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Abstract

The global transition toward renewable energy has positioned solar photovoltaics as a corner-
stone technology for sustainable electricity generation. Metal halide perovskites (MHPs) have
emerged as transformative optoelectronic materials, with power conversion efficiencies surpass-
ing 27% in merely 14 years of development. However, three-dimensional MHPs face critical
challenges, including intrinsic instability under operational conditions, concerns about lead toxi-
city, and performance limitations due to nonradiative carrier recombination. Layered halide per-
ovskites (LHPs), particularly Dion-Jacobson (DJ) phase materials with dicationic organic spacers,
address several of these limitations through enhanced environmental stability, compact interlayer
architectures that enable improved charge transport, and extensive compositional tunability. De-
spite remarkable experimental progress, a fundamental understanding of atomic-scale structural
dynamics governed excited-state carrier behavior, recombination pathways, and charge transfer
mechanisms, as well as influential structural descriptors for elusive structure-property correla-
tions, remains inadequate, hindering rational materials design for optimized optoelectronic per-
formance. This thesis presents a comprehensive computational investigation of DJ-phase LHPs
and related lead-free perovskite architectures, systematically establishing structure-property rela-
tionships through integrated application of Density Functional Theory (DFT), ab initio molecular
dynamics (AIMD), nonadiabatic molecular dynamics (NAMD), time-domain density functional
theory (TD-DFT), and interpretable machine learning. The overarching objective is to develop
atomistic design principles that enable simultaneous optimization of carrier lifetimes, charge trans-
port characteristics, and stability in environmentally sustainable materials. First, we explore spacer
layer engineering strategies to control structural dynamics and the behavior of excited-state car-
riers. We demonstrate that halogen functionalization of aromatic spacers, particularly strategic
bromination patterns, dramatically extends carrier lifetimes by suppressing lattice fluctuations and
weakening electron-phonon coupling through enhanced non-covalent interactions. Systematic in-
vestigations reveal that regioisomeric substitution, the spatial positioning of functional groups,
serves as a decisive control parameter, producing 3-fold variations in hot carrier cooling times
despite identical chemical composition. Most transformatively, we establish design principles for
electroactive spacers featuring nitrogen-rich aromatic heterocycles that create type-II heterojunc-
tions, enabling ultrafast interfacial charge transfer and potentially resolving the chronic out-of-
plane transport bottleneck in layered architectures. Second, we systematically explore inorganic
layer compositional engineering. A-cation mixing investigations reveal that cesium incorporation
with methylammonium suppresses inter-octahedral angle fluctuations, extending carrier lifetimes
in multilayered structures. B-site metal engineering reveals that mixed Pb-Sn compositions ex-

hibit cooperative lattice strain relaxation, resulting in uniquely rigid frameworks with suppressed
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bandgap fluctuations and extended carrier lifetimes, while simultaneously reducing lead content
while maintaining performance. Interestingly, we discover that site-selective halide positioning
within octahedra produces order-of-magnitude variations in carrier lifetimes despite identical sto-
ichiometry. Equatorial bromide placement with axial iodides yields prolonged carrier lifetimes,
surpassing even pure bromide systems, while the reverse arrangement reduces lifetimes to values
comparable to pure iodide materials. This counterintuitive finding establishes spatial atomic ar-
rangement as equally important as elemental composition in determining optoelectronic properties.
Finally, we explore alternative lead-free architectures beyond layered structures. Investigations
of vacancy-ordered perovskites reveal that inorganic A-site cations (cesium, rubidium) constrain
lattice dynamics more effectively than organic methylammonium, reducing electron-phonon cou-
pling and extending carrier lifetimes. Systematic studies of double perovskites demonstrate that
external strain engineering modulates band structures, carrier effective masses, and exciton binding
energies, providing pathways to optimize these inherently stable, lead-free materials for special-
ized applications. Throughout this thesis, interpretable machine learning frameworks, including
SHAP analyses and mutual information correlations, identify critical structural descriptors that
govern the hetero-interfacial dynamic interplay and spacer packing efficiency. These data-driven
insights complement mechanistic understanding from atomistic simulations, establishing robust
structure-property relationships. This work makes several novel contributions: (1) quantitative de-
sign principles for spacer functionalization and electroactive spacer engineering; (2) compositional
engineering of inorganic octahedral frameworks, such as B-cation mixing or site-selective halide
positioning as a powerful dimension for optoelectronic property control; (3) systematic evaluation
of alternative lead-free architectures expanding the materials palette for sustainable optoelectron-
ics; and (4) demonstration of integrated computational-ML methodologies for predicting complex
structure-property relationships in hybrid organic-inorganic semiconductors. Collectively, these
investigations provide a comprehensive roadmap for rational design of high-performance, environ-
mentally sustainable perovskite optoelectronics, contributing to the urgent global transition toward

