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ABSTRACT: Inorganic CsPbl; perovskites have become desirable for use
in photovoltaic devices due to their excellent optoelectronic properties and
increased resilience to thermal degradation compared to organic—inorganic
perovskites. An effective strategy for improving both the performance and
the phase stability of CsPbl;-based perovskites is through introducing a
diverse set of spacing cations separating inorganic layers in their two-
dimensional (2D) analogues. In this work, CsPbl;-based 2D Ruddlesden—
Popper perovskites were investigated using three aromatic spacers, 2-
thiophenemethylamine (ThMA), 2-thiopheneformamidine (ThFA), and
benzylammonium, fluorinated through para substitution (pFBA). Our
findings highlight the importance of the local bonding environment between
organic spacers and the Pbly octahedra. Additionally, we demonstrated the
importance of energetic alignment between electronic states on spacing
cations and inorganic layers for optoelectronic applications. Furthermore,
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thermoelectric performance was investigated revealing a preference for p-type ThFA and n-type ThMA and pFBA configurations.

P erovskites as a platform for solar energy harvesting are a
well-established and thoroughly investigated class of
materials that vary broadly in building components,
applications, and photovoltaic (PV) performance.' ™ Research
outcomes from perovskite solar cells have led to a dramatic
increase in power conversion efficiency (PCE), with recent
improvements reaching to 25.7%.° Bulk perovskites have a
chemical formula of ABX;, for which an A:B charge ratio of 1:2
is most common, where A is a monovalent organic or inorganic
cation, B is Pb, Sn, or Ge, and X is a halogen anion. However,
the primary drawback of bulk perovskites for solar energy
applications remains their poor long-term stability, which leads
to the required maintenance or disposal of damaged cells, and
the leakage of building components into the environment.”””
The latter is particularly problematic for the best performing
perovskites that have Pb as the B cation, and extensive effort is
currently being dedicated to mitigating this lead leakage.'"™"*
To improve the stability of ABX; perovskites while maintaining
PV performance, mixed metal double perovskites and two-
dimensional perovskites (2DPKs) have emerged as primary
candidates for the next generation of highly efficient solar
energy-harvesting materials." > Two-dimensional (2D) ana-
logues of bulk perovskites stand out as a particularly promising
platform for increasing both the stability and the tunability of
perovskite solar cells.” ™>* 2D materials more broadly are
unrivaled in their ability to realize highly tunable electronic
structures, variable layered arrangements, and confinement
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effects associated with an electronic decoupling of adjacent
inorganic layers.”*™** 2DPKs come in three primary phases:
(1) the 2D Ruddlesden—Popper (2DRP) phase, where
adjacent layers exhibit a half-unit cell shift along both in-
plane directions, (2) the Dion Jacobson phase, where adjacent
layers are stacked directly atop one another, and (3) the
alternating cation phase, where adjacent 1a?rers exhibit a half-
unit cell shift along one in-plane direction."

2DPKs consist of thin perovskite layers separated by long
organic spacing cations, which spatially and electronically
separate the adjacent inorganic layers.”” > The 2DRP phase,
the focus of this study, has a chemical formula of
A"A,_ B, X,,,, where A, B, and X remain the same as in
their bulk counterpart, A’ represents a monovalent organic
spacer, and n represents the number of BX; octahedra per
inorganic layer. 2DPKs exhibit significantly improved stability
compared to that of their bulk counterparts, but this often
comes at the cost of PV performance because of significantly
increased band gaps.” Thus, to generate stable perovskite solar
cells with favorable optoelectronic performance, research
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involving 2DPKs aims to balance these two factors while
simultaneously exploiting properties available exclusively to the
2D materials, such as the Rashba effect.”* ™" Additionally, the
choice of the A’ spacing cation has been shown to affect
characteristics ranging from the ease of synthesis and resultant
crystal orientations to phase stability and even optoelectronic
performance.w_41 In this Letter, we characterize the role of
this A’ spacing cation to further elucidate its effects on the
resulting geometry, electronic structure, and thermoelectric
(TE) and PV properties of 2DRP CsPbl; analogues.

