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Recently, two-dimensional (2D) metal halide perovskite materials with wide application in perovskite-
based solar cells have attracted significant attention. Among them, 2D mixed lead—tin perovskites have
not been systematically explored. Herein, we synthesize a 2D phenethylammonium (PEA) tin—lead
bromide perovskite, PEA,Sn,Pb;_,Br4, via a simple solution-phase approach without toxic reagents and
high temperatures. By tuning the ratio of Sn and Pb, the UV-vis absorption spectra showed unique
bandgap bending behaviors. DFT calculations indicate the key effects of spin—orbital coupling (SOC)
without the interference of lattice distortion. Moreover, we provided the standard equation with
a correction term to introduce the influence of SOC. These results not only provide a step forward
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Introduction

Organic metal halide perovskites have been reported to have
unique optoelectronic properties, such as a high photo-
luminescence quantum yield (PLQY), tunable emission wave-
length, narrow emission peak, low exciton binding energy, long
carrier diffusion lengths, and high defect tolerance."® All these
characteristics enable their potential application in solar cells,
solar concentrators, LEDs, etc.”** 2D perovskites with ammo-
nium ions as A-site ions have gained attention because of their
improved performance.”®™ In the general structure of 2D
organic metal halide perovskites, metal-halide octahedrons
form inorganic layers and are separated by organic ions.'*** The
staggered structure constitutes a semiconductor/insulator
multi-quantum-well system with completely different elec-
tronic and optical properties.” In addition, an inert organic
layer to water and oxygen could protect the inorganic layer from
oxidation and hydrolysis to improve the stability.>*** Owing to
improved protection, 2D structures are blessed with attractive
potential in fields such as LEDs and solar cells.*"*32%?7
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At present, lead halide perovskite materials show excellent
properties but have huge limitations due to the toxicity of Pb.
To determine a solution, several Pb-free perovskites were
devised to obtain low-toxicity and high-performance
devices.”®** Because of their similar properties, Sn is regar-
ded as a good choice to take the place of Pb to meet the
requirements of low toxicity for applications. Meanwhile, Sn-
based perovskite devices exhibit ideal performance, exem-
plified by LEDs, photovoltaic materials, and solar cells.>**>3?
However, Sn-based perovskite materials are regarded as
having low stability for the oxidation of Sn>*. Alloy perovskites
with Sn and Pb as B-site anions could increase the stability
and widen their application. Based on the tunable content,
Sn-Pb halide perovskites exhibit interesting properties.** For
example, Ginger's group reported an all-inorganic Sn-Pb
perovskite, CsPb,Sn;_,I3, as an electron transport layer with
a low bandgap of 1.34 eV, which raised the power conversion
efficiency to over 7%.*® Fan and co-workers indicated
a CsSn,Pb, _,Br; single crystal with promising application as
a photoelectronic device via morphology, structure, electron
property and optical measurements.*® Janssen's group
mentioned an FAj¢sMA, 34Pb;_,Sn,I;-based solar cell with
the highest PCE of 16.1% at 50% Sn content through the
passivation of NH,SCN.*” Briefly, Sn-Pb perovskite materials
exhibit similar properties in applications and achieve
tunability, stability and photoelectricity. The ideal potential
of Sn-Pb perovskites has been indicated in applications;
however the value of their physical and chemical properties
must be researched in detail.
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For a deeper understanding of bandgap tuning, researchers
have focused on the bandgap change of Sn-Pb perovskites. The
bandgap value of the system expressed by A, _,B, (x means the
percent of a specific component) would commonly fit the
following relationship:

Egap(Al—xBx) = (1 - x)Egap(A) + XEgap(B) - Ax(l - X) (1)

where E,,, represents the bandgap energy, x is the component
constant, and A denotes the bending parameter. With the B-site
anion changing from Sn to Pb, the bandgap shows a bending
and Fan's group ascribed this nonlinear process by density
functional theory calculations to the antagonistic action
between the spin orbital coupling (SOC) effect and structural
distortion.?*?*%*%4 However, it should be noted that the trans-
formation process of the component from CH3;NH,Snl; to
CH;NH;PbI; went along with the change in the phases (from
PAmm to I4cm at x > 0.5).*" Additionally, lattice transformation
influenced the band energy transformation. It is worthwhile to
study the influence of the SOC effect on bandgap bending
without disturbance from other factors.

