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Influence of A site cation on nonlinear band gap
dependence of 2D Ruddlesden—Popper
AoPb,_,Sn,l; perovskitest

Cameron C. L. Underwood, "= J. David Carey® and S. Ravi P. Silva 2 *

Ruddlesden—Popper phase (RPP) perovskites of the form Al,_;A2,B,X3,.1 show great promise in stable
photovoltaic (PV) devices or as light emitting diodes (LEDs). In particular, n = 1, monolayer RPPs of the
form A,BX4 have also shown great progress as the passivating layer for 3D perovskite PVs. We study the
electronic behaviour of mixed B site A,Pb; ,Sn,l4 where A = PEA or MA to investigate if the size of the
A site cation indirectly affects the nonlinear band gap dependence of a 2D monolayer RPP layer. Both
perovskites show a nonlinear behaviour primarily due to the relative energy difference between the Sn
5s—1 5p antibonding states and the Pb 6s—| 5p antibonding states, though the extent of the nonlinearity
is reduced relative to 3D bulk perovskites due to the reduced dimensionality of these 2D structures. We
also discuss the influence on band gap nonlinearity due to the structural distortions induced by the dif-
ferences between the A site cation. This research presents a strategy to the design of mixed solid state
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1 Introduction

Halide perovskites have shown great promise for photovoltaic
devices within the past decade, with efficiencies rising from
2.8% in their inception in 2009" to 25.5%.> Due to the remark-
able properties of these materials, such as extremely high
absorption coefficients, the devices can be very thin and
solution processed, leading to a very low cost alternative to
currently available technologies, or as an option to integrate
perovskites into existing systems, such as silicon-perovskite
tandem cells,>™ but at the current stages are still somewhat
limited by stability and the small size of devices.*” The majority
of research to date has focused on 3D perovskites of the form
ABX;, where A = CH3;NH; (methylammonium (MA)), CH,(NH,),
(formamidinium (FA)) or Cs, with B = Pb or Sn and X = I, Br or
CL®*™ The majority of success is generally found in materials
where some or all of the sites are mixed, such as the triple
cation system,"® as this combines the strong properties of each
system, while suppressing each systems weaknesses.
Replacing Pb as the B site is also very important, as Pb is
toxic and water soluble. Sn is a less toxic and much more
environmentally friendly alternative,"* which has shown good
promise due to the similar chemical properties of Sn compared

Advanced Technology Institute, Department of Electrical, Electronic Engineering,
University of Surrey, Guildford GU2 7XH, UK. E-mail: s.silva@surrey.ac.uk

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1ma00491c

5254 | Mater. Adv,, 2021, 2, 5254-5261

2D perovskites by tuning the structural parameters as well as metal and halide composition.

to Pb. The ionic radius of Sn®" for a coordination number of 6,
as found in perovskites is 1.04 A, compared to 1.19 A in the case
of Pb** s0 is a favourable substitution.'® Tin based perovskites
are generally more unstable in experimental conditions, mostly
due to a lower oxidation threshold in Sn** to Sn*', leading to
decomposition of the perovskite.'® Mixed Pb-Sn perovskites
have been shown to perform well, with a good combination of
power conversion efficiencies and much higher stability than
pure Sn systems.'” They also have a large range for band gap
tuning, giving a particular promise for low band gap materials
due to the pronounced band gap bowing observed in these
materials.">"®

A method to improve on the stability for perovskites is to
reduce the dimensionality of the system. Ruddlesden-Popper
phase (RPP) perovskites have the general form A1, 1A2,B,X3,41
where n is the number of BXs octahedra layers between each
layer of organic cations,"*>* this is shown in Fig. 1. When n =1,
the RPP perovskite becomes 2D and the simplified form of
A,BX, can be used to describe the material system, where A is a
spacer cation, and the RPP perovskite has no internal cation, as
there is only one octahedral layer. 2D RPP perovskites have an
increased band gap relative to 3D perovskites, due to the
reduced dimensionality of the system.*** 2D (n = 1) and
quasi-2D (2 < n < 6) RPP perovskites have been used as top-
layers in 2D/3D configurations, allowing not only for high
efficiencies, but also high stability.”>?®