CsPbl; perovskites are closely related to the prototypical
MAPDI; perovskite but differ in that the organic methyl-
ammonium cation is replaced with an inorganic Cs" cation,
which removes degrees of freedom such as A cation orientation
and results in a peak PCE of 21%. Although 2D CsPbl,
analogues have attracted significant interest in recent years,
their performance is poorer than that of their mixed organic—
inorganic counterparts. Experimental work by Xu et al
employing 2-thiophenemethylamine (ThMA) and 2-thiophe-
neformamidine (ThFA) spacing cations demonstrated the
highest PCE of 2D CsPbl, analogues at 16%."* Additionally,
Yan et al. recently investigated the inclusion of fluorinated
aromatic spacers in 2D MaPbl; analogues; their work
uncovered remarkable stability and optoelectronic perform-
ance particularly for para-substituted fluoro-benzylammonium
(pFBA) spacers.”” While these systems have been synthesized
experimentally and established as a potential platform for high-
performance 2DPKs, a full computational investigation at the
atomistic level to elucidate factors responsible for this
increased performance has yet to be conducted. In this
study, we further characterize the role that aromatic organic
spacing cations play in 2D CsPbl; analogues by employing ab
initio calculations to investigate key differences emerging from
the usage of ThMA, ThFA, and pFBA spacers in the n = 2
2DRP phase of CsPbl; perovskite analogues.

The role played by the organic A’ spacing cations that
separate, both spatially and electronically, adjacent inorganic
layers in 2DPXKs is largely dependent on their size, orientation,
mutual interactions between spacers, and organic—inorganic
interactions at the spacer—perovskite interface.”*”*® These A’
cations come with a broad range of chemical diversity. In the
study presented here, ThMA and ThFA are representative of
monoammonium and diammonium aromatic spacing cations,
respectively, with the aromatic portion consisting of a
thiophene heterocycle, and the pFBA spacer is a mono-
ammonium aromatic spacer with a para-substituted fluorine
atom on the benzene ring. The geometries of the n = 2 2DRP
phases of the ThMA-, ThFA-, and pFBA-containing perov-
skites are presented in Figure 1. Figure S1 shows the same
geometries with another orientation for the sake of clarity. The
arrangement of aromatic spacers in 2DPKs is of particular
geometric interest as the potential for strong 7 interactions
may result in packing arrangements that can drastically affect
the stability, performance, and longevity of the perovskite.*” In
the case of ThMA, we find a T-shaped 7-stacking mode, and
the orientation of the heterocycle alternates approximately 90°
for each spacer in the unit cell (Figure S3). A similar
alternating arrangement is found in the case of pFBA; however,
because 7 interactions are absent entirely, this results in a
much more irregular arrangement. The mode of NH-I
interactions between the spacer and inorganic layer is very
similar in the ThMA- and pFBA-containing perovskites; the
ammonium group exhibits two strong NH—I interactions

ThMA

PFBA,

Figure 1. Unit cells for the ThMA, ThFA, and pFBA 2DRP CsPbl;,
analogues. Schematic diagrams of the band alignment of the
perovskite (P) and spacer (S) are placed in the topmost inorganic
layer with the optical band gaps italicized.

(~2.6 A) and two weaker NH—I interactions (<3 A, with a
much smaller NH—I bond angle). Additionally, weaker CH—I
interactions are present in the ThMA and pFBA systems that
contain CH, coordinated to the terminal ammonia group.
Representative examples of NH—I interactions are presented in
Figure S2. The most unique interaction, however, comes from
the ThFA spacers, which were found experimentally by Xu et
al. to have the highest PCE of any 2D CsPbl; analogue to date.
We find that the diammonium cation that penetrates the
inorganic layer results in strong anisotropy in terms of the in-
plane lattice parameters. NH—I interactions are formed by
both NH, groups, which come in the form of strong NH-I
interactions (<2.8 A) and/or longer NH—I interactions (<3.2
A). The cell is significantly elongated along the NH,—C—NH,
bond of the FA group with cell parameters of 8.67 and 9.30 A
for the a and b directions, respectively. Quantitatively, this
corresponds to a 6.7% difference between in-plane cell
parameters, compared with 1.2% and 0.2% in the ThMA-
and pFBA-containing perovskites, respectively. This also
results in larger in-plane Pb—I—Pb bond angles of 159° in
ThFA compared to angles of 147° and 146° for ThMA- and
pFBA-containing perovskites, respectively. Additionally, the
cell elongation corresponds to the more uniform stacking of
the BX, octahedra where edges run nearly parallel with the unit
cell (Figure S3), which commonly comes with a smaller band
gap.”® The strong NH—I binding modes and increased Pb—I—
Pb angles in ThFA compared to those in ThMA correspond
directly with predictions from a previous experimental study.**
The full sets of cell parameters, atomic coordinates, and
geometric parameters of bond lengths and bond angles are
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Figure 2. Kohn—Sham orbitals corresponding to the valence band maximum (VBM) and conduction band minimum (CBM) of the ThMA-,
ThFA-, and pFBA-containing perovskite systems. The CBM of ThFA displays the states introduced that localize to the organic spacer.