Compared with aliphatic ammonium, such as butylammo-
nium (BA) and octylammonium (OctA), phenethylammonium
(PEA) exhibits a lower nonradiative recombination rate because
of weaker nonadiabatic coupling between band-edge states
than BA and OctA.***> The aromatic ring in PEA increases the
structural rigidity of 2D perovskites for strong interlayer mw—m
stacking.**** Therefore, PEA-based perovskites would indicate
outstanding application performance in previous studies.
Mathers's group indicated that PEA,PbCl, exhibited remarkable
performance in white LEDs. The color rendering index reached
84, and high photostability showed ideal application in natural
white-light LEDs.* Ling's group reported PEA,PbBr,Cl, , (0 <x
< 4) with a high PLQY that increased from 0.2% to 16.9%.
PEA,PbBr,Cl,_,-based LEDs showed a wide range of color
temperatures from 4000 K to 7000 K and a high color rendering
index reaching approximately 90.*° Haque's group mentioned
that (PEA),SnBr,l,_, showed a high luminance of 0.15 cd m ™2 at
4.7 mA cm 2 and an efficacy of 0.029 cd A~ ' at 3.6 V in LEDs.*’
Chou's group reported PEA,SnBr,l, , with a wide photo-
luminescence range from 550-640 nm, a high PLQY of 6.4%
and high photostability.*® Therefore, PEA-based perovskite
materials might possess huge potential in several application
fields.

Herein, we synthesized PEA,Sn,Pb,; ,Br, and studied the
bandgap bending behavior. The absorption spectra showed
special bending of the bandgap along with a change of bandg-
aps with different Sn contents. XRD patterns indicated that the
phases had no change from pure Sn to pure Pb, which indicated
that nonstructural factors would act on the band energy trans-
formation. DFT calculations showed the important influence of
the SOC effect on bandgap bending. As a result, bandgap
bending was from the coaction of the SOC effect and mismatch
of energy levels. Detailed research in this work on the mecha-
nism could benefit the tuning of 2D perovskites and develop
more high-performance devices.
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Results and discussion
Luminescence and absorption spectra analyses

Photos of samples are shown in Fig. 1. Along with the decreasing
content of Sn, the color changed from yellow (100% Sn) to white
(0% Sn). UV-vis absorption spectra are shown in Fig. 2. Based on
the absorption spectra, the absorption peaks of pure Sn and 75%
Sn samples are located at 469 nm and 475 nm, respectively. This
redshift indicated that the sample color changed to dark yellow.
Then, the absorption peak shifted to blue so that the color of the
powder changed to white. The blueshift was due to the smaller
anion radius of Sn than Pb. The shift of the absorption peak
indicated that the powder sample was not a mixture of several
amounts of 2D PEA,SnBr, and 2D PEA,PbBr,. In addition,
emission properties were measured to study the influence of B-
site content. The photoluminescence spectra shown in Fig. S3}
were divided into two parts because the required excitation
wavelengths were different. In perovskites, the 2D PEA,SnBr,
sample (100% Sn) showed weak photoluminescence at 477 nm
under 450 nm laser excitation. Meanwhile, the 2D PEA,PbBr,
sample (0% Sn) showed stronger emission at approximately
420 nm under 365 nm laser excitation. The intensity peak of 2D
PEA,SnBr, was too low and too close to the excitation peak, which
cannot be separated from the whole spectra. The main reason for
weak photoluminescence is attributed to lattice defects. One-step
synthesis decreased the time for sufficient crystal growth. In
addition, an aqueous-phase Sn precursor might increase the
possibility of oxidation of Sn (Sn** to Sn**). These reasons might
lead to lattice defects, which enhance nonradiative recombina-
tion in the energy transfer and relaxation process. In addition,
the photoluminescence intensity decreased obviously with
decreasing Sn content. When lower than 10%, the 477 nm peak
almost disappears due to its poor emission intensity. Meanwhile,
the 420 nm peak appeared and increased rapidly as the Sn
content decreased. All emission properties were consistent with
those in recent studies.***® Interestingly, only if the content of Sn
was reduced to less than 1% could the emission of Pb be
observed. This photoluminescence change process could be
attributed to absorption properties. When the Sn content was
lower than 1%, the absorption peak was located at approximately
412 nm. Compared with the required excitation wavelength of
PEA,SnBr,, light over 412 nm could not be absorbed, and pho-
toluminescence could not be excited. Additionally, the emission
peak of Pb was located at approximately 420 nm. When the Sn
content increased over 1%, the absorption band could cover the
emission peak of Pb. As a result, the emission peak of Pb could be
observed only when the content of Sn was less than 1%. In
summary, the absorption spectra played a key role in the