In a 2D RPP perovskite, the inorganic framework (BX,) has a
relatively high dielectric constant, for example ¢ =~ 6.1 in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 RPP perovskites of the form Al,_1A2,B, X341, visualised forn = 1, 2,

(Ce¢H5C,H,-NH3),Pbl,, and is surrounded by a spacer cation
with a much lower dielectric constant, for example ¢, ~ 2.1 in
(C¢H5C,H,-NH3),Pbl,, this is also consistent for other RPP
perovskites.?” This leads to a phenomena called the dielectric
confinement effect, leading to the 2D RPP perovskite having a
high exciton binding energy of order hundreds of meV, and
320 meV for the example listed above. Different choices of
spacer cations and inorganic frameworks can allow for tuning
of this binding energy.”® This high binding energy is signifi-
cantly larger than mean thermal energy at room temperature
(26 meV), so causes RPP devices to be excitonic. The high binding
energies of RPP perovskites allow for great promise as light emitting
diodes (LEDs), allowing for extremely efficient devices.>**°

As 2D RPP perovskites have much larger band gaps than 3D
bulk perovskites, the lower band gap given by replacement of Pb
with Sn or Ge becomes even more valuable, due to shifting the
band gap further into the visible regime, which makes them
more effective light harvesters. Sn-based perovskites show low
band gaps of 1.83 eV for n = 1 to 1.20 eV for n = o in
(BA),(MA),_;Sn,I3,.1.>" Mixing the B site of a perovskite has been
widely used to partially replace lead, with a less toxic metal such
as tin or germanium. This replacement has a notable effect on
the band gap of the perovskite, which is comprised of a anti-
bonding B s-5p valence band maximum, and a conduction band
minimum, comprised an anti-bonding B cation s-5p valence
band maximum (VBM) and a conduction band minimum
(CBM) comprising mostly of B cation p orbitals. Due to the
higher 5s level of Sn (—10.1 eV), relative to the 6s level of Pb
(—11.6 eV), the VBM energy increases significantly. The conduc-
tion band minimum has a relatively shallower increase, due to
the higher 5p energy level of Sn (—3.3 eV) relative to the 6p energy
level of Pb (—3.1 eV), this causes a decreased band gap with
increasing Sn content.*>

© 2021 The Author(s). Published by the Royal Society of Chemistry

3and oo.

Li et al. (2020) previously showed that a small inclusion of Sn
in PEA,MA,,_,Pb,l;,, increased broadband emission in n =1
PEA,Pbl, by 23%, which reduced to <1% in n = 3 PEA,
MA,Pb,1,,.2® This increase in broadband emission is attributed
to the structural distortions caused by the Sn defects causing a
slight increase in VBM energy. In 3D bulk perovskites Goyal
et al. (2018) investigated this effect for a 3D bulk perovskite of
the form MAPb, ,Sn,I;, finding a nonlinear dependence of
band gap on increasing Sn content, which is attributed primar-
ily to the relative energies of Pb and Sn states.'® The bowing
parameter, b, describes how nonlinear the band gap depen-
dence is and is given by eqn (1).

Eqo(x) = (1 — X)Eg(x=0) + XEg(x-1) — bx(1 — x)

1)

The band gap nonlinearity for RPP solid solutions also varies
for each mixed B site system, and appears especially dependant
on the choice of A site, ranging from 0.351 to 0.918 eV.?23473¢
The combination of these results is shown visually in the ESI.{
In this study we examine the influence of the choice of A site
cation on the nonlinearity of a n = 1 RPP perovskite, to
distinguish between the effect of the relative energy levels of
the components and the structural distortions induced by the
choice of component. This allows for the design of different
RPP materials with a tuneable bowing parameter and band gap.