presented in Tables S1 and S2, respectively. Another unique
characteristic of the ThFA-containing perovskite is that the
diammonium cations that elongate the b dimension of the unit
cell strongly restrict the free rotation of their respective
heterocycles. This results in the only parallel arrangement of
aromatic rings of the three spacers used in the study. The
parallel arrangement leads to a staggered z-stacking mode
between the aromatic rings, which may be desirable
experimentally in terms of the resilience of solar cells to
moisture penetration and charge transport properties.w’50
Figures S1 and S2 depict these NH—I interactions and packing
arrangements of the A’ cations. The subsequent discussion
focuses on how these geometric properties of the ThMA-,
ThFA-, and pFBA-containing perovskites translate to differ-
ences at the electronic structure level.

Upon examining the electronic structures of the ThMA-,
ThFA-, and pFBA-containing perovskites, we found that
geometric similarities observed between ThMA and pFBA
hold while ThFA is distinguishable in a few key ways. ThMA
and pFBA exhibit direct band gaps of 2.10 and 2.07, eV
respectively, which upon examination of the projected density
of states (PDOS) (Figure S3) correspond to the direct I(p)—
Pb(p) transition that is commonly found in perovskite solar
cells.’"* In the case of ThFA, however, we find an indirect ['—
Y transition. The PDOS and CBM orbital (Figure S4 and
Figure 2) of ThFA demonstrate that the energetic alignment of
bands introduced through the spacer results in midgap states
that localize the new band edges to the organic spacer
molecules, thereby reducing the band gap to 1.66 eV. We also
carried out calculations including spin—orbit coupling (SOC)
to further investigate the relative placement of these bands.
Upon inclusion of SOC, ThMA, pFBA, and ThFA, all exhibit a
direct transition at the I" point. We attribute the drastic change
upon inclusion of SOC in the ThFA-containing perovskite to
the fact that the spin splitting associated with SOC is an effect
restricted to the heavy atoms in the system (here largely I and
Pb, as Cs does not contribute electronic states near the band
gap). Consequently, conduction bands that are largely Pb(6p)
in character penetrate the relatively flat bands localized to the
spacer, restoring the p—p transition within a given inorganic
layer. We also note that all organic spacers entirely decouple
the inorganic layers as evidenced by both the flat bands along
the I'=Z direction and the degenerate pairs of band edges in
the band structures. This demonstrates that a nearly identical
electronic structure is present in the two inorganic layers,
which are required per unit cell to generate the 2DRP stacking
arrangement.

Consideration of the electronic band structures in Figure 3
reveals another key observation relevant to the potential
spintronic applications of 2DPKs. The color map of the SOC
band structures corresponds to the spin character along the z
direction with 1 (—1) corresponding to z (—z), computed as
St = (knlolkn), where k and n represent the k point and band
index, respectively. In Figure S4, we compute the band
structure more densely along the X—I'—Y path, where the
hallmark of Rashba split bands can be clearly seen, with the
shifting of the vertex of the split bands away from the I point,
together with the inverted spin character of the VBM/CBM as
the X—I'=Y path is traversed. As we have noted in our
previous work, Rashba splitting is very sensitive to geometric
changes in the perovskite system owing to the strong spatially
localized effects of SOC.* This paves the way for modulating
the nature of excitations that are mediated by direct
photoexcitation in the visible range, as demonstrated by
Wang et al>® The correspondence between spatial and
electronic degrees of freedom can even be seen in the case
of ThFA, where the I'=Y direction exhibits significantly
stronger Rashba spin splitting than the I'=X direction, in direct
relation to the strong anisotropy previously discussed regarding
the in-plane cell parameters.

To analyze the optoelectronic performance of the 2DPKs,
we computed the absorption coefficient from the real and
imaginary parts of the dielectric function at the non-SOC level
(Figure 4).>> We observe a long tail in the absorption spectra
for the ThMA and pFBA perovskites owing to the strongly
dispersive band edges, and a slightly more abrupt onset in the
ThFA perovskite owing to the flat bands that are found to be
localized on the organic spacer. Similarly, our results
demonstrate the relatively higher absorption coeflicients of
the ThFA-containing perovskite over the visible range, further
corroborating the experimental work by Xu et al.** Addition-
ally, our results may explain the lack of distinct layer-
dependent PL peaks obtained by Xu et al. in the ThFA-
containing perovskite. Naturally, the midgap ThFA states
would exhibit no layer dependence, thereby offering a first
excitonic peak that exhibits much less layer dependence. The
electronic structure of ThFA does raise the question of how
the introduction of midgap states may correlate with a higher
PCE. While the reduction of the band gap opens a broader
range of the visible spectrum for absorption, this is likely not
the only factor at play. While outside the scope of this
investigation, future work will investigate the excitation
dynamics and thereby the influence on the neutral exciton
lifetime that is present in organic—inorganic transitions

https://doi.org/10.1021/acs.jpclett.2c03463
J. Phys. Chem. Lett. 2022, 13, 12090—12098