renewable energy technologies.
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TdtepRuTtar FHotf bt feem # dfedes HepAvT ¥ TR Wieralfeee Wefiih! Bl Hdd fagd Icdred o
Tdh ITURISIAT & B | Temfud fmar 2 Hrd HYlES] ﬁﬁw (Metal Halide Perovskites;
MHPs) 3 URadABR! TebTel-fagd AT &b % # 3R €, fSehT 2ferd BUiavoT &rdr pae
14 Tuf 3 T ® 27% ¥ 37 81 gobt €1 T, f3-31mamet MHPs &1 ufames aRfefaal §
sfafifed srfeRar, WY HY furamar I Fafea [KFarsn, dar R-fafeoia age grfaeT &
PBROT FefT HHT3 ST THR AT &1 HTHAT BT TedT 2|

TRAGR 81188 RIKRBISE (Layered Halide Perovskites; LHPs), faQ\¥ w0 & fgddioid HeHd
TRR gzﬁr%yﬁ:r—émm (Dion—Jacobson; DJ) TRUT Eﬁ?:l'l'qﬁ'fﬁ, YER yafRoiT @??ﬂ, qgq
37O HRAT3AT b ATEIH U 31d 37702l TRaEH, dT AU HeeATcHD 3TJPHel &HT Tald i
S 13T BT yHTd U HAIUd Bl 81 SHP grasle, Idfold 7Rl b dTgd HdaeR,
YAHAISTT AT Ud 31Tdr 37av0T a3l I (Afd &3 arell uRATfUde TR &l AT T,
TAT ST TEAT-TOTeH HgHeH] Bl GRS & arel f[HuTiaes TReATee aufet HI Aifds
e 3T Y 39gTed 1 g€ 2, ST debTd AT 3Tieed T § T 3¢ Bl 2

g 2T J&er DJ-TRUT LHPs T Heifeld HAT-Herd WRIekepTge T3 Bl b AT HIUMHTHD
YT UK d Bl &, TSI Density Functional Theory (DFT), ab initio Molecular Dynamics
(AIMD), Nonadiabatic Molecular Dynamics (NAMD), Time-Domain Density Functional
Theory (TD-DFT) TIT TR H2MA A1 BT Qehlpd AT fasaT 71T 81§ 37688 T 9
3297 U RATIUgeh 1oy Fgid faeRid BT 2, ST 9afervity B9 i Fdad AUl § ared
317y, 3Tl YRae TOTHHT dei FReHTcHe RERdT BT A eidh et FHT I Hep |

A TROT H, AAATHS Tdeb] d 3tifoid TaRT & dTgeh aeR Pl AT X 8g TR IR
AT oA BT sreara fasan mam 21 Ig yefid fasar T @ fob wRiifees R 1 getiorT
BRATABEIT, fae Bu A I0HifdE sifAder ded, R-wedarss sfa-fhar o ggg =
STeTeh I SAR—TGTE P AT & dT GBI GTHA bl HHSIR IATd §Y dT8D 311G H ATCh
gfg BT 21 YUTIeleg 3TedAl § Ig T BT & b T ISP Hered & slasa hraicHe
ﬂ'ﬂ@fﬁ%ﬂﬁiﬁm (regioisomeric substitution) Ya fAuTfges =0T tRTHeR & WU § B
HT &, ForTes TROTHRERY gl BRAR fde 0 H 25-THT deb BT URad- ol a8l fao
B W, AELSH-TYg WHIEE el gad fagd-afisa TRl & fay sifiee fagia
T fdby T &, ST STSY-11 geRISTerRM T FHHT0T &R 3Afddler 3id:Betep 371a2r iaRUT &l Hafd
AT € AT IRAGR IRAT3N N faerdT 31132-37T0h-Ti URae aTeT &I THTfad U F ¥ B &

fodta oROT H, 37pTeAd URd TRAAT3I I HeeATcdd MHIHd! 6T Fafed 3regaH fasar mTar
81 A-TTg Perg A0 3reaaAl ¥ U8 10 8l & fob fHergcsmifAa & | Hifsram b1
HIEET 3R-37CHeA g DI ITR-UGTd DI CeTeR Gg-URd T3] H aTgeh 311 Bl IaTdT 8|
B-JT8< UTg AT & 78 ISR 81dT & {3 fAfSrd Pb—Sn TREATS TEhBRI STIcTch 1 d1d 2MF
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Tef2ld Bt €, oI URUTTHRGRY R 2T, FH S510 IaR-TeTd d2iT &Ief dTed 311 UTed el
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tious) system (right) that reproduces the same ground-state electron density. This
one-to-one correspondence enables the treatment of many-body effects through an
effective single-particle potential while retaining the exact ground-state density of
the original interacting system. . . . . . . . . . ... ... L.

