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Stabilizing 2D Pt-Based Halide Perovskites via Solvent Lone

Pair Donation

Huilong Liu, Maitreyo Biswas, Walter |. Smith, Edward Barnard, Thomas Beechem,
Arun Mannodi-Kanakkithodi, and Shubhra Bansal*

Platinum-based halide perovskites exhibit promising optoelectronic properties
along with merits of low-temperature processing and stability. Current
research on Pt halide perovskites is limited to 0D A,BX; structure as the ABX;
3D structure is thermodynamically unstable. Herein, the study reports the
stabilization of the ABX; structure into a 2D layered phase, CsPtl;(DMSO),
that is stable up to 181.5 °C. The 2D phase shows an excitonic peak at the
absorption edge of 600 nm, indicating quantum confinement. It also exhibits
a large Stokes shift due to intersystem crossing (ISC), with a quenched singlet
excitonic fluorescence at 610 nm and strong triplet emission at 852 nm. Pt(ll)
co-ordinates with dimethyl sulfoxide (DMSO) via o-donation of S lone-pair
electrons and - back donation from Pt to S, stabilizing CsPtl;(DMSO) layered
structure. The strong electronic interaction between DMSO and Pt(ll) and
orbital mixing lead to spin-orbit-coupling, facilitating ISC and singlet-to-triplet
exciton energy transfer. The interaction of Pt and DMSO is further confirmed
by addition of thioacetamide (TAA), a strong S-donor, which retards the
formation of 2D layered structure, and directly results in Cs,Ptl; and Pt.

1. Introduction

Attributable to the remarkable optoelectronic properties in-
cluding tunable and strong broadband light absorption, high
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extinction coeflicient, long carrier lifetime,
and defect tolerance, metal halide per-
ovskites (MHPs) have recently attracted
extensive attention for solar energy con-
version materials.'3 Moreover, MHPs
are solution processable and compati-
ble with low cost thin-film deposition
techniques.[*3] Pb-based perovskites, (e.g.,
CsPbBr;, MAPbDI;, FAPDBr,;) have proven
advantages in applications like light emit-
ting diodes (LEDs),® photocatalysis,”*]
detectors,! and photovoltaics (PV).[1%
However, the non-negligible envi-
ronmental risks associated with lead
toxicity(!'"™3]  and  stability issues(!%14]
impede their commercial applications.

Reducing crystal structure dimensional-
ity provides a means of enhancing MHP
stability while also providing additional
pathways to tailor the optoelectronic
properties of the material. For example,
two-dimensional (2D) Pb- and Sn-halide
perovskites have shown promise with
improved environmental stability, also exhibiting unique opto-
electronic properties due to quantum confinement effects.['>17]
To achieve this dimensional reduction from 3D to 2D, halide
perovskites have been modified using bulky organic spacer
molecules between inorganic corner- or edge-shared octahedra
sheets. Spacer molecules play a significant role in adjusting
the properties of the 2D phase, influencing octahedral distor-
tion, M-X-M bond angles, exciton binding energy, and ma-
terial stability. Additionally, an important aspect of the classi-
fication of 2D halide perovskites is the crystallographic plane
along which the 3D structure is cleaved such as (100), (110),
and (111). Typical 2D perovskite phases include (100)- oriented
Ruddlesden-Popper (RP) or Dion-Jacobson (DJ) or alternating
cation in the interlayer spacer (ACI) phases. Some exceptions be-
ing Cs,Snl,Cl,, Cs,PbI,Cl,, where the crystal is naturally 2D; and
(MA),PbI, (SCN), with partial halide substitution by thiocyanate
(SCN) separating the 2D layers.!'8-2% Despite the promising sta-
bility of dimensionally modified (2D, 1D, 0D) MHPs, Pb-toxicity
challenge remains, and the research community continues to ex-
plore Pb-free alternatives.

Cs, Pt has emerged as a promising Pb-free halide perovskite
due to its merits including: 1) non-toxicity and biocompatibil-
ity, 2) tunable bandgap with excellent panchromatic visible light
absorption, 3) quasi-direct semiconducting nature beneficial for
carrier generation, 4) high carrier mobility and lifetime.[21-7]
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Figure 1. a) Process schematic for doctor blading perovskite thin film with “two-step” annealing. b) The nano-assemble model for crystallization and
phase transition from 2D- CsPtl; (DMSO) to OD- Cs, Ptl¢ perovskite after thermal or laser annealing.

Most notably, the recent demonstration of extraordinary stabil-
ity in harsh conditions, including decomposition temperature of
350 °C, long-term ambient stability for at least one year, and sta-
bility in aqueous solutions of extremely acid and basic pH (1 and
13) for 24 hours; make Cs,Ptl; very promising for applications
including PV, LEDs, and photocatalysis, etc.?22>%] The struc-
tural and thermodynamic stability have also been validated by
first-principle calculations with Goldschmidt tolerance factor of
0.962, octahedral factor of 0.364, formation energy of —7.44 eV
per formula unit and Gibbs free energy for decomposition of
—0.77 eV/atom.[28343%] Previous work from Schwartz et al.l*®] has
shown the calculated band structure of Cs,Ptl, revealing that
the material can exhibit both indirect and direct bandgaps with
valence band (VB) derived primarily from I p states, and con-
duction band (CB) derived from hybridized Pt d and I p states.
Recent numerical simulations estimate practical efficiency limit
for Cs,Ptl, devices of 23.52%,%% competitive with state-of-the-
art 26.1% for organic-inorganic hybrid Pb-halide perovskite solar
cells.*®! Given the promising properties of Cs,Ptl, it is exciting
to explore the structure-property correlations of dimensionally
modified Pt-halide perovskites, as a Pb-free alternative.