2 Computational details

The structural and electronic properties for MA,Pb; ,Sn,I,
and PEA,Pb, ,Sn,, are calculated from first principles using
non-collinear density functional theory (DFT) employing the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approxima-
tion®” implemented in the Vienna ab initio simulation program
(VASP)**™*" and follows the same techniques used in our previous
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work,* where calculations with and without spin-orbit coupling
(SoC) were shown to not contribute to the band gap bowing
significantly.?>**™** The structural analysis is completed using
Atomic Similations Environment (ASE)*> and post-processed
using MatPlotLib, SciPy, Numpy and Seaborn.*®™*° Band structure
plot fitting was performed in Python with the use of SciPy and
NumPy. The resulting PDOS calculations are plotted using a
Python script, which is available in the ESL}

Initial position inputs for both MA,Pbl, and PEA,Pbl, are
taken from Gebhardt et al*° and is shown for PEA,PbI, in the
ESL for a triclinic P1 configuration, which was shown to have the
lowest total energy and replicate the electronic properties well.
The simplified unit cell makes it an ideal environment for
examining the effects of mixing the B site cation. The unit cell
of each calculation contains four sites for the B site ion; in this
study we will study the permutations of Pb and Sn. The number of
permutations can be described by eqn (2), where N is the total
number of sites (in this case 4), m is the number of Sn ions used.

N!

P=— "
m! (N —m)!

(2)

For a generic n = 1 RPP with a mixed B site of form A,B1,_,B2,X,,
the permutations are shown in Fig. 2 where B1 and B2 can occupy
positions 1, 2, 3 and 4 in each of the four octahedra around the
unit cell. This results in one permutation for A,Pbl,, four for
A,Pb, 758N 5514, Six for A,Pbg 5Sn, 51,4, four for A,Pb, ,5Sn, 751, and
one for A,Snl,. In the specific case of MA,Pb,5Snysl; and
PEA,Pb, 5Sno 515, the permutations are denoted by the label
‘Columns’ or ‘Battenberg’, depending on the short range ordering
of Pb and Sn ions in the four B ion sites.

‘Columns’
L

View Article Online
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3 Results and discussion

The band gap (eV) as a function of Sn content have been
calculated with SoC for MA,Pb,_,Sn,I, and PEA,Pb,_,Sn,, is
shown in Fig. 3 and shows a bowing constant b of 0.40 eV and
0.35 eV, respectively; the band gaps have also been calculated
without SoC and show a bowing constant b of 0.43 eV and 0.38 eV,
respectively. The difference in band gap and bowing between the
two structures can be attributed to the structural distortion
induced by each A site cation. There is a significant difference
in the calculated band gap of the x = 0.5 compositions between
the ‘Columns’ and ‘Battenberg’ permutations, which is due to
the decreased dispersion of the ‘Battenberg’ permutation due to
the increased mean short range ordering of Pb and Sn pairs,
where the ‘Columns’ structures have been previously shown to be
slightly lower in energy, possibly suggesting behaviour similar to
halide segregation or a preference to forming into ‘Column’ like
structures during formation.”>

Whilst the B and X sites directly tune the band edges, the
choice of A site cation influences the structural properties of the
octahedra, which in turn, indirectly affects the band gap proper-
ties of the material. As shown in Fig. 5, in MA,Pb,Sn,l,, we
calculate both larger Pb-I and Sn-I bond lengths relative to
PEA,Pb,Sn,1,, with Pb-I bond angles being consistently larger
than Sn-T bond angles by around 0.05 A due to the relatively
smaller ionic radius of Sn relative to Pb. On the other hand in
MA,Pb,Sn,1,, we calculate both a smaller Pb-I-Pb and Sn-I-Sn
bond angle relative to PEA,Pb,Sn,l,. Increasing the B-X bond
lengths and B-X-B bond angles result in a lower overlap between
the B and X site orbitals, which cause a lower dispersion in the
VBM and CBM, increasing the band gap as Sn content increases.
The bond angles in PEA,Pb,Sn,I, also have a lower variation