Schematic illustration of the self-consistent Kohn-Sham density functional theory
(DFT) workflow. . . . . . . . .. .

Schematic of optimized structures for (a) (PhDMA)Pbl, and (b) (4F-PhDMA)Pbl,.
The spacer cations, PhADMA and 4F-PhDMA, stack the inorganic layers formed
by corner-sharing Pblg octahedra (bronze). Key: iodine, pink; hydrogen, white;
carbon, cyan; nitrogen, blue; fluorine, yellow; lead, brown. . . . . . . .. .. ..
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3A.1 The non-covalent interactions in A’Pbly. The reduced density gradient (s(7)) plot
as a function of Sign(\;)p for (a) (PhADMA)PbI, and (b) (4F-PhDMA)PbI,. The
corresponding 3D isosurfaces (value = 0.3) of s are represented in (c¢) and (d) with
numbers. In (a, b), the troughs in the range —0.32 < Sign(Ay)p < —0.02 enclosed
with blue boxes, depict the hydrogen bonding interactions, as also shown with the
blue isosurfaces in (c,d). The van der Waals and halogen bonds that are enclosed
with light green boxes in (a,b) are numbered and shown in (¢, d). Color codes
based on sign(\;)p value —0.04(blue) < 0.0(green) < 0.04(red) have been used
for these plots. Attractive and repulsive interaction regions are shown using blue
and red isosurfaces, respectively, whereas van der Waals and halogen interactions
are presented with green isosurfaces. . . . . . . . ... ... 69

3A.2 The partial density of states for optimized geometry of (a) (PhDMA)PbI, and (b)
(4F-PhDMA)PbI,. The VBM and CBM states are very similar for both materi-
als, depicting the negligible impact of spacer cations on these energy states. The
calculations consider hybrid HSE06 functionals and include spin-orbit coupling
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3A.3 The charge density of (a) VBM & (b) CBM for (PhDMA)Pbl,, and (c) VBM &
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3A.4 The electronic band structure for (a) (PhDMA)PbI, and (b) (4F-PhDMA)PbI,.
Both LHPs are direct gap semiconductors where the bandgap is located at the
G(I")-point in the Brillouin zone. The calculations consider semilocal PBE-GGA
functionals and include spin-orbit coupling corrections. We do not consider hybrid
functional for band structure calculations as it does not impact the band structure
significantly. The high-symmetry points are C (0.5, 0.5, 0), Y (0.5, 0.0, 0.0), G
(0.0, 0.0, 0.0), Z (0.0, 0.5, 0.0), and B (0.0, 0.0, 0.5). Note that, the Pbl-layers are
stacked along G(I') — Y direction. The band edges indicate strong dispersion of
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3A.5 Impact of spacer cations on the structural dynamics in A’Pbl, at 300 K. (a) Bar
chart of root mean square fluctuation (RMSF) value for Pb, I, and spacer cation
(CNH/F) for both perovskites. The histogram distribution plots of (b) interlayer
distance (terminal I...I distance across spacer cation) between two inorganic per-
ovskite layers, (c) dihedral angle of neighboring spacer cation along molecular C-C
axis, and (d) the distance of phenyl ring-attached hydrogen (fluorine) in PhDMA
(4F-PhDMA) and terminal iodine of Pblg octahedra have been plotted over AIMD-
simulated trajectories. The insets of (b-d) represent the schematics of correspond-
ing geometric parameters plotted. The beta functions are used to fit the distribution
data in (b) and (c). The wide distribution of H...I distance in (d) does not fit into a
beta function. . . . . .. ... 73