Herein, for the first time, we report stabilization of CsPtl,
into a layered 2D perovskite via Pt(II) co-ordination with S lone-
pair electrons in DMSO, which substitute the iodide in octahe-
dra as bound ligand spacer molecules to separate the 2D lay-
ers. DFT calculations (PBEsol+D3) reveal the positive decom-
position energy of the cubic phase of 3D CsPtl;, indicating it is
thermodynamically unstable. However, the formation of a stable
o-bond between Pt and S lone-pair electrons stabilizes the 2D-
CsPtl;(DMSO) with a negative decomposition energy of AH =
—1.69 eV per formula unit. 2D- CsPtl;(DMSO) perovskite thin-
films are fabricated using doctor blade method, which can de-
compose to Cs,Ptl; + Pt at 181.5 °C or laser annealing. The for-
mation and transformation of the 2D phase has been experimen-
tally observed with scanning electron microscopy (SEM), energy
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dispersive X-ray spectrometry (EDS), X-Ray diffraction analysis
(XRD), Fourier transform infrared spectroscopy (FTIR), UV-vis—
NIR absorption spectroscopy, thermogravimetric analysis (TGA),
Raman and photoluminescence (PL) spectroscopy. Pt(II)-DMSO
coordination was further confirmed by addition of Lewis bases
such as acetamide (AA), 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-
pyrimidinone (DMPU), and thioacetamide (TAA). TAA, which
also has S-donor atoms, is the only additive found to impede the
formation of 2D- CsPtl;(DMSO) phase, resulting directly in the
formation of Cs,Ptl;. For the 2D- CsPtl;(DMSO) phase, a large
Stokes shift is observed between UV-vis—NIR absorption edge
wavelength and PL emission wavelength, due to singlet-to-triplet
electron energy transfer via intersystem crossing.*”’

2. Results and Discussion

2.1. 2D Phase Formation

Figure 1a shows the doctor blade process approach with two-step
annealing used to synthesize the 2D- CsPtl;(DMSO) phase (re-
fer Supplemental Information for process details). The precur-
sor solution was made in ambient conditions, by fully dissolv-
ing CsI and Ptl, (1:1 mol mol™!) in DMSO solvent at 75 °C with
0.8 M concentration to obtain uniform thickness and compact
polycrystalline films, as lower molarity resulted in “coffee-ring”
effect (Figure S2, Supporting Information).l*”) Pt(II) has been re-
ported to form a complex with DMSO through o-donation of sul-
fur lone-pair electrons,!*~* and the solubility of Ptl, in DMSO
is enhanced with CsI addition (Figure S3b, Supporting Informa-
tion), indicating the strong interaction between I~ and Ptl, to
form iodoplatinate anions.!*’] Therefore, the DMSO-Pt-1-Cs ion
cage forms in the precursor colloidal solution according to the
“nano-assemble model”,|*] as evidenced with the Tyndall effect
of the solution (Figure S3c, Supporting Information). The pre-
cursor solution appeared dark red, with an absorption edge at
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780 nm in the UV-vis absorption spectrum (Figure S4, Support-
ing Information), attributed to Pt-ligand charge transfer in the
ion cage. The wet tacky film doctor bladed onto UV/O;-treated
glass substrate appears yellow, and changes to orange color after
a 3 minute anneal at 80 °C. An additional 30 min anneal treat-
ment at 100 °C in vacuum was followed, and no change in the
film color observed (see Figure S5, Supporting Information). The
UV-vis—NIR absorption edge shows a blue-shift from 780 nm
in solution to 600 nm in 2D thin-film phase (Figure S6, Sup-
porting Information). Figure 1b outlines the formation of corner-
shared [PtI;(DMSO)]” monolayers with Cs* ions intercalated in-
between for charge neutrality resulting in a 2D- CsPtl;(DMSO)
repeat structure. The sample nomenclature followed in this pa-
per is “Type-temperature of first anneal-temperature of second
anneal” example Type-80-100 for 3 minute anneal at 80 °C fol-
lowed by 30 min anneal at 100 °C.

Figure 2ab show the SEM micrographs of the 2D-
CsPtl;(DMSO) thin-films, depicting ~1.3 um film thickness
with 5-10 um wide columnar grains and few pinholes. EDS
analysis (see Figure 2c; Figure S7, Supporting Information)
shows Cs:Pt:[:S atomic ratio of 1:1:3:1, confirming stoichiomet-
ric CsPtl;(DMSO), assuming S-element in as-deposited films
comes from DMSO (C,H,OS) molecules. Figure 2d shows the
XRD pattern for the 2D films with a strong diffraction peak
at low 26 of 10.7 degrees, attributed to strong reflection of the
planar (001) facet, characteristic of layered perovskites.['®l An
interlayer thickness of ~8.3 A is estimated from the d-spacing
of (001) peak and its harmonic Bragg’s reflections, this spacing
should be defined by the bonded DM SO molecule and Cs* ion.
Taken together, the EDS and XRD analyses together indicate a
stoichiometric CsPtl;(DMSO) thin-film that has taken on a 2D
structure.

To understand formation of the 2D-phase over that of 0D struc-
tures that have been the norm in this material class, it is in-
structive to consider changes that occur to the sulfur in DMSO
as it bonds with the metal-halide. FTIR reveals, for example,
an increase of S*—O~ bond stretching frequency, 8,,, from
1042 cm™! to 1090 cm~! for DMSO by itself and the combined
2D- CsPtl;(DMSO) films, respectively (see Figure 2e). The in-
crease in energy suggests a strengthening of the S*—0O~ bond
within the DMSO as it reacts with the MHP, which indicates that
the 2D-phase is formed via coordination of the sulfur with Pt in
the MHP for the reasons outlined subsequently.

