4Tm)2FASn2I7 (651−695 nm). (d) Room temperature electrical conductivity of the
pristine (i.e., not doped) thin films with different annealing temperatures. The error bars indicate one standard deviation from the average value,
which is indicated by the data points. These statistics were calculated across 26 thin films.
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implying a lower degree of crystallinity. However, at annealing
temperatures greater than 80 °C, we saw more discontinuities
in the n = 2 domains (Figure S3, images with wavelength of
651−695 nm), which may affect the overall charge transport.
This was backed by the fact that the electrical conductivity is
the highest when the annealing temperature is at 80 °C (Figure
1d). Given all these data, we implemented an annealing
temperature of 80 °C for an annealing time of 5 min, which
created the highest performing materials, in our hands.
Doping is a key handle by which to manipulate the

thermoelectric performance of materials as an optimal doping
level balances the trade-offs between TE parameters. In
addition, establishing the relationship of TE parameters and
the carrier concentration provides pathways to probe the band
structure of the material. For the Sn-based halide perovskites,
p-type doping usually results from Sn vacancies.36 Moreover,
the oxidation of Sn2+ into Sn4+ in the precursor solutions and
the thin films can magnify the formation of Sn vacancies and
thus amplify the p-doping effect.22,24,37 As such, air exposure
has been employed as an effective approach to control the
doping level of Sn-based perovskites. However, our 2D
perovskites exhibit much improved stability and the oxidation
process is rather slow when they are exposed to air. Therefore,
instead of exposing the samples to air, we introduced the Sn4+

dopant by adding SnI4 to the precursor solution to provide
Sn4+. To control the doping level precisely, SnI2, 4TmI,
formamidinium iodide (FAI), and the dilute SnI4 solutions
were used to make fresh solutions immediately before the thin
films were cast. The detailed solution parameters are listed in
Table S1. By intentionally doping the films, we controlled the
carrier concentrations in a range between 2 × 1018 and 1.2 ×
1019 cm−3 (Figure S4). Moreover, the Hall effect measurement
results indicate that the thin films are p-type as expected,22,24,38

and the XRD patterns showed no noticeable change if the Sn4+

content is lower than 1 mol % relative to Sn2+ (Figure S5).
Importantly, we note that the carrier concentration did not
increase monotonically with SnI4 content, most likely because
extra Sn4+ cations were expelled from the perovskite lattice.
We established the TE performance of 2D perovskites with

varying carrier concentrations (Figure 2). The positive value of
the Seebeck coefficient for the 2D perovskites agrees with the
Hall effect measurement in that the majority carriers are holes,
and there is a clear trade-off between σ and S due to the
difference in doping level (Figure 2a and Figure 2b). This
results in the PF reaching a maximum of 2.44 ± 0.48 (average)
and 3.03 (champion) μW m−1 K−2 at an average absolute
temperature of 293 K. The temperature-dependent TE
parameters in the range of 263−353 K show that σ decreases
and S increases as the temperature increases (Figure 3). The
highest TE performance occurs when the carrier concentration
reaches 1.26 × 1019 cm−3, which is the highest doping level we
were able to attain. This implies that the TE performance
could be higher if we were able to dope the thin films to a
larger extent while maintaining the same crystal structure. The
average PF reached a value of 2.44 ± 0.48 μW m−1 K−2 at 293
K and 5.49 ± 3.07 μW m−1 K−2 at 343 K. The champion
sample showed a maximum PF of 7.07 μW m−1 K−2 at 343 K,
which is the highest power factor for a 2D perovskite system
reported to date. We also measured the thermal conductivity of
the thin films using the differential 3ω method39 and the time-
domain thermoreflectance method (TDTR).40,41 These data
confirmed that 2D perovskites have much lower κ relative to
their 3D counterparts with values of 0.124 W m−1 K−1 (based

on the 3ω method) and 0.146 W m−1 K−1 (based on the
TDTR method) at room temperature (Figures S6 and S7).
Combined with the PF of the thin films, the ZT of
(4Tm)2FASn2I7 is estimated to be ∼0.02 at room temperature.
In addition to the doping level, the performance is mainly
limited by the hole mobility (μ). Unlike previous efforts with
3D CsSnI3−xClx thin films, which have an average hole mobility
of ∼70 cm2 V−1 s−1,24 the (4Tm)2FASn2I7 has an average hole
mobility at 1.56 cm2 V−1 s−1. One possible reason is the less-
than-ideal morphology, as shown in the PL and optical
microscopy images (Figure S8). Another plausible reason is
the low phase purity of the film (coexistence of the n = 1 and n
= 2 phases), which likely results in extra carrier scattering due
to the band edge mismatch. Moreover, the organic ligands,
which occupy approximately 83% of the total volume of the
material, do not contribute as effective charge carrier channels.
As such, these insights provide clear pathways for developing
strategies to enhance the morphology, phase purity, and higher
quantum well density as they are of great importance for 2D
perovskites TE devices.
Excellent thermal stability is key for TE materials. To