3A.6 The histogram distribution plot of dynamic (a) axial dihedral I-Pb-Pb-I angle be-
tween two neighboring Pblg octahedra (b) distance between H of NH3 head of
organic spacer and I of Pblg octahedra (c) equatorial Pb-I-Pb bond angle of inor-
ganic Pblg octahedra (d) distance between terminal I of Pbls octahedra and N of
NH; head of organic spacer. The much narrower distribution of dihedral angles de-
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3A.7 Variation in electronic structures for A’Pbl, at ambient conditions. (a) The his-

togram plots for (a) bandgaps and (b) the VBM and CBM states along the AIMD
trajectories of A’Pbly for 5 ps (5000 data points). The narrower distributions of
bandgap and band edge states for (4F-PhDMA)PbI, depict the influence of struc-
tural fluctuations on the electronic properties. These electronic structure calcula-
tions employ computationally inexpensive semi-local functional (GGA-PBE). For
(b), the energies of all the electronic states are scaled to the average of the VBM
state, which is at /' = 0 eV. The beta functions (solid black and red lines) are used
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3A.8 The excited state charge carrier dynamics in A’Pbl, at 300 K. (a) The population

of non-radiatively recombined electron-hole over time in (4F-PhDMA)Pbl, and
(PhDMA)PbI,. With fluorination in spacer cations, the recombination rate slows
down, indicating a longer carrier lifetime. The function f(t) = 1 — exp(—t/7) is
used to fit the population rise with time; 7 is the electron-hole recombination time.
(b) The energy states as a function of time in (PhDMA)Pbl,. Multiple energy
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PhDMA)PbI,. @ = 0 and ¢« = 1 are the VBM and CBM states, respectively. The
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3A.9 The electron-phonon interactions and dephasing processes in A’Pbl, at 300 K. (a)
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The Fourier transform of autocorrelation functions for the bandgap fluctuations
and (b) pure-dephasing functions for the VBM-CBM transition in (PhDMA)Pbl,
and (4F-PhDMA)Pbl,. The appearance of a broader range of frequencies in (a)
indicates a greater number of active phonon modes interacting with the dynamic
electronic structure of PADMA-based lead iodide perovskite. The y-axis scale is
consistent but in arbitrary units. . . . . . ... ..o L oL

(a) Spearman’s rank correlation matrix considering previously reported 28 DJ-
phase LHPs. Extent of correlation: 0 to 1; nature of correlation: ’+’ or ’-’ sign.
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corresponding A’ dications. The experimentally realised screened molecules and
newly designed molecules are marked in circles and squares, respectively. The
dashed rectangle highlights the significantly larger PF of newly designed spacers
with constrained eccentricity. (c) The molecular structure of pristine and deriva-
tives of PADMA (ii-iv) with varied halide (Br and F) functionalization designed
for in silico validation: (1) pristine PhADMA, (i1) 4F-PhDMA, (ii1) 2F-2Br-PhDMA,
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3B.3 Schematics of optimized structures for (A’)Pbl, with A’ (a) 4F-PhDMA, (b) 2F-
2Br-PhDMA, and (c) 4Br-PhDMA.. Color key- red: Br, yellow: F, pink: I, golden:
Pb, white: H, cyan: C, and blue: N. The reduced density gradient (s(r)) plot as a
function of sign(\z)p for (A")Pbl, with A’ (d) 4F-PhDMA and (e) 4Br-PhDMA.
The representative inter-spacer interactions for A’ as (f) 4F-PhDMA and (g) 4Br-
PhDMA. The 3D isosurface (value = 0.3) of s, showing inter-spacer interactions
in (A’)Pbly, where A’ is (h) 4F-PhDMA and (i) 4Br-PhDMA. The marked regions
show the difference in the intensity of interactions. Color codes: sign(Ay)p value
—0.04(blue) < 0.0(green) < 0.04(red). Attractive, repulsive, and van der Waals
/halogen interactions regions are shown using blue, red, and green colors, respec-
tively. . . . e

3B.4 (a) Partial density of states (pDOS) plot for (A")Pbl, with A’ (i) 4F-PhDMA, (ii)
2F-2Br-PhDMA, and (iii) 4Br-PhDMA. (b) The band decomposed charge densi-
ties for VBM and CBM of (4Br-PhDMA)Pbl,. The hybrid HSE06 functional is
used with (without) spin-orbit coupling for PDOS (charge density) calculations.
(c) The non-radiatively recombined ground state carrier population over time for
(A’)Pbly. The populations are fitted employing short-time linear approximation
as detailed in Section S10. For clarity, legend names (4F-PhDMA)Pbl,, (2F-
2Br-PhDMA)PbI,, and (4Br-PhDMA)PbI, are marked as 4F-PhDMA, 2F-2Br-
PhDMA, and 4Br-PhDMA, respectively, in all the related plots. . . . . . . . ..