‘Battenberg’
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Fig. 2 Configuration of A,Pb,Sn,X4 where x = 0, 0.25, 0.5, 0.75 and 1 and A = MA, PEA, where Pb is shown as red, Sn as blue and | as purple. When
x = 0.5, we distinguish the difference between the short range ordering of Pb and Sn atoms with the labels ‘Columns’ and ‘Battenberg’.
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Fig. 3 Variation of (a) band gap as a function of Sn content (%) for MA,Pb;_,Sn,l4 and PEA,Pb; ,Sn,l4 using PBE + SoC. The bowing parameter is
0.400 eV and 0.352 eV, respectively, and (b) band gap as a function of Sn content (%) for PEA,Pb;_,Sn,l4 with and without SoC with fixed experimental
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Fig. 4 The mean effective electron and hole masses for PEA,Pb; ,Sn,ls
and MA,Pb; _,Sn,l4 as a function of increasing Sn content.

between permutation, indicating a smaller difference between
in-flexed and out-flexed octahedral bond angles. Overall, these
B-X-B bond angles, due to the lack of internal A-site cation
compared to 3D bulk perovskites, show significant tilting, this,
alongside the reduced dimensionality of 2D perovskites, contri-
butes to the high band gaps observed in this class of 2D RPP
perovskites.

All band structure calculations for both MA,Pb;_,Sn,I, and
PEA,Pb; ,Sn,1, are direct at the I" point and show no Rashba
splitting, which is consistent with reports for odd layered
Ruddlesden-Popper perovskites.’>** A selection of band struc-
tures for each composition of MA,Pbl,, MA,Snl,, PEA,Pbl, and
PEA,Snl, with SoC is shown in Fig. 6, and all remaining band

© 2021 The Author(s). Published by the Royal Society of Chemistry

structures for all 16 permutations of both MA,Pb, ,Sn,I, and
PEA,Pb,_,Sn,I,, with and without SoC, are available in the
ESIL.i The inclusion of SoC is shown decrease the calculated
band gap and significantly alter the charge carrier effective
masses. Therefore, whilst SoC is not vital in describing the
band gap bowing, it is vital for gathering certain accurate
electronic properties. The composition of the valence band
maximum is shared between Pb 6s-1 5p antibonding or Sn
5s-1 5p respectively, with the conduction band minimum
consists of Pb 6p or Sn 5p states, which are shown by the
projected colour of the band structure in Fig. 6, with the key
given in the top left. This behaviour is consistent with literature
for these structures, and does not deviate significantly for
different compositions of increasing Sn content.>*?*°°

The mean effective electron and hole masses for PEA,
Pb, ,Sn,I, and MA,Pb, ,Sn,l, as a function of increasing Sn
content are shown in Fig. 4 are and a full description is shown
in the ESI.t There is a decrease in both effective hole and
electron masses for PEA,Pb,_,Sn,I, with increasing x. In con-
trast, the effective electron mass of MA,Pb,_,Sn,I, stays con-
stant while the hole effective mass decreases. There is a
decrease in effective electron mass when comparing the use
of SoC to without, as shown by the conduction band dispersion
of band structures without use of SoC in the ESI,{ to a value
close to the effective hole mass; this has also been observed for
Cs,Pbl, in Liao et al°® In a mixed Pb-Sn system, balanced
electron and hole mobilities are shown for x = 0.5; which could
cause longer exciton recombination lifetimes in the active
device layer. When not including SoC, the conduction band
minimum shows a high effective electron mass going from
I'-Y and a low effective electron mass going from I'-X or vice
versa. Whereas when including SoC, the effective masses are
similar along both directions, but vary due to the difference

Mater. Adv,, 2021, 2, 5254-5261 | 5257
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Fig. 6 Electronic band structures for (a) MA,Pbly, (b) PEA,PbI,, (c) MA,Snl, and (d) PEA,SNI,.

in B-X-B angles caused by the different ionic radius of Pb
and Sn. The effective masses can be visually understood by
the curvature of the band edges shown in Fig. 6; thus
the inclusion of SoC is extremely important for understand-
ing the behaviour of the CBM in PEA,Pb; ,Sn,I, and
MA,Pb,; ,Sn,I,.