evaluate the thermal stability, we continuously monitored σ
and S at 293, 313, and 333 K (Figure 4). The TE parameters
were stable at 293 and 313 K for 100 h. The decrease in
electrical conductivity at 313 K was due to a loss of contact
between the instrument probes and the contact pads atop the
perovskite thin film, and this was caused by the thermal cycling
that necessarily occurred when acquiring data for the Seebeck
coefficient evaluation. Thus, we occasionally adjusted the
probes to reestablish good contacts, which resulted in the

Figure 2. Dependence of the (a) electrical conductivity and (b)
Seebeck coefficient on the carrier concentration of the 2D perovskite
thin films at an average temperature of 293 K. Each data point shown
is compiled from multiple data points whose carrier concentration
values are approximately the same. The error bars in the horizontal
directions indicate one standard deviation of carrier concentrations
from the average value, and the error bars in the vertical direction
indicate one standard deviation from the average value for either the
electrical conductivity (a) or the Seebeck coefficient (b).
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intermittent discontinuity of electrical conductivity. The results
at 293 and 313 K indicate that the (4Tm)2FASn2I7 thin films
have good stability at these mild temperatures. Higher
temperature (e.g., 333 K) causes the sample performances to
decline mainly due to the drop in the electrical conductivity
values. To investigate the changes caused by high temperature,
a few samples were heated to an even higher temperature of
353 K for 3 h. The XRD traces and PL spectra of the thin films
before and after the test show no noticeable change in phase
(Figure S9). Instead, we observed an irreversible “dedoping”
process, where the carrier concentration drops significantly
after being heated to a higher temperature. Table 1 shows the
carrier concentrations and mobility values of the thin films
measured before and after the heating cycle. All perovskite
films showed a decreased carrier concentration and constant
mobility after operating at a high temperature, independent of
the initial carrier concentration and mobility they had prior to
the experiments. Therefore, we propose that the material
underwent a thermal dedoping process where the lattice self-
healed and excluded the Sn4+ ions and Sn vacant sites under

higher temperature.42 Additionally, the extremely low for-
mation energy of the 4Tm-based perovskites and high defect
tolerance make the defect exclusion feasible.12 This result also
explains, in part, why the higher annealing temperature results
in lower electrical conductivity in Figure 1d.
In conclusion, (4Tm)2FASn2I7 2D halide perovskite thin

films are promising thermoelectric materials with a high PF of
3.03, 3.15, and 7.07 μW m−1 K−2 at 293, 313, and 333 K,
respectively. Furthermore, a clear dependency of electrical
conductivity and Seebeck coefficient on carrier concentration
and temperature is also established. Additionally, the thin films
showed excellent thermal stability for more than 100 h when
held at 293 and 313 K. Currently, the 2D perovskite
performance is limited by the relatively low hole mobility
compared with 3D Sn-based perovskites or other state-of-the-
art thermoelectric materials; however, this work is a clear step
forward for these nascent materials in this new application, and
we envision that the thermoelectric performance of the Sn-
based 2D perovskite materials will increase rapidly by
employing the principles established here.

Figure 3. Dependence of the (a) electrical conductivity, (b) Seebeck
coefficient, and (c) power factor on average temperatures of the 2D
perovskite thin films. Each data point shown was compiled from
multiple sets of data whose carrier concentration values are
approximately the same, and different symbols represent the
thermoelectric performance of different average carrier concentration
values. The error bars indicate one standard deviation from the
average value shown in the panels.

Figure 4. Thermal stability of the thin films at a fixed temperature:
(a) electrical conductivity, (b) Seebeck coefficient, and (c) power
factor versus elapsed time at 293, 313, and 333 K.

Table 1. Changes in the Carrier Concentrations and
Mobility Values after Heating at 353 K for 3 h of Five
Randomly Selected Samplesa

before measurement after measurement

no. μ (cm2 V−1 s−1) p (cm−3) μ (cm2 V−1 s−1) p (cm−3)

1 0.982 2.96 × 1018 0.729 9.17 × 1017

2 1.28 3.34 × 1018 0.913 5.12 × 1017

3 1.15 5.27 × 1018 1.15 9.67 × 1017

4 1.63 5.49 × 1018 1.58 1.42 × 1018

5 1.06 1.21 × 1019 1.19 3.03 × 1018

aAll of the Hall effect measurements were conducted at 293 K.
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