3B.5 The band structure plots for a) (4F-PhDMA)Pbl,, b) (2F-2Br-PhDMA)Pbl,, and
¢) (4Br-PhDMA)PbI,. Blue and orange colors represent the valence band and con-
duction band, respectively. The VBM has been scaled to zero eV. We use the PBE
functional with spin-orbit coupling for these calculations. The underestimation of
the bandgap at the gamma point (compared to Figure 3B.4a) is due to the use of the
semi-local PBE functional. Key: I' — Z is the in-plane directionand I' — Y is the
out-of-plane direction. The high-symmetry points are I'(0.0,0.0,0.0) Z (0.0, 0.5,
0.0), C (0.5, 0.5, 0), Y (0.5, 0.0, 0.0). The band edges indicate strong dispersion
of the VBM and CBM only along the inorganic plane (in-plane). . . . . . . . ..

3B.6 (a) The histogram plot of the transient bandgaps along the 5 ps trajectories
for (A’)Pbly. The standard deviations of bandgap distribution are 0.08 eV,
0.10 eV, and 0.07 eV for (4F-PhDMA)Pbl,, (2F-2Br-PhDMA)Pbl,, and (4Br-
PhDMA)PbI,, respectively. (b) The instantaneous fluctuations of the VBM-CBM
NAC constants OVer time. . . . . . . . . . v v v v v e

3B.7 Parity plots for bandgap prediction and NAC value prediction. Actual vs Predicted
Bandgap for (a) (4F-PhDMA)Pbl,, R? = 0.9788 with M'SE = 0.0001, (b) (2F-
2Br-PhDMA)Pbl,, R? = 0.9861 with M SE = 0.0001, (c) (4Br-PhDMA)Pbl,,
R? = 0.9790 with M'SE = 0.0001. Actual vs Predicted NAC value for (d) (4F-
PhDMA)PbI,, R? = 0.6830 with MSE = 0.0293, (¢) (2F-2Br-PhDMA)PbI,,
R? = 0.7738 with MSE = 0.0090, (f) for (4Br-PhDMA)Pbl,, R? = 0.7319 with
MSE =0.0119. . . . . e
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3B.8 The SHAP beeswarm plots illustrating the impact of dynamic structural descrip-

tors on transient bandgaps of (a) (4F-PhDMA)Pbl,, (b) (4Br-PhDMA)PbI,. The
SHAP beeswarm plots illustrating the impact of dynamic structural descriptors on
instantaneous NACs for (c¢) (4F-PhDMA)Pbl,, (d) (4Br-PhDMA)Pbl,. Each plot
illustrates the SHAP value (horizontal axis) representing the contribution of spe-
cific structural descriptors to the model output, with colour denoting the descriptor
value (red: high, blue: low). . . . . ... . ... ... ... ... . ...

3B.9 SHAP dependence plot of equatorial Pb-Pb-I tilt and equatorial Pb-I-Pb an-

gle for bandgap demonstrating monotonic structure-property relationship in (4F-
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3B.10The dynamic fluctuations of the most important descriptors for bandgap and NAC
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derived from SHAP analysis. The histogram plot for fluctuations of (a) terminal
I-1 distance, (b) Pb-Pb-I angle (equatorial-tilt Angle), (c) equatorial Pb-1-Pb angle,
(d) distance between Pb and axial I atoms, (e) distance between N of spacer cation
and axial I atoms and (f) distance between halogen of the spacer cation and the
inorganic layers terminal(axial) iodine. For curves with well-defined Gaussian
distributions, single gamma functions were used for fitting, while highly dispersed
or multi-peaked distributions were fitted using a Gaussian Mixture Model (GMM)
as discussed in Computational Methodology. . . . . . ... ... ... .....

Schematic structure of difluoro-functionalized LHPs: (a) (2,3-2F-PhDMA) Pbl,,
(b) (2,5-2F-PhDMA)PbI,, and (c) (2,6-2F-PhDMA) Pbl,, highlighting the inor-
ganic Pb-I framework and the organic spacer arrangement. (d) Molecular struc-
tures of the three difluoro-substituted organic spacers considered in this study. (e)
Electrostatic potential (ESP) maps illustrating the charge distribution across the
spacer molecules. (f) Comparison of the calculated dipole moments for the three

spacers, showing the influence of fluorine substitution position on molecular polarity. 107

The partial density of states for optimized geometry of (a) (2,3-2F-PhDMA)Pbl,,
(b) (2,5-2F-PhDMA)PbI,, and (c) (2,6-2F-PhDMA) Pbl,. The VBM and CBM
states are very similar for all LHP materials, depicting the negligible impact of
spacer cations on these energy states. The calculations consider hybrid HSE06
functionals and include spin-orbit coupling corrections. . . . . . . ... ... ..