DMSO contains two C-S bonds and one dative S*—O~ bond
along with the lone pair electrons associated with the S- atom
(see Figure 2f).[*6] This sulfur-based lone pair can interact with
the Pt via Pt-S coordination (k-S mode) to form metal complexes.
The k-S mode for Pt-S coordination is typically stabilized by syn-
chronous S—Pt 6-donation and Pt—S z-back donation,*?! lead-
ing to o*- & orbital mixing and spin-orbit coupling.*”] DMSO
can also bind with metals via its O atom (k-O mode), as found
in complexes like [Co(DMSO)4]*" and typical DMSO-Lewis-acid-
base adducts (e.g., MAI-PbI,-DMSO0).[548-51] In this process, the
O atom exhibits both ¢ and z donation because of multiple lone
pairs. Both the ¢ and z donations will decrease electron density
of O atom and weaken the ST—O~ ionic reaction, resulting in a
decrease in the stretching frequency 8,. However, if the DMSO
coordinates with the metal atom through the sulfur coordination
(k-S mode), for example in Pt(II) and Ru(Il), o donation from S
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atom (via its one lone pair) to metal and z back donation from
metal to S is expected.*?] As a result, there will be a net loss of
electron density from S and an increase in its positive charge.
Accordingly, the ionic interaction (S*/O~) in the S—O bond is
strengthened, resulting in increased stretching frequency 9.
Therefore, the observed increase in 3¢, indicates that DM SO co-
ordinates with transition metal Pt(II) via k-S instead of k-O mode,
which is also in line with reported observation on [PtDMSOCI, ]~
and Pt(DMSO0),Cl, complexes.[*1*}] The observed increase in fre-
quency with k-S mode is also consistent with theory. Calculations
predicted that the characteristic 9, stretching vibration band
would shift to a high-frequency region by 42 cm™! for DMSO
coordinated via the sulfur atom (in [PtDMSOCI;]~ complex),[*3]
which agrees with the increase observed in our data (48 cm™) for
formation of 2D- CsPtl;(DMSO).

Figure 2g shows the absorption spectrum of 2D-
CsPtl;(DMSO) with an absorption edge at 600 nm and a
characteristic excitonic peak at 520 nm. The presence of an
excitonic peak is further evidence of the 2D perovskite phase,
as excitonic binding energies are strong in 2D-layered materials
owing to quantum confinement!!>16°2] Figure 2h,i show the
Tauc plot for both direct and indirect bandgap analysis resulting
in values of 2.21 and 2.05 eV, respectively.

2.2. DFT Calculations for 2D- CsPtl,(DMSO)

DFT calculations were performed to support the phase stabil-
ity of the 2D-phase and assess the bonding pathways between
the DMSO and Pt. All DFT computations were performed us-
ing the Vienna ab initio simulation package (VASP),>*l employ-
ing projector augmented wave (PAW) pseudopotentials.>>°¢ The
Generalized Gradient Approximation (GGA)-based PBE’”! +D3
(for empirical van der Waals interactions) functional was used
for the CsPtl;(DMSO) phase, whereas the corrected PBEsol*®]
functional was used for the inorganic Cs-Pt-I compounds and
reference phases, Csl and Ptl, or Ptl,. A kinetic energy cut-off
of 500 eV was used for the plane wave basis set. Given that all lat-
tice constants for the cubic perovskites and the layered non-cubic
phase ranged from ~9 to ~11 A, we used a uniform 4 x 4 x 4
Monkhorst—Pack mesh for sampling the Brillouin zone in all
GGA geometry optimization calculations. Atoms were allowed to
fully relax to an energy convergence of 10~° eV and a force con-
vergence of —0.03 eV A~! during the optimization process. The
electronic band structure and density of states were calculated us-
ing the hybrid HSE06l>®! (@ = 0.2 and « = 0.25) functional, with
static calculations performed on the GGA-optimized geometries.
The HSEO6-computed bandgap of Cs,Ptl; is 1.27 eV, which is
slightly underpredicted compared to the experimental value of
1.4 eV.[2637] The frequency-dependent optical absorption coeffi-
cient I(w) for the compounds was further calculated from HSE06
as:

2

( @) + e -6, (w)) ()

from the complex dielectric function e(w) = ¢, (w) + ie, (@), using
the LOPTICS tag. The VASP outputs were post-processed using
VASPKIT.®
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Figure 2. Characterization analysis on the 2D- CsPtl; (DMSO) thin film. a) top-view SEM. b) Cross-section SEM. c) top-view EDX. d) thin film XRD. The
resultant thin-film is neither Cs, Ptlg or simple mixture/blending of precursor salts/impurities like Csl, Ptl,, or even Ptl,. Instead, a novel and unindexed

phase with specific strongest peak at low-diffraction angle 10.7 degrees (260),

similar to but different from that of DMSO-Ptl,, which should come from

the strong reflection of the planar (0071) facet of the 2D- CsPtl; (DMSO) and mid-intensity peaks at 21.6, 30.3, and 32.6 degrees (26) were formed. The

dominant (00l) peaks originated from diffractions between inorganic layers,

suggesting high crystallinity and orientation with respect to the substrate

e) FTIR spectrum of bare DMSO and CsPtl; (DMSO). For bare DMSO (i and ii), the stretching frequency of S*— O~ (350) appears at 1042 cm™', while

the bands at 1400 and 3000 cm~" are assigned to the CHj stretching. 9o

of CsPtl; (DMSO) went up (to 1090 cm~") compared to that of the bare

DMSO (1042 cm™"). f) Molecular structure of DMSO. There are three single bonds: two C-S bonds and one dative S*— O~ bond; and one pair lone
electrons associated with the S atom. g) UV-vis absorption spectrum of the CsPtl; (DMSO) thin film featured with the excitonic peak. h) Tauc plot for
direct bandgap evaluation. i) Tauc plot for indirect bandgap evaluation. Tauc relation (ahv)'" = B(hv — E;), where y =2 or 1/2 corresponding to indirect

and direct transitions, respectively.[3]