5258 | Mater. Adv, 2021, 2, 5254-5261

The mean distance between pairs of Pb or Sn atoms in both
A,Pbg 55Sng .51, and A,Pb,,5SngssI, is similar for different
permutations, but is significantly lower for A,Pb, sSn, 51, ‘Bat-
tenberg’ than A,Pb, sSn, s, ‘Columns’. The effect of the short
range ordering is most notably observed in PEA,Pb, sSn, sl,
when SoC is not used; as shown in Fig. 3 the band gap varies by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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over 0.1 eV. In the case where the short range ordered atoms are
repeated in the x direction, a CBM band edge is shared by Pb
and Sn along the I'-X direction, and is of Sn character along
Y-T’; this is shown in the ESL{ Whereas in the case that the
short range ordered atoms are repeated in the y direction, the
CBM band edge is mixed along Y-T', with the Sn state occupying
slightly lower energies along I'-X. This is due to the Pb and Sn
atoms aligning along either y or x direction for the Y and X
points specifically, with either direction having a different
B-X-B bond angles, flexing towards the centre of the unit cell
and away from the centre. The case of the ‘Battenberg’ structure
shows mixed Pb-Sn character on both sides of the CBM, as
shown in the ESLf and has a band gap larger than either
‘Columns’ permutation. As shown in Fig. 6, this behaviour is
not observed in the case of using SoC. In terms of characterisa-
tion, the inclusion of SoC is a more complete method. This
effect is important to consider, as the method of not including
SoC is often chosen to study RPP systems as it is much less
computationally expensive and gives band gaps closer to
experimental data for lower order exchange-correlation func-
tionals. This is due to the cancelling out of the overestimation
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due to exchange-correlation functional and the band gap
decrease given by SoC; this is described in Rappe et al. and
Zhao et al.*>** The lack of dependence of band gap on short
range ordering may be due to the increased CBM dispersion
when using SoC.

As DFT calculations can miscalculate the band gap of
perovskite materials, a method to calibrate the results to
experimental data is to fix the boundary conditions for
x =0 and x = 1 in Fig. 3 to the experimental values of PEA,
PbL, = 2.56 eV°"? and PEA,Snl, = 1.97 eV.>® This was described
in Goyal et al.'® and is shown in Fig. 3(b) for PEA,Pb,_,Sn,I,.
This also shows that whilst SoC does affect the linear term due
to the atomic number (Z) of Pb and Sn. The SoC term scales
roughly with Z° causing a larger band gap difference in
PEA,PbI, compared to PEA,Snl,. Based on these results, SoC
is not the root cause of the non-linear term; so a chemical route
to non-linearity is studied by analysing the partial density of
states.

The band gap (eV) as a function of Sn content (%) for all 16
permutations of PEA,Pb; ,Sn,I,, with and without SoC, is
shown in the ESIL,f showing the difference between PBE and
PBE + SoC; inclusion of SoC reduces the band gap in both 2D
RPP perovskites, particularly for increased Pb content. We note
that the bowing parameter is relatively similar with or without
SoC, with MA,Pb; ,Sn,I, being 0.40 eV and 0.43 eV and
PEA,Pb, ,Sn,I, being 0.35 eV and 0.38 eV, respectively. The
choice of A site has a small effect on the nonlinearity of the
system, suggesting the structural behaviour of the octahedra is
not the primary source of nonlinearity, but does contribute,
which is likely primarily due to the increased B-X in
MA,Pb, _,Sn,I,, causing an increased band gap, alongside the
decreased B-X-B bond angles. This is consistent with results
from Goyal et al. (2018)"® for 3D bulk perovskites.