Sn . > Pb

100% 75% 50 % 25% 10 % 1% 01% 0.01% 0.001% 0.0001% 0%

Fig. 1 Photos of Sn—Pb perovskites. From left to right, B-site cations
changed from Sn to Pb. The Sn—Pb ratio of each sample is marked
under the photos.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Absorption spectra of Sn—Pb bromide perovskites. Content

percentage of Sn is marked above the line. (b) Absorption peak posi-
tions of different Sn content samples. In the two figures above, the B-
site ingredient changed from total Sn to total Pb and was narrow from
yellow to gray.

interesting optical properties as well as the special bending with
increasing Sn content.

Structure and phase analyses

The structural influence of Sn content was measured via XRD
patterns. All the results are shown in Fig. 3 and S27 (for details).
Standard XRD patterns of PEA,SnBr, and PEA,PbBr, were based
on previous studies from Sargent's group and Ma's group.”**®
Obviously, the introduction of Pb into the Sn host did not
change the basic lattice. PEA,Sn,Pb; ,Br, maintained the
original P1 space group due to the similar ionic radii of Pb and
Sn (rpp(w: 120 pm and rgn(,y: 93 pm). The gap between the radii of
Sn and Pb caused a few lattice contractions. However, the same
valence and similar chemical properties determined the same
coordination environment. Therefore, both Sn and Pb were
surrounded by six bromide atoms and formed MBre*~ (M = Sn/
Pb) octahedrons. As a result, B-site anions could not influence
the lattice structure. The key factor in bandgap bending should
be the electronic structure.
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Fig. 3 (a) XRD patterns of Sn/Pb bromide perovskite. Standard

patterns were single-crystal patterns from previous work. The B-site
ingredient changed from total Sn to total Pb and was narrow from
yellow to gray. (b) Crystal structure of PEA,SnBry4. (c) Crystal structure
of PEA,PbBry.
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Previous work mentioned the Vegard law, namely, the linear
shift process, which indicated a positive correlation between
content and related properties such as photoluminescence and
bandgap.*” This rule was reported in several systems, including
II-VI quantum dots and perovskites.*”*>** However, it was
remarkable that the absorption spectra of PEA,Sn,Pb, _,Br, had
a distinctive shift different from common materials.>*%
the bandgap change of PEA,Sn,Pb; ,Br,
exhibited special bending along with the content changes as
shown in Fig. 2. Commonly, bandgap bending of semi-
conductors can be ascribed to the following reasons: (a) volume
deformation potential effect, namely, the transformation of

Nevertheless,

electronic structure from changes in volume, (b) chemical
effects, namely, different atomic orbitals from different types of
atoms at different energies, and (c) broken symmetry effect,
namely, local relaxation and/or lattice distortions.***® Several
recent studies attributed the bending of Sn-Pb perovskite to the
combined reaction of spin-orbital coupling and lattice distor-
tion. However, similar lattice constants and the same space
group of Sn and Pb in PEA,Sn,Pb,; ,Br, indicate the impossi-
bility of volume changes and symmetry breaking. The main
difference is the atomic structure of Sn and Pb, which deter-
mined different energy band structures. It is the theoretical
calculation that could research the relationship between the
electric structure and content.