The vacancy-ordered Pb-free double perovskite Cs,PtI; crys-
tallizes as a face-centered cubic structure (Fm3m) with a bandgap
of 1.40 eV.[23% The PBEsol-relaxed lattice constant of Cs, Ptl, is
11.29 A, which is in good agreement with the previously reported
experimental lattice constant of 11.37 A.[6!) We first investigated
the effect of gradual addition of Pt interstitials in Cs,Pt I, (x =

Adv. Optical Mater. 2024, 2402435 2402435 (4 0f13)

1 for the double perovskite Cs,Ptl; and x = 2 for a single per-
ovskite CsPtl;) on the stability, lattice constant, and Pt-I and Cs-I
bond lengths; the results of this analysis going from the double
perovskite to the single perovskite are presented in Table 1. In-
terestingly, with the addition of Pt, the lattice constant and Cs-
I bond length both gradually decreases, whereas the Pt-I bond
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Table 1. Lattice parameters, bond lengths, bandgaps (E) and formation
energies (AEg) as a function of Pt concentration.

Compound alA]  Cs-[A] Pt-1 [A] Egnse V] AEf [eV/atom]
Cs,Ptlg 11.29 3.99 2.68 1.35 -1.10
Cs, Pty 5sle 11.25 3.98 2.73 0.13 —-1.09
Cs,Pt; solg 11.15 3.96 2.75 0.12 -1.06
Cs,Pt; 5516 11.14 3.94 2.76 0.11 —1.04
CsPtl, 11.10 3.92 2.76 0.00 —-0.98

length increases. We calculated the formation energy per atom
for any composition as:

E(Cs,Pt 1) — 2E (Cs) — xE (Pt) — GE (I)
24+x+6

AF (Cs,Pt 1) = ()

Here, x represents the amount of Pt in one formula unit of
the compound, and 2+x+6 is the total number of atoms in the
formula unit. The observed reduction in formation energy with
increasing concentrations of Pt in Cs,Ptl; indicates that the in-
corporation of Pt destabilizes the perovskite structure. Further-
more, the addition of Pt to the double perovskite also results in
eliminating the bandgap.

Next, we focused on simulating a suitable 2D layered
CsPtl;(DMSO) structure and comparing its properties with
both Cs,Ptl; and CsPtl;. Geometry optimization using PBE+D3
showed that the 2D- CsPtI;(DMSO) phase stabilizes with an in-
plane lattice parameter of #12 A and an interlayer distance of 8.8
A, which is in good agreement with the experimental interlayer
distance of 8.3 A. The computed lattice parameters of the 2D-
CsPtl;(DMSO) phase are summarized in Table 2. The DFT cal-
culated structure also matches the stoichiometric ratio of 1:1:3:1
for Cs:Pt:I:S obtained from EDS analysis. We calculated a decom-
position energy for this 2D phase as:

AH = ECsPLI;(DMSO) —Ecy - Epuz = Epmso 3)

A negative decomposition energy of AH = —1.55 eV per for-
mula unit (p.f.u.) explains the thermodynamic stability of the
2D perovskite complex with respect to its competing phases Csl,
Ptl,, and DMSO. The 2D- CsPtl;(DMSO) structure pictured in

Table 2. PBE-D3 computed lattice parameters and HSE06 computed
bandgap (Eg) and carrier effective masses (my,*, m,*) for the 2D layered
CsPtl; (DMSO) phase.

Parameters DFT value
a(A) 11.96
b(A) 9.22
c(A) 12.20
a () 74.52
Q) 83.64
7 () 74.48
E; (eV) 2.25
my* -1.21m,
m,* +2.01m,

Adv. Optical Mater. 2024, 2402435 2402435 (5 Of13)
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Figure 3. DFT calculated structures: Relaxed geometry of the layered
2D- CsPtl3(DMSO) perovskite structure from PBEsol+D3, showing a)
2 x 1x 2 supercell. Charge density difference in CsPtl; (DMSO), with red
and blue regions representing charge accumulation and depletion respec-
tively, is pictured in b). c,d) show the band decomposed charge density for
conduction band (CB) and valence band (VB) respectively.

Figure 3 shows the presence of an S-Pt bond, which corroborates
the FTIR experimental findings. The even sharing of electrons
between Platinum and Sulfur as observed indicates the formation
of a stable 6-bond between Ptand S. Bader charge analysis(®?! pro-
vides further insights into the S-Pt bond formation mechanism,
showing that S has a charge of +1.94 (e”) whereas Pt is neutral.
In CsPtl;, Pt has an oxidation state of 2+ and the donation of lone
pair electrons from S to Pt reduces the Pt** in CsPtl; to a neu-
tral state, thus forming a o S-Pt bond. While the decomposition
energy AH of Cs, Pt is calculated to be —0.59 eV p.f.u., CsPtl,
(cubic) shows a positive AH = 0.19 eV p.f.u., making it thermody-
namically unstable with respect to its constituent phases CsI and
Ptl,. Thus, it can be concluded that the formation of the covalent
Pt-S bond in the 2D- CsPtl;(DMSO) phase helps in stabilizing
the single perovskite CsPtl; in a layered structure as compared
to its pristine 3D state.