To understand the effect of the relative difference in ener-
gies of the Pb and Sn states, we have calculated the PDOS for
each structure, with the full dataset shown in the ESLf In Fig. 8
we show the VBM and CBM composition of (a) MA,Pb, 5Sng 514
‘Columns’, (b) MA,Pb, 5Sn, 51, ‘Battenberg’, (c) PEA,Pb, 5Sn, 514
‘Columns’ and (d) PEA,Pb, sSn,sI, ‘Battenberg’. In the VBM,

— 'Pbis — Sn's U
Pb p —: SN p
()
—PhS == Sn §
Pb p — SH P
(d) f! i\
2 -1 0 1 2

Energy (eV)

Fig. 8 Plot of PDOS relative to the calculated Fermi energy highlighting the VBM and CBM composition for (a) MA;PbgsSngsls ‘Columns’,
(b) MA,Pbg 5Sng sl4 ‘Battenberg’, () PEA>PbgsSNosls ‘Columns™?2 and (d) PEA,Pbg sSno sls ‘Battenberg’.2? The VBM consists mostly of | 5p, Sn 5s and
Pb 6s, whereas the CBM consists mostly of Pb 6p and Sn 5p states. The Sn 5s states occupy higher energy than the Pb 6s states in the VBM, contributing

to the decrease in band gap.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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there is a notable difference between the relative energies of the
Pb and Sn states, which is due to the higher Sn 5s state relative
to the Pb 6s atomic energy states, which anti-bond with the
I 5p states. Due to the reduced dispersion of the Pb and Sn
states, there is an increased band gap in the ‘Battenberg’
permutations relative to the ‘Columns’ permutation, as dis-
cussed in Fig. 3.

Analysing the relative position of the VBM and CBM relative
to a deep lying reference state is shown in Fig. 7. The VBM
increases at a larger rate than the CBM with increasing Sn
content, which aligns well to the relative Pb 6s and 6p energy
levels to the Sn 5s and 5p levels, as the Pb 6s and Sn 5s states
are closer in energy than Pb 6p and Sn 5p. This confirms that
the nonlinearity of the band gap is primarily a function of the
combination of energy of B site states, which primarily drives a
VBM increase, whilst the structural influence of the A site
cation is the difference between the two systems, causing a
lesser change to the nonlinearity of the band gap as a function
of increasing Sn content.

4 Conclusions

The band gap as a function of increasing Sn content in
MA,Pb, ,Sn,I, and PEA,Pb, ,Sn,I, was compared using
PBE + SoC level DFT calculations and both materials showed
a nonlinear band gap dependence with increasing Sn con-
tent, with a band gap bowing of 0.400 eV and 0.352 eV
respectively. The primary origin of the nonlinearity in both
systems is shown to be largely due to the relative energies of
the VBM states, due to the higher energy of the Sn 5s states
compared to Pb 6s. The difference in nonlinearity between
the two systems is attributed to the structural distortions
induced by the A site cation, which increase the B-X
bond lengths and decrease the B-X-B bond angles in
MA,Pb,_,Sn,I, relative to PEA,Pb,_,Sn,I,, which cause an
increased band gap as well as bowing parameter. The short
range ordering of Pb and Sn atoms is also discussed, espe-
cially with relation to the use of SoC; the calculated band gap
is shown to be dependant on this, due to the increased
dispersion of Pb and Sn states in the ‘Columns’ permutations
relative to ‘Battenberg’ permutations. This research under-
lines understanding of mixed solid solution 2D RPP perovs-
kites, and paves the way for improved future compositional
engineering, as the combination of the VBM states as well as
the structural distortion of the metal-halide octahedras can
be varied to tune both the band gap and the bowing para-
meter, allowing for the opportunity of a low band gap RPP
structure for photovoltaic applications or a high band gap
RPP structure for blue LED applications.
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