The band structure plots for (A’)Pbly with A’ (a) 2,3-2F-PhDMA, (b) 2,5-2F-
PhDMA, and (c) 2,6-2F-PhDMA. Blue and orange colors represent the valence
band and conduction band, respectively. The VBM has been scaled to zero eV.
We use the PBE functional with spin-orbit coupling for these calculations. The
underestimation of the bandgap at the gamma point (HSE06+SOC results) is due
to the use of the semi-local PBE functional. Key: I' — Z is the in-plane direction,
and I' — Y is the out-of-plane direction. The high-symmetry points are I (0.0,
0.0, 0.0),Z(0.0,0.5,0.0), C(0.5,0.5,0), Y (0.5,0.0,0.0). The band edges indicate

strong dispersion of the VBM and CBM only along the inorganic plane (in-plane).

2D heatmap of atom position density of spacer molecules in (a) 2,3-2F-PhDMA,
(b) 2,5-2F-PhDMA, and (c) 2,6-2F-PhDMA LHPs. (d) Schematics of interspacer
edge-to-edge Ar-H...F-Ar hydrogen bonding in 2,5-2F-PhDMA material, where
Ar’ represents aromatic ring. . . . . ... ... a e e e e e
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Excited-state carrier dynamics in LHPs under ambient conditions. (a) Temporal
evolution of nonradiatively recombined carrier population at the ground state in
LHPs. (b) Hot electron thermalization dynamics depicting the relaxation from
CBM+4 to CBM for the investigated LHPs. Systematic difluorination of the
PhDMA spacer retards both band-to-band recombination kinetics and hot electron
cooling processes, thereby prolonging carrier lifetimes and extending the tempo-
ral window for hot carrier extraction. The population growth is fitted using the
functional form f(¢) = 1 — exp(—t/7), where t represents the characteristic non-
radiative carrier lifetime. . . . . . .. ... o000

Variation in electronic structures for LHPs at ambient conditions. (a) The his-
togram plot of instantaneous bandgaps along the AIMD trajectories for 5 ps (5000
data points). Ensemble average values of dynamic bandgaps (standard deviation):
(2,3-2F-PhDMA)PbI,, 2.97 eV (0.12 eV); (2,5-2F-PhDMA)Pbl,, 2.99 eV (0.16
eV); and (2,6-2F-PhDMA)PbI,, 2.97 eV (0.13 eV). (b) Instantaneous VBM-CBM
NAC constants over Spstime. . . . . . . . . . . . o v it

The time-averaged NAC values of (a) (2,5-2F-PhDMA)Pbl,, (b) (2,5-2F-
PhDMA)PbI,, and (c) (2,6-2F-PhDMA)PbI, have been plotted as a heatmap that
depicts the ensemble-averaged coupling strengths between electronic states, where
indices ’i’ and ’j’ denote initial and final states, respectively, both referenced rel-
ativeto VBM. . . . . .

Parity plots for bandgap prediction and NAC value prediction. Actual vs Pre-
dicted Bandgap for (a) (2,3-2F-PhDMA)Pbl,, R?=0.9898 with MSE=0.0001, (b)
(2,5-2F-PhDMA)Pbl,, R?=0.9951 with MSE=0.0001, (c) (2,6-2F-PhDMA)Pbl,,
R2=0.9943 with MSE=0.0001.  Actual vs Predicted NAC value for (d)
(2,3-2F-PhDMA)Pbl,, R?=0.8615 with MSE=0.0030 (e) (2,5-2F-PhDMA)Pbl,,
R2=0.7041 with MSE=0.0076, (f) for (2,6-2F-PhDMA)Pbl,, R?=0.8722 with
MSE=0.0030. . . . . . . . e

Beeswarm plot representing hierarchy of feature importance for dynamic bandgap
of (a) (2,5-2F-PhDMA) and (b) (2,6-2F-PhDMA). Similarly, the (c) and (d) are
the feature importance for instantaneous NAC of (2,5-2F-PhDMA) and (b) (2,6-
2F-PhDMA), respectively. . . . . . . . . . . . ..