Theoretical calculation

Stevanovi¢'s work attributed the bandgap bending of CH;NH;-
Sn,Pb; _,Br; hybrid perovskite to energy mismatches between
the Pb-orbital and Sn-orbital.>” However, the coexistence of Pb
and Sn would influence the electronic structure of the structure
of the hybrid perovskite.®® Therefore, it was necessary to
consider both electronic and chemical factors. To research the
influence of the energy mismatch of the different atomic
structures, atom and orbital projected densities of states for
different ratios of Sn and Pb were calculated by density func-
tional theory (DFT). Herein, we regarded four metal-bromide
octahedrons with relative organic ammonium cations as
a single unit and controlled the metal content to obtain
different elemental ratios. Details are given in Scheme 1.

As shown in Fig. 4, the valence bands were formed by the
mixture of the s atomic orbital from Sn or Pb and the p atomic
orbital from Br. Meanwhile, the conduction bands were from
the p-p interactions among the atoms. For instance, all the

G fba bha b

%f@ ‘ ’ . SnBre-
TR L L LR

Scheme1 Calculation unitin different element ratios. Black octahedra
represent the PbBrg unit, and red octahedra represent the SnBrg unit.
Hexagon with a wave line represent the PEA molecule. Each calcula-
tion unit contained four metal-bromide octahedra and all the relative
PEA molecules.
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Fig. 4 Atom projected densities of states from calculation with SOC.
Atomic ratios of Pb and Sn are marked at the top of each figure.
Projections onto Pb-6s and Pb-6p are shown with black and gray lines,
and Sn-5s and Sn-5p are shown with red and light-red lines.

energy levels of Sn and Pb are listed in Table 1. The much higher
bandgap of the 0% Sn sample should be attributed to the
heavier mass of Pb than that of Sn, which agrees with previous
studies.’*3¢4>°%¢® However, a special peak shift of the Pb-s
orbital emerged when the Sn ratio was 0.25. As a result, the
valence band maximum (VBM) changed from Pb-s/Br-p to Sn-s/
Br-p, while the conduction band minimum (CBM) remained
mainly Pb-p. Appropriately, the dominant position of Sn-p/Br-p
was replaced by Pb-p/Br-p for CBM characters, while the VBM
kept Sn-s as the main composition when the Sn ratio was 0.75.
This phenomenon proved that the VBM and the CBM energy of
the pure Sn structure were less than those of the pure Pb
structure for the different energy levels of these two elements
(see Table 1). However, SOC would enlarge the energy difference
between Pb-p and Sn-p, especially in the poor-Sn structure.’**”
Then, the bandgaps of the structure further decreased, and
special bending emerged in the process of the content changing
from pure Sn to pure Pb.

To research bandgap bending, we focused on the trans-
formation of the bandgap. All raw data and fitting curves are
shown in Fig. 5. Notably, the calculated results did not coincide
with the experimental results (Fig. 5). The imperfect crystal we
synthesized might be the key to the unexpected difference. In
the calculation, we hypothesized that the crystal structures were
perfect and that no lattice defects would appear. Moreover, the
orders of calculated cells might be quite different from those of
the synthesized sample. As a result, the calculated bandgap
would be much lower than the experimental bandgap. In
addition, the DOS-calculated results were much lower than the
bandgap-calculated results because broadening of orbital peaks
would benefit the DOS calculation (Fig. 5b). Therefore, the
bandgap from DOS figures would be lower than the bandgap

Table 1 Relativistic atomic energy levels (eV)

S S1/2 P P12 P32 P~P12
Sn —12.4 —12.3 —3.8 —4.9 —3.4 1.1
Pb —10.9 —10.8 —4 —4.2 —3.8 0.3
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Fig. 5 Nonlinear fitting of lines from experimental data (a) and
bandgap calculation (b). The differences were different fitting equa-
tions (red: egn (2); blue: egn (3)). Raw data are shown as black solid
lines with symbols, and fitted curves are shown as colored dashed
lines. Relative parameters are listed in each figure.

calculation. To study the relationship between bandgap
bending and content transformation, we tried to fit the experi-
mental and calculated results with a specific equation. Steva-
novic's group mentioned a fitting equation (eqn (1)).*” We
rewrote the equation into a simpler format (see eqn (2)).