From HSEO06 calculations, the 3D cubic CsPtl; has a zero
bandgap, the vacancy-ordered double perovskite Cs,Ptl; has a
bandgap of 1.27 eV, and the 2D- CsPtl;(DMSO) phase is found to
have a bandgap of 2.25 eV. Thus, we find proof for the bandgap
widening from the double perovskite to the layered structure, as
seen experimentally. The projected density of states (PDOS) of
the 2D- CsPtI;(DMSO) as pictured in Figure 4a follows general
trends in perovskites with the Pt-d and I-p orbitals dominating
the valence band maximum (VBM) and conduction band mini-
mum (CBM). Figure 4b shows a comparative analysis of the to-
tal density of states for CsPtl;, 2D layered CsPtl;(DMSO), and
Cs, Ptl, revealing how the states shift from one compound to an-
other and how the bandgap changes. DMSO contributes only to
the CBM which is corroborated by the band decomposed charge
densities shown in Figure 3¢,d. The complex also shows high and
rising optical absorption coefficient (>10° cm™) as pictured in
Figure 4d. The anisotropy observed is characteristic for layered
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Figure 4. DFT calculated properties of 2D- CsPtl; (DMSO) phase. a) Projected density of states (PDOS) of the 2D layered CsPt; (DMSO). b) Comparison
of density of states of CsPtl3, 2D CsPt; (DMSO), and Cs, Ptlg. c) Band structure of CsPt; (DMSO). d) Optical absorption coefficient as a function of photon

energy for 2D layered CsPt; (DMSO).

materials enabling the material to absorb different wavelengths
depending on the direction of incident light. Finally, Figure 4c
shows the electronic band structure of the complex from HSE06,
considering the high symmetry points (0, 0, 0), X(0.5, 0, 0.5),
U(0.625, 0.25, 0.625), K(0.375, 0.375, 0.75), L(0.5, 0.5, 0.5), and
W(0.5, 0.25, 0.75). The band structure reveals that the bandgap
is indirect as opposed to the direct bandgap seen for the double
perovskite.

2.3. Intersystem Crossing and Triplet Emission
Figure 5a shows the overlaid steady-state photolumines-

cence (PL) and UV-vis-NIR absorption spectra of the 2D-

Adv. Optical Mater. 2024, 2402435 2402435 (6 0f13)

CsPtl;(DMSO) phase. Under 532 nm excitation, the PL spec-
trum shows a weak singlet exciton emission at 610 nm and an
intense triplet emission at 852 nm. The weak singlet emission
exhibits a small Stokes shift (x0.03 eV), whereas a large Stokes
shift is observed for the triplet emission peak due to intersystem
crossing (ISC) and singlet-triplet energy transfer,*’) as has also
been reported in 2D halide perovskite (CH;NH;), Pb(SCN),L,.3!
These properties exhibit significant potential in triplet-triplet
annihilation (TTA) up-conversion process for photovoltaics and
light emitting diodes (LEDs).[3%:63-6¢]

To understand the optical response, the Jablonski diagram
in Figure 5b illustrates the overall carrier dynamics in the 2D
halide perovskite CsPtI;(DMSO) involving singlet exciton gen-
eration, singlet emission (fluorescence), singlet-triplet exciton
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Figure 5. Photoluminescence vs UV-vis absorption and the hypotheses of intersystem crossing and triplet emission. a) The PL spectrum vs UV-vis
absorption spectrum of 2D- CsPtl; (DMSO) thin film. b) Jablonski Diagram involving both singlet florescence and triplet emission via intersystem
crossing (ISC), using an excitation wavelength of 532 nm. c) Schematic graphics of the spin-orbit coupling between Pt and DMSO molecules, the
intersystem crossing, and the generation of triplet state. d) PL spectrum of 2D- CsPtl; (DMSO) thin film under excitation of 785 nm laser. €) Schematic
illustration for the PL (and Raman) of 2D- CsPtl; (DMSO) thin film excited with 785 nm laser, in which the generation of a triplet state through direct

excitation is a spin-forbidden transition.

energy transfer via intersystem crossing (ISC), and the triplet
decay (phosphorescence). Briefly, excitation with 532 nm laser
generates singlet excitons (SE), bound electron-hole pairs with
opposite spin, through the Is exciton transition close to the on-
set of band edge. The radiative recombination of the singlet
excitons results in the singlet emission at 610 nm. However,
this process is largely quenched by singlet-triplet exciton en-
ergy transfer via ISC, resulting in strong phosphorescence at
852 nm. Intersystem crossing process is facilitated by Pt-S co-
ordination (k-S mode) through interaction of PtI, and DMSO
molecule (Figure 5c¢). It is to be noted that UV—vis—NIR absorp-
tion spectrum of the 2D- CsPtI;(DMSO) phase does not exhibit
absorption ~850 nm, supporting the hypothesis singlet-triplet
energy transfer process. Additionally, for 785 nm excitation laser,

Adv. Optical Mater. 2024, 2402435 2402435 (7 Of13)

lower energy than the singlet exciton state but higher than the
852 nm emission, no PL emission is observed ~852 nm. Instead,
Raman peaks including Rayleigh scattering, Raman scattering,
and anti-Raman scattering were clearly observed in the range
of 770-800 nm with 785 nm excitation laser (Figure 5d). This
combined evidence supports the hypothesis that 852 nm emis-
sion is due to triplet decay to ground state, as the emitting state
cannot be directly photoexcited and thus is not a dipole allowed
transition,!® whereas the direct singlet-triplet exciton transition
(from ground state to triplet state) is theoretically spin-forbidden
(Figure 5e).[®7]

Interestingly, OD- Cs,Ptl; phase exhibits a direct bandgap of
1.40 eV,*®) therefore, to confirm 850 nm (1.46 eV) emission
is due to ISC or Type-I heterojunction (Figure S8, Supporting

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. LT-PL of 2D- CsPtl; (DMSO) thin film at 130K. a) PL spectrums of the 2D- CsPtl; (DMSO) during the cooling process. The red-shift of the PL
peaks was observed as decreasing the temperature from RT to 130 K. b) The Raman spectrums of the CsPtl; (DMSO) at 130 K with the excitation of
785 nm laser of different power density. c) Photographs and schematic diagrams for the 532 nm laser scanning on 2D- CsPtl; (DMSO) thin film at 130 K.
No phase change of the CsPtl; (DMSO) during the laser scanning at 130 K. d) 785 nm Raman spectrums of spot (i) outside and (ii) inside the region of

the 532 nm laser scanning at 130 K.