Schematic representation of (a) Dion Jacobson (DJ) phase layered halide per-
ovskite where dicationic spacer molecules are stacked between inorganic metal
halide layers. Here, the inorganic slabs have a single PbI;~ octahedra layer that
is n = 1. Schematic band alignments of (b) Type-I, (¢) Type-Il,, and (d) Type-II,
heterostructures are presented. () Representative molecules from each of the six
molecular categories considered in our dataset. . . . . . ... ... ... ....

Spearman’s rank Correlations Matrix considering previously reported DJ-phase
organic dications. The inset shows part of Spearman’s rank correlation matrix
that includes the complete dataset of 91 molecules. The dashed boxes mark the
electronic features of molecules. H.A.C.: Hetero-Atom Count; D.B.U.: Double
Bond Unsaturation; A.R.C: Aromatic Ring Count; N.A.R.C.: Non-Aromatic Ring
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5.5

5.6

5.7

5.8

(a) Electronic projected density of states (pDOS) for (4AMPy)Pbl, calculated us-
ing HSE06+SOC. The LHP has been considered the reference system for Type-I
heterostructure with no organic molecular states inside the band gap. The molecu-
lar state appears just above the CBM, which is contributed by the Pbl, layers. (b)
The band decomposed charge densities further confirm the contribution from the
inorganic framework to the band edge states, shown as yellow isosurfaces. The
inorganic band edges are named "VBM and "CBM. The CBM + 1 state appears
from the LUMO of the spacer cations, named °¢LUMO. (c) Band dispersion for
(4AMPy)Pbl, along high symmetry k-points. The band structure calculations use
the PBE+SOC level of the computational approach. (d) Band alignment diagram
and AE, values for (4AMPy)Pbl,, AE, is the energy gap between "CBM and
molecular state “SLUMO. . . . . . . .. ... ...

(a) HOMO-LUMO scatter plot for different categories of spacer cation. The
dashed line represents the reference energy LUMO energy of 4AMPy. The
molecules with a LUMO level less than 4AMPy (i.e. -11.07 eV) can give rise to
an electron-acceptor molecular state in LHP exhibiting Type-II heterostructure. (b)
Geometries of all 13 molecules with LUMO energy level less than that of 4AMPy.
Deep and light green colored molecules are Poly-heteroatomic aromatic and mono-
heterocyclic aromatic, respectively. . . . . . . . .. .. ... L.

The optimized structures of (a) (4APy)Pbly, (b) (4ATr)Pbly, and (c) (BIm)Pbl,.
The pDOS plot of (A") Pbl, where A’ are (d) 4APy, (e) 4ATr, and (f) BIm. These
pDOS calculations consider hybrid HSE06 functionals and SOC interactions. The
band decomposed charge densities for “¢LUMO are shown inside the pDOS plots
foreachstructure. . . . . . . . ...

(a) The band alignment of (A”)Pbl, with AE, values. The VBM is set to 0 for all
three structures. These calculations are performed at the HSE06+SOC level. (b)
Band structure for (4APy)Pbl, showing dispersions along high symmetry points.
It employs SOC correction due to its prominent impact on band dispersion.

Band structure for (a) (4ATr)Pbl; and (b) (BIm)Pbl, showing dispersions along
high symmetry points in reciprocal space. These calculations employ SOC correc-
tion as it has a prominent impact on band dispersion. InVBM charge density for (c)
(4APy)Pbly, (d) (4ATr)Pbl,, and (e) (BIm)Pbl, have prominent contributions from
the inorganic layer itself. The band decomposed charge densities corresponding
to O*LUMO for all three systems are shown in the inset of Figure 5.5(d,e,f). The
VBM dispersion along the out-of-plane direction (T to Z) is shown in (f).

(a) Schematics for photoinduced interfacial charge transfer and non-adiabatic re-
combination processes are included. (b) The change in the population of “¢LUMO
over time due to "CBM-to-°#LUMO electron transfer. (c) The increase in the
population of "VBM as electron-holes recombine through °*LUMO-to-"VBM
transition. The function f(¢) = 1 — exp(—t/7) fits the population rise with time;
7 is the electron-hole recombination time. (d) The average NAC strength between
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I"CBM and °#LUMO (left) and between ©¢LUMO and "VBM (right) for (A’)Pbl,. 132
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6.5