E(x)=(1 — x)E| + xE; — Ax(1 — Xx) (2)

E; and E, are the bandgaps of the pure Pb structure and pure Sn
structure, respectively, and 4 is the bending constant. Fit curves
are shown in Fig. 5a. Obviously, the R-squared values were too
low, especially for the experimental curve, and the fitting results
were not ideal. We hypothesized that the lack of corrections
might be the reason for our unsatisfactory results. Previous
studies mentioned that bandgap bending should result from
a mismatch of energy levels and the SOC effect as well as lattice
distortion.”” Eqn (2) utilized a linear term to describe the
common progress of the bandgap and a nonlinear term to show
the influence of other factors. The mismatch of energy levels was
the core factor for bending, and the coaction between the SOC
effect and lattice distortion was the core factor influencing the
minimum bandgap.®® For instance, antagonism between SOC
and lattice distortion was observed. SOC would decrease the
bandgap, which would be offset by lattice distortion. Moreover,
the SOC effect exhibited a more prominent impact on the Pb-rich
structure because of the heavy atom effect on Pb. Moreover,
lattice distortion would also be aggravated in the Pb-rich struc-
ture compared with the pure Sn structure. However, in fact, no
lattice distortion is considered in PEA,Sn,Pb,_,Br,. Thus, the
bandgap decrease of the Pb-rich structure should be larger than
that of the Sn-rich structure. However, eqn (2) (also eqn (1)) could
not show the different impacts on different Sn contents because
the quadratic term reflected the minimum when the value of x
was 0.5. It was necessary to introduce a correction factor related
to the Sn content to fix the deviation from the low effect in the Sn-
poor structure. After several attempts, we introduced a correction
factor into eqn (2) as shown in eqn (3).

Ex) = (1 — 0E + x(E> — B) — Ax(1 — x) + Bx*>  (3)

E, and E, are the bandgap of the pure Pb structure and pure Sn
structure. A was used to exhibit the bending constant from the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mismatch of energy levels. B was used to describe the SOC effect
at different ratios of Sn and Pb. Fitting curves according to eqn
(3) are shown in Fig. 5b. The exponent of the correction term
was calculated from 0.01 to 1, and an exponent of 0.2 was
chosen for the most ideal fitting degree (Fig. S1t). It was
apparent that the R-squared values were close to 1, and much
more ideal fitting results were obtained. Obviously, the SOC
effect would reduce the bandgap of the Pb-rich structure much
more than that of the Sn-rich structure. However, tremendous
differences between the experimental and calculated curves
should be noted. This difference could also be attributed to the
low quality of the samples we synthesized. The disordered unit-
cell arrangement of powder might cause an uneven sample,
which would be quite different from the perfect crystal we used
in the calculation. Thus, the curve from the experiment indi-
cated that, especially in Pb-rich structures, the influence of the
mismatch of energy levels was much less, while that of the SOC
effect was much greater. As a result, the introduction of
a correction term based on the SOC effect would improve the
fitting level to bandgap changing of PEA,Sn,Pb, ,Br, and
benefit the understanding of the SOC effect as well as the
electronic structure for the perovskite.

Conclusions

In summary, we demonstrated that the PEA-based Sn-Pb halide
perovskite PEA,Sn,Pb,_,Br, has excellent photoluminescence
and absorption properties. The bandgap of PEA,Sn,Pb; ,Br,
showed special bending from PEA,PbBr, to PEA,SnBr,. XRD
patterns indicated an immovable lattice along with changes in
B-site elements. DOS-based theoretical calculations indicated
that the key reason for bandgap bending was coaction from the
mismatch of energy levels and the SOC effect. Moreover,
a correction term based on different influences stemming from
Pb and Sn was introduced into the original bandgap bending
equation to explain the effect of SOC without interference from
lattice distortion. In addition, the anomalous changes in the
bandgap presented the possibility to adjust the bandgap to
a much lower value. The tunable bandgap shown in this work
provides a new option for PEA,Sn,Pb, ,Br, to be used in
versatile optoelectrical fields.
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