Information), it is important to eliminate thermal effects with
low-temperature photoluminescence (LT-PL) measurements. As
the temperature decreased, the emission at 610 nm nearly di-
minished in the “normalized” PL spectrum, and a reversible
temperature dependent redshift is observed in the 850 nm peak
(Figure 6a). The latter peak (850 nm) is dominant in the nor-
malized PL spectrum at decreased temperature. Similar behavior
was also reported by Younts et al. studying the singlet-triplet en-
ergy transfer in 2D hybrid perovskite (MA),Pb(SCN),1,.3% The
increased relative intensity ratio of the 850 nm feature over the
610 nm feature at 130 K is due to the higher singlet-triplet trans-
fer efficiency with reduced charge dissociation when thermal en-
ergy is removed. And the red-shift of the triplet emission peak
can be associated with a modulated superstructure,**! which
begins to appear at lower temperature (see the square lines in
Figure 6¢) and a return to room temperature alleviates this mod-
ulation (Figure S9, Supporting Information). Figure 6b shows

Adv. Optical Mater. 2024, 2402435 2402435 (8 of 13)

Raman spectra obtained at RT and 130 K, where the similar-
ity in response indicates no changes in the structure. Figure 6d
shows the Raman spectra after 532 nm laser scan over a square
region at 130 K, indicating the 2D phase stability with laser illu-
mination at 130K. More detail about the laser scanning at 130 K
is described in Supporting Information (Figure S10, Support-
ing Information). In essence, our findings demonstrate that the
850 nm emission is due to triplet state decay to ground singlet
state and not due to phase transition via Type-I heterojunction
formation.

2.4. Stability of 2D- CsPtl,(DMSO)
Existing research on Pt-based halide perovskites has predom-

inantly centered on Cs,PtX,, the vacancy-ordered double per-
ovskite, where the Pt element typically assumes a Pt(IV) state,

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 7. Thermal phase transition during the systematically tuned annealin

Reaction coordinate

g condition. a) XRD patterns of Type-80-non, Type-80-100, Type-80-140, Type-

80-180, and pure Cs,Ptlg film prepared from Ptl, and Csl, respectively. “Type-80-non” indicating the thin film annealed at 80 °C for 3 minutes without
a subsequent annealing step, and “Type-80-100” signifying a thin film annealed at 80 °C for 3 min, followed by a 30-minute annealing step at 100 °C.
The “Type-80-140” and “Type-80-180” designations indicate similar meanings. b) FTIR spectrum of bare DMSO, Type-80-non, Type-80-100, Type-80-140,
and Type-80-180, respectively. ¢) Raman spectrum of Type-80-non, Type-80-100, Type-80-140, Type-80-180, and pure Cs, Ptl¢ film prepared from Ptl, and
Csl, respectively. d) UV-vis absorption spectrum of precursor solution, Type-80-non, Type-80-100, Type-80-140, and Type-80-180, respectively. Additional
UV-vis spectra on annealed films shown in Figure S11 (Supporting Information). €) TGA analysis of the CsPtl; (DMSO) powder over room temperature

to 600 °C. f) The reaction coordinate diagram of entire structural transition.

SEM micrograph of pure Cs, Ptlg and EDS elemental profiling of Type-80-180

thin film is shown in Figures S13 and S14 (Supporting Information) respectively.

due to excellent stability and optoelectronic properties.[?223]
On the other hand, the octahedra factor (u =% , Rppe =
80 pm, R,- =220 pm) of 0.36 and positive deconllposition en-
ergy for 3D CsPtl, suggests an unstable perovskite phase. Here,
we report a significant breakthrough of successfully synthesiz-
ing uniform and stable polycrystalline films with 2D layered
CsPtI;(DMSO) phase, where Pt exists in a 2+ state, enabling us
to transcend the constraints imposed by lattice limitations and
tolerance factors. DMSO plays a dual role here, not only act-
ing as a solvent but also contributing S-lone pair electrons to
the formation of the 2D phase. Unlike the frequently observed
solvate intermediate phases in solution-processed perovskites,
such as MAI-Pbl,-DMSO Lewis-basic-acid adducts,[*¢8%] which
undergo rapid decomposition and transformation under mild
thermal annealing,!*! the 2D- CsPtl;(DMSO) phase remains
stable after undergoing annealing at 100 °C. To further ex-
plore the thermal stability of the 2D- CsPtl;(DMSO) phase and
distinguish it from metastable intermediate phases, additional

Adv. Optical Mater. 2024, 2402435 2402435 (9 of 13)

thermal and laser annealing, and phase transition results are
discussed.

2.4.1. Thermal Stability of the 2D Phase

Figure 7a shows the XRD pattern for 2D- CsPtl;(DMSO) films af-
ter 30 min anneals at 100 °C, 140 °C and 180 °C after initial heat
treatment at 80 °C to form the 2D-phase (see Figure 1la-ii). XRD
after the pre-anneal exhibited the characteristic (001), (002), (003),
(004), and (005) peaks of the 2D-phase at 26 values of 10.7°, 21.6°,
32.6°, 44.0°, and 55.9°, respectively. The XRD pattern and phys-
ical color of the films are unchanged after annealing at 100 °C
and 140 °C. A change is observed in the Raman spectrum for the
140 °C with the emergence of a peak near 115 cm™! suggesting
that some transformation in the film has begun.