Schematics of the optimized structure of (a) (PhDMA)(MA)Pb,I;, (b)
(PhDMA) (MAO.75CSO.25)Pb217, and (C) (PhDMA) (MAO.75GAO_25)PbQI7. The red
circles mark the Cs and GA cations in (b) and (c), respectively. Key: io-
dine, pink; hydrogen, white; carbon, cyan; nitrogen, blue; cesium, green; lead,
brown. (d) The reduced density gradient (s(p)) plot as a function of Sign(\,)p
for (PhADMA)(MAy.75GA¢25)Pb,1;. (e) The non-covalent interaction (NCI) con-
tour plot of (PhADMA)(MA 75GAy.»5)Pb,1;. Color codes based on sign(\,)p value
0.03(blue) < 0.0(green) < 0.03(red) are used for d-e. Attractive and repulsive in-
teraction regions are shown using blue and red troughs (isosurface), respectively,
whereas van der Waals and halogen interactions are presented with green-colored
troughs (isosurface) in reduced density (contour) plot. (f) The electronic band
structure for (PhDMA)(MA 75Csg.25)Pb,1; depicting direct gap at I point. Ab-
breviations: guanidinium (GA); methylammonium (MA). . . . . . . ... .. ..

The non-covalent interaction (NCI) plot of MLHPs. The reduced density gradi-
ent (s(p)) plot as a function of Sign(\,)p for (a) (PhDMA)(MA)Pb,I; and (b)
(PhDMA)(MA 75Cs.25)Pb,1;. The non-covalent interaction (NCI) contour plot
of (c) (PhDMA)(MA)Pb,1; and (d) (PhDMA)(MA 75Csg2s5)Pb,1; showing dif-
ferent colored isosurfaces depending upon the nature of non-covalent interactions.
Color codes based on sign(\;)p value —0.03(blue) < 0.0(green) < 0.03(red)
have been used for these plots. Attractive and repulsive interaction regions are
shown using blue and red troughs, respectively, whereas van der Waals and halo-
gen interactions are presented with green-colored troughs. . . . . . .. ... ..

The static electronic structure at 0 K of the three considered MLHPs. The partial
density of states (pDOS) for optimized geometry of (a) (PhDMA)(MA)Pb,1, (b)
(PhDMA) (MAO~75 CSO‘ZS)PbZI7 and (C) (PhDMA) (MAO.75 GAO.ZS)Pb217. The VBM
and CBM states are very similar for both materials, depicting the negligible impact
of spacer cations on these energy states. The calculations consider hybrid HSE06
functionals and include spin-orbit coupling corrections. . . . . . . . .. ... ..

The electronic band structure for (a) (PhDMA)(MA)PbyI;, (b)
(PhDMA)(MA75GA25)PboI;.  Both LHPs are direct gap semiconductors
where the band gap is located at the I'-point in the Brillouin zone. The calcula-
tions consider semilocal PBE-GGA functionals and include spin-orbit coupling
corrections. We do not consider hybrid functional for band structure calculations
as it does not impact the band structure significantly. The high-symmetry points
are 1'(0.0,0.0,0.0), Z (0.0, 0.0, 0.5), T (0.0, 0.5, 0.5), Y (0.0, 0.5, 0.0). The band
edges indicate strong dispersion of the VBM and CBM only along the inorganic
plane (in-plane). . . . . . . . . ...

The excited state carrier dynamics in MLHPs at ambient conditions. (a) The non-
radiatively recombined carrier population at ground state over time in MLHPs. (b)
Hot electron cooling over time from CBM+4 to CBM for the considered MLHPs.
The fractional incorporation of Cs slows down the band-to-band recombination
rate and the hot electron cooling process, indicating a longer carrier lifetime and hot
electron harvesting time. The function f(t) = 1 — exp(—t/7) fits the population
rise with time; t is the electron-hole recombination time. . . . . . . . . . .. ..
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6.6

6.7
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TA.1

Fluctuation in electronic structures over a 5 ps timeframe (5000 snapshots) for
MLHPs at 300 K. (a) Histogram plots for dynamic band gaps for MLHPs with
a standard deviation of 0.11 eV, 0.10 eV, and 0.13 eV for pristine, MAg.75Cs.25,
and MA, 75GAy.»s, respectively. The bubble chart of mutual information between
reduced structural features and bandgap for (b) Pristine, (¢) MAy.75Cs.25, and (d)
MAO'75GAO.25 .....................................

The dynamic fluctuations of the most important features for the bandgap, derived
from mutual information analyses. The histogram plot of dynamic terminal I...I
distance, perpendicular I-Pb-I angle, and dihedral I-Pb-Pb-l angle. . . . . . . ..
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