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03463/suppl_file/jz2c03463_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03463/suppl_file/jz2c03463_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03463/suppl_file/jz2c03463_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03463/suppl_file/jz2c03463_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03463/suppl_file/jz2c03463_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03463?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03463?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03463?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03463?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c03463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Q
N—

= = - - = N
o N KN [0} 2] o
' L ! L '

Y\

Energies (eV)
h
x
wn
<
-
N

Energies (eV)

| e
o N M » ®» O
. M

Energies (eV)
x
0]
=<

A\

0.75

0.50

0.25

-0.25

—0.50

-0.75

0.75

0.50

0.25

0.00

-0.25

-0.50

-0.75

0.00

-0.25

—0.50

-0.75

rz

Figure 3. Band structures with (right) and without SOC (left) for the (a) ThMA, (b) ThFA, and (c) pFBA CsPbl, analogues. Spin character along

the z axis is represented by the color map, with 1 (—1) corresponding to spin projection along the z (—z) axis.

corresponding to the introduction of midgap states through

careful spacer selection and band alignment.
As an improved PCE in perovskite solar cells has become

increasingly difficult to obtain, the generation of hybrid PV-TE
materials has emerged as a popular design strategy for
improved perovskite-based solar energy-harvesting devi-

12093

ces.”* ™’ Hence, we evaluated the TE performance of the
ThMA-, ThFA-, and pFBA-containing CsPbl; analogues
through the lens of the Boltzmann transport equations as
implemented in BoltzTraP2 under the constant relaxation time
approximation. To more accurately describe the anisotropic
nature of the transport properties, we computed relaxation

https://doi.org/10.1021/acs.jpclett.2c03463
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Figure 4. Real and imaginary parts of the dielectric function and absorption coeflicient of the ThMA, ThFA, and pFBA 2DRP perovskites.

times from ab initio calculations in accordance with the Seebeck coefficients (S), electrical conductivities (¢), and
defoFrAn‘atlon pote‘nt1al theory, which yields electron and hole TE power factors (S°c) were computed as a function of carrier
mobilities according to concentration for the ThMA, ThFA, and pFBA phases as
2eh3C 2P shown in Figure 5. Peak S values for the three perovskites are

K, = Tz* roughly the same at ~1.5 mV K™', and S versus n trends are
3k, TE,,"my, ) similar across the three perovskites with the exception of n-

where y = represents the charge carrier mobility, the index n type ThFA. We attribute the slow decay of the Seebeck

coeflicient to the localization of the CB edges to the spacer that
results in occupation of very flat bands (not lending themselves
to efficient transport properties) in n-doped configurations.
Similar qualitative trends in TE performance were found in the
ThMA and pFBA perovskites because of similarities in their
respective band structures from which the TE quantities were

corresponds to the carrier type, and U corresponds to the
Cartesian direction of the transport properties. C,** and E,,
represent the in-plane stiffness constant and deformation
potential, respectively (Figures S6—S8). The final quantity
computed from ab initio electronic structure calculations is

m. ", which corresponds to the effective mass of holes and
electrons along the two in-plane directions. Effective masses
were computed both with and without SOC, and all values

pertaining to eq 1 are listed in Tables 1 and 2. SOC effective

computed. Both exhibit significantly higher S’ values in n-
doped configurations, with the peak S’ for carrier
concentrations of <10" c¢m™ being a factor of >2 higher in
ThMA than in pFBA, which we attribute to the significantly

Table 1. Effective Masses Obtained from the Band lighter electrons with masses of 0.17 and 0.20 m, in ThMA

Structures of the ThMA, ThFA, and pFBA CsPbl, compared with 0.37 and 0.27 m, in pFBA. Additionally, the

Analogues with and without SOC direction of transport preferred in these two perovskites is

different with ThMA exhibiting a peak S*¢ value of 12.76 mW

e () ey (1) s (1) iy () m K™' along the x direction and pFBA a peak value of 4.88

ThMA 0.2270 0.3716 0.2969 0.3007 mW m K" along the y direction. The ThFA-containing
ThMA SOC 0.1717 0.1952 0.3894 0.2434 . . 2