Annealing at 180 °C significantly changes the material and
indicates it is no longer stable at this temperature. The films

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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optically blacken and XRD, FTIR, UV-vis-NIR, and Raman re-
sponses change considerably (Figure 7a—d). For example, XRD
peaks are observed at 26 values of 13.3°, 15.4°, 21.9°, 27°, 31.3°,
44.9°. These are indexed as (111), (200), (220), (222), (400), and
(440) Cs,PtI planes, respectively (ICSD 37193).17% The peak at
40° indicates the (111) Pt peak (ICSD 52250).7!] The appearance
of these “new” peaks corresponding to Cs,Ptl; and Pt is accom-
panied by a loss of the strong basal peak at 10.7° characteristic
of the 2D phase. Spectroscopically, FTIR peaks characteristic of
the DMSO molecule in 2D phase (8 at 1400 cm~! and 3000
cm™! and 84, at 1090 cm™!) nearly disappeared after the high-
temperature anneal. The Raman spectrum, meanwhile, exhibits
peaks at 115 and 139 cm™' wavenumbers, which is consistent
with that observed from Cs, Ptl.["273] From these results, we con-
clude that the film transforms 2D- CsPtI;(DMSO) to a 0D mixed
phase of Cs, Ptl /Pt after the 180 °C anneal.

Thermogravimetric analysis (TGA) in Figure 7e supports this
deduction by tracking weight loss as a function of temperature
for 2D- CsPtl;(DMSO) films. The result shows a distinct weight
loss between 150.1 to 196.3 °C with phase transition onset tem-
perature at 181.5 °C. The weight loss (from m,, = 6.524 mg to
m; = 5.867 mg) matches well with the transformation of 2D
halide perovskite CsPtl;(DMSO) to 0D mixed phase Cs,Ptl,/Pt
with the loss of DM SO molecules. Moreover, as the temperature
further increases, the 0D Cs,Ptl,/Pt mixed phase decomposes
at 382.5 °C finally resulting in a residue of CsI and Pt accord-
ing to the weight loss of 35%, summarized in Figure 7f. Figure
S12 (Supporting Information) shows the SEM and EDS analy-
sis of films after 180 °C anneal, indicating uniform distribution
of Cs, Pt, and 1. The 2D phase is stable upto ~181.5 °C, beyond
which it decomposes to a mixture of Cs,Ptl, and Pt, the thermal
stability being higher than frequently observed solvate interme-
diate phases (e.g., MAI-PbI,-DMSO),[*! which is in line with the
negative decomposition energy from DFT. Additional effects of
annealing are discussed in Supplemental Information (Figures
S15-S19, Supporting Information).

2.4.2. Laser Annealing of the 2D Phase

Due to the low thermal conductivity and high absorption coef-
ficient of halide perovskites at 532 nm, the 2D- CsPtI;(DMSO)
films are expected to show significant temperature increase dur-
ing PL measurements, even with laser power as low as 0.1 mW
(0.366 mW um~2) as shown in Figure 8a. Figure 8b shows a plot
of sample temperature as a function of laser power for film ther-
mal conductivity ranging from 0.1 t0 0.5 W m™" K™!, considering
thermal conductivity of CsSnl; and Cs,Ptl, as 0.38 W m~! K~!
and 0.15 W m~! K1, respectively.”**] During the PL character-
ization of 2D- CsPtl;(DMSO), we observed changes in the ap-
pearance of the thin film (Figure S19, Supporting Information)
upon exposure to 532 nm laser illumination, even within a N, en-
vironment. Additionally, repetitive PL measurements conducted
at the same location under N, atmosphere resulted in a gradual
decrease in the PL emission intensity (Figure S20, Supporting In-
formation), suggesting a bleaching effect. Raman measurements
on a 10 um x 10 ym laser scanned area shows transition of 2D
phase to Cs, Pt /Pt mixed phase, with an exposure of 5 sec/spot,
as evidenced by the presence of Raman peaks at 117, 138, and
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Figure 8. Laserillumination induced phase transition. a) Simulation result
diagramed the relation between the highest temperature in beam region
and laser power during the PL measurement on perovskite thin films of dif-
ferent thermal conductivity. b) Photographs and Schematic diagrams for
the 532 nm laser scanning on 2D- CsPtl; (DMSO) thin film and the regional
phase transition of CsPtl; (DMSO) to Cs,Ptlg/Pt induced. c) 785 nm Ra-
man spectrums of the square centers before and after scanning with dif-
ferent speeds (illumination time) to track the 532 nm laser illumination
induced phase change.

172 cm™! wavenumbers as shown in Figure 8c. Notably, no PL
emission was observed with 532 nm excitation for the Cs, Ptl, /Pt
mixed phase (Figure S21, Supporting Information). Laser anneal-
ing induced phase change is a promising method to make thin
film of Pt-doped Cs,Ptl,, an efficient co-catalyst!’>78] and excep-
tionally stable perovskite in aqueous solutions with extreme pH
values.[?223]

2.5. Addition of Lewis Bases

The 2D- CsPtl;(DMSO) phase exhibits distinct characteristics
compared to typical intermediate phase and Lewis-base-acid
complex,[**851] particularly in its higher thermal stability. In
typical DMSO-related Lewis-base-acid complexes, DMSO bonds
Lewis acid via the k-O mode, while in the 2D- CsPtI;(DMSO), it
employs the k-S mode with Pt-S covalent bonding. To investigate
the formation mechanism of the 2D phase, we introduced
Lewis bases, including acetamide (AA), 1,3-Dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone (DMPU), and thioacetamide
(TAA), into the precursor solution.”>#) These were added
in the same molar ratio of AA/TAA/DMPU: Ptl,: Csl =
1:1:1, and the thin films were doctor-bladed onto glass sub-
strates, followed by two-step annealing (80 °C for 3 minutes and
100 °C for 30 minutes). Detailed experimental procedures can
be found in the Supplemental Information.