EBA 02659 03181 02498 02595 perovskites have the weakest TE performance with peak S°o

iFBA soc 03694 02690 02840 02662, values of 2.68 and 1.38 mW m K™' for transport along the x

ThEA 8.8397% 6.3375° 0.3073 02519 and y directions, respectively, both of which occur in the p-

ThEA SOC 0.1341 0.1987 02066 02246 doped configurations. These findings support ThMA being the
“The large difference between the ThFA calculations with and best can.didate for exploiting TE properties t? further.ir'lcrease
without SOC is attributed to the band reordering observed upon the efficiency of 2DPKs used in solar cell devices. Additionally,
inclusion of SOC. these results highlight the necessity of obtaining structure-
specific relaxation times for meaningful comparison of TE
properties across multiple materials. Without these consid-
erations, seemingly similar results would be obtained for

masses were used for computation of the relaxation times

Koy Moy .
Ty =~ as the curvature of the band structure is more systems that exhibit comparable band structures but differ
accurate under its consideration due to the strongly dispersive greatly in nonequilibrium properties, as observed for ThMA
I(p) and Pb(p) band edges present in these systems. and pFBA in this study.

Table 2. In-Plane Stiffness Constants, Deformation Potentials, Charge Carrier Mobilities, and Relaxation Times Computed
from Density Functional Theory Calculations for the ThMA, ThFA, and pFBA CsPbl; 2DRP Analogues

Pl O Eapw 2 EyVBMb Bt EyCBMb Wiz Hey” Py iy Tet” Teyd T Thyd
ThMA 89.2 754 7.62 9.05 7.77 9.3 711.6 324.9 143.8 220.6 69.5 36.1 31.8 30.5
pFBA 73.2 81.7 8.65 9.07 8.52 9.04 104.9 196.2 172.2 199.0 22.0 30.0 27.8 30.1
ThFA 97.4 65.4 8.4 8.27 6.87 8.18 1629.4 351.5 459.2 269.1 124.2 39.7 53.9 344

“In units of newtons per meter. YIn units of electronvolts. “In units of square centimeters per volt per second. “In units of femtoseconds.
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Figure S. Seebeck coeflicients, electrical conductivities, and TE power factors for the ThMA, ThFA, and pFBA CsPbI3 2DRP analogues.

In conclusion, we present a broad computational inves-
tigation of the differences in 2DRP CsPbl; analogues that can
be attributed to the A’ spacer by considering ThMA, ThFA,
and pFBA aromatic cations. We find that band alignment in
the ThFA perovskite leads to a smaller band gap because of the
strong localization of electronic states to the spacer at the
conduction band edge. Additionally, investigating the potential
of the three perovskites for TE applications revealed that the
introduction of midgap states, such as those seen in the ThFA-
containing perovskite, largely restrict effective TE transport
properties if they come in the form of localized, nondispersive
bands. Finally, we uncover the key geometric differences
associated with both the organic—inorganic interactions,
attributable largely to the differing NH—I interactions across
the three spacers, and the organic—organic interactions
associated with the aromatic rings far from the inorganic
layers. These properties can be used to aid in the selection of
organic spacers that generate robust and tunable 2DPKs for
highly tailored applications.

B METHODS

All density functional theory (DFT) calculations were
computed using the GPAW package, employing PAW

pseudopotentials for the description of core electrons, the
PBE exchange-correlation functional, and a plane-wave basis
with a kinetic energy cutoff of 600 eV for valence electrons.”*>’
Self-consistent field calculations were carried out to within 0.5
meV/valence electron and 10™* e/valence electron for the
energy and density, respectively. Geometry optimizations were
carried out until the minimum force did not exceed 0.02 eV/A,
and all subsequent geometric analysis was done using the
Atomic Simulation Environment.”” Ground state properties
were computed on a 6 X 6 X 1 k-point grid, and subsequent
band structures were computed with 170 k-points along the
high-symmetry path, with unoccupied eigenstates converged
up to 2 eV above the CBM. BoltzTraP2 was used for
interpolation of the band structure with an input 10 X 10 X 2
grid and was converged with respect to the DFT-computed
band structure prior to computation of TE properties.’
Effective masses were computed using the effmass code for the
SOC and non-SOC band structures, where SOC is included
with the method described by Olsen in the GPAW
I)elcl(ag(e.62’63 In-plane stiffness constants and deformation
potentials were computed using a relaxed ion approach in
which uniaxial strain is applied, followed by a fixed cell
geometry optimization.’* Stiffness constants and deformation
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potentials were computed using a relaxed ion approach; fits of
energy versus strain curves are available in the Supporting
Information.

B ASSOCIATED CONTENT
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Fractional coordinates and cell parameters for the
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