As seen from molecular structure in Figure 9a, AA is antici-
pated to act as an O-donor.””! XRD, Raman, FTIR, and UV-vis
spectra of samples prepared with AA/DMSO show minimal im-
pact on the formation of 2D- CsPtI;(DMSO) phase. In Figure 9d,
the absence of FTIR peak at 1151 cm™!, characteristic to C-N
(Figure S22, Supporting Information), suggests no AA-related
complexes formed, despite its stronger Lewis basicity.®?! Addi-
tionally, similar UV-vis absorption edges in AA/DMSO and pure

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 9. a) Molecular structures of DMSO, AA, DMPU, and TAA, respectively. b) XRD pattern of Film-DMSO, Film-AA/DMSO, Film-DMPU/DMSO,
and Film-TAA/DMSO, respectively. c) Raman spectrum of Film-DMSO, Film-AA/DMSO, Film-DMPU/DMSO, and Film-TAA/DMSO, respectively. d)
FTIR spectrum of film Film-DMSO, Film-AA/DMSO, Film-DMPU/DMSO, and Film-TAA/DMSO, respectively. ) UV-vis spectrum of precursor solution
contain solvent of DMSO, AA/DMSO, DMPU/DMSO, and TAA/DMSO, respectively. f) UV-vis spectrum of film Film-DMSO, Film-AA/DMSO, Film-

DMPU/DMSO, and Film-TAA/DMSO, respectively.

DMSO precursor solutions indicate minimal influence on the
ion cage formation, indicating the preference for S-Pt over O-Pt
bonding.

DMPU, an O-donor, with a higher donor number of 33 com-
pared to DMSO of 29.8,[33] acts as a stronger Lewis base due to its
additional nitrogen (N) atoms. XRD analysis (Figure 9b) of films
made with DMPU/DMSO precursor solution reveals a dominant
2D phase, with a discernible peak at 118 cm™! observed in Raman
spectrum (Figure 9c), hinting at a small fraction of Cs,Ptl,/Pt.
Additionally, C=0O FTIR peak at 1637 cm™! in DMPU shifts to
1608 cm™! suggesting Pt co-ordination with S may be retarded in
the presence of DMPU (Figure S23, Supporting Information).[3¥]
The characteristic S=O FTIR peak at 1090 cm™! (Figure 9d) is
observed in both AA/DMSO and DMPU/DMSO precursor so-

Adv. Optical Mater. 2024, 2402435 2402435 (11 of 1 3)

lutions indicating minimal influence on ion-cage with the two
additives, and similarity in the UV-vis spectra of precursor solu-
tion (Figure 9e) and films (Figure 9f) support this interpretation.
These findings suggest that while a fraction of DMPU-related
Lewis-base-acid complex competes with the 2D phase, but the
latter remains more stable.

The addition of TAA/# a S-donor, into the precur-
sor solution, significantly impedes the formation of the 2D-
CsPtl;(DMSO) phase, as evidenced by XRD pattern, showing the
formation of crystalline Cs,Ptl; and Pt. Further, Raman spec-
tra on films prepared with TAA/DMSO precursor solution show
sharp peaks associated with Cs,Ptl; and minimal shift or broad-
ening. The UV-vis spectrum of the TAA/DMSO precursor so-
lution exhibited a noticeable red-shift in the absorption edge
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compared to pure DM SO precursor solution, likely due to forma-
tion of Cs, Ptl in the precursor solution. A red-shifted absorption
edge was also observed compared to films prepared with only
DMSO-based precursor solutions. These observations suggest
that presence of TAA results in changes in the Pt-S coordination
in DMSO and retards the formation of the 2D phase. Competi-
tive coordination between DMSO-Pt and TAA-Pt via Pt-S coordi-
nation hinders the formation of DMSO-Pt-1-Cs ion cages and the
2D phase, leading directly to formation of mixed Cs,Ptl; and Pt.
The introduction of stronger Lewis bases clearly shows the dis-
tinct role of Pt-S bonding in the formation of 2D- CsPtl;(DMSO)
phase, which differs from conventional Lewis-base-acid interac-
tions where DMSO typically coordinates with metals via oxygen
(O). A competitive Pt-S co-ordination of TAA molecule retards
the formation of 2D phase and results in the formation of mixed
Cs,Ptl, and Pt.

3. Conclusion

In conclusion, our investigation has revealed the novel organic-
inorganic hybrid 2D layered CsPtl;(DMSO) phase, showcasing
promising optoelectronic properties, stabilized by the donation
of S-lone pair electrons from DMSO solvent. The thermal sta-
bility of this phase is notable, up to 181.5 °C, beyond which
it undergoes a phase transition to a mixture of Cs,Ptl, and
Pt. The interaction between Pt(II) and DMSO, characterized
by both o-donation of electrons from S-to-Pt and z-back dona-
tion, plays a crucial role in stabilizing the layered structure of
2D- CsPtI;(DMSO), as confirmed by negative decomposition en-
ergy through DFT calculations. This Pt-S interaction induces
spin-orbit coupling, facilitating intersystem crossing (ISC) and
singlet-to-triplet energy transfer of excitons, resulting in a large
Stokes shift. Singlet emission peak at 610 nm and triplet emis-
sion peak at 850 nm are observed using photoluminescence spec-
troscopy. Furthermore, our findings highlight the influence of
strong S-donors like TAA in disrupting the formation of the
2D layered structure, leading to the formation of Cs,Ptl; and
Pt instead. Exploration and optimization of these materials hold
promise for addressing critical societal challenges and fostering
a sustainable energy future.
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