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Text S1.1. TDDFT method for photogenerated electron-hole densities
Following the relaxed ground-state geometry with the combination of the DFT approach and the
OTRSH functional described below,! a plane-wave TDDFT approach based on the density functional
perturbation theory is adopted to calculate the photogenerated the e-h distributions.? Specifically, the
electronic excitation is determined by solving a non-Hermitian eigenvalue equation
(;1 p)(f/)?;) . (—:9 9)(17)2)
B A b, N0 Sy, (S1)

e
which is analogous to Casida's equation.> Here, Va are the linear-response orbitals and Wq js ath

excitation energy. The matrix operators A and B that act on the linear-response orbitals can be found
elsewhere.* Note that the linear-response orbitals are expanded by the plane-wave basis in the virtual
space which is orthogonal to the occupied orbitals. To avoid the need to obtain all the virtual orbitals,
a projector, Po- Z%ﬁ’o} <ﬁ’c{ with ¢#¢ representing the occupied KS orbitals, is used to remove the
contribution of the occupied space. In order to guarantee the convergence of the excited-state
calculations, the considered occupied orbitals from the highest occupied KS orbitals to the
energetically lower occupied KS orbitals should be sufficient.

To calculate the ionic force and the charge density of excited states, we introduce a Lagrangian

functional

2‘[x'frb'z’r] = Maa[x’ib] + Z(Zia (Hgdij - eijos) ‘ {pja) - 2 Fija(<1~pia S ‘ 1~1l}jtr) - (Sij)
ijo i>jo (S2)

by enforcing the Brillouin condition and the orthonormal condition for the KS orbitals, where * denotes

fl’ +
(i";) (S3)

The multipliers Z and T can be determined by 62'/ 0; =0 which is the stationary condition of the

the ionic coordinate. Here, we have defined the functional

Ma=@r 9| 3 rel; %)
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Lagrangian functional. The ionic force of excited states can then be calculated as the partial derivative

of the Lagrangian function with respect to the ionic coordinate Fg=-0l/ ax' The charge density of

the @th excited state can be obtained by the derivative of the Lagrangian functional with respect to the

~ex __
external potential as P« =~ 2 SVext.

Text S1.2. Optimally tuned and range-separated hybrid functional

It has been suggested that the valence band can be reasonably predicted by hybrid functionals
which is then combined with spin-orbital coupling (SOC) corrections to calculate the band gap in lead
halide perovskites.’ To reasonably predict the energy level alignment of valence band contributed by
organic spacer layers and QWs in 2D RPPs,° a recently developed OTRSH functional is resorted in
this work.! Specifically, the Coulomb repulsion operator 1/r is divided into a short-range and a long-

range part by using the error function

a + Perf (ur) N 1-a- Berf(ur)
r r (S4)

1
r

where r denotes the distance between electrons, erf(ur) is the Gaussian error function with 4 being a
range-separation parameter. The a and [ are also tunable parameters and satisfy the requirement of «
+ S = 1/gy where g, represents the static dielectric constant of the solid. The Fock-like exchange and
semi-local Kohn-Sham (KS) exchange functional are applied to treat the first and second term at the
right-hand side, respectively. Then, the OTRSH exchange correlation (XC) potential is given by
VRS = aV, + BVEL + (1 - @)V s, = BV i + Vs, (S5)
Here, LR represents the long-range terms, Fx labels Fock-like exchange, KSx and KSc labels semi-

local KS exchange and correlation, respectively.

The optimal tuning of these parameters in the OTRSH functional is critical for accurately
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evaluating the alignment of inorganic and organic sublevels at the valence band before exploring the
role of the organic cations on the hole transport along the normal direction of the QW plane in
(BA),(MA),_Pb,l5,+1 RPPs. In this work, we use a = 0.2 which is a universally valid choice of the
short-range exact exchange”® and determine f value (B = ¢,' —a ) by adopting &y = 4 which is the out-
of-plane dielectric constant of (BA),Pbl,.>!° Considering the primitive cell of (BA),(MA),.1Pb, I3,
(n =1, 2 and 3) includes 156, 204 and 252 atoms, respectively, the range-separation parameter u is
tuned by adopting the computationally feasible scheme: (i) the Perdew-Burke-Ernzerhof (PBE)
functional with and without the SOC corrections are combined with the DFT approach to evaluate the
band gaps (Fig. S1) the difference (4Esoc) of which approximately represents the SOC effect for the
band gap in (BA),(MA),.1Pb,l;,+1 (n =1, 2 and 3);!! (ii) the u value for (BA),Pbl, is varied to achieve
the fundamental band gap which is the sum of the 4Esoc and the experimentally measured fundamental
band gap (2.73 eV) in (BA),Pbl,.!2 In this way, we determine u = 0.12 A-! in (BA),Pbl,. This u value
is also used in n = 2 and 3 structures due to the comparable SOC effect (Fig. S1) and the slight change
of the dielectric constant with n values.!3:14

The nonlocal Fock-exchange terms give rise to expensive computational cost when applying the
OTRSH functionals to large systems with plane-wave basis. To alleviate the computational expense
of the Fock-exchange terms, we resort to the recently developed stochastic representations of the

OTRSH functional.!> Specially, we introduce a random linear-response orbital

~ o\ ~ +\ |e1/2
75)= ZW’m)(lPia 5112 ¢)
: (S6)
1
| =t . o |
by using random functions AV with a random sign at each real-space grid-point, and AV is

the volume per grid point. The range-separated exchange kernel is also determined stochastically
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according to the expression

erf(ulr-r']) _ .
| =[¢¢ @], s7)

Then, by defining the stochastic orbitals
%) = ¢(n,) (S8)

the Fock-exchange components in Eq. (S1) can be calculated stochastically by

pXC K| 93075 == [ Mo il
; (S9)

where Kpsi is range-separated Coulomb kernel. With the stochastic approach, the numerically

expensive Convolution integrals of Fock-exchange terms become product and linear combination

calculations. For large systems, the method is almost as efficient as a local-potential KS-DFT and KS-

TDDFT. In our simulations, 48 occupied KS orbitals are incorporated to guarantee the convergence of

photo-induced e-h distributions (Fig. S2), and 2000 stochastic orbitals are sufficient for converging

the ground-state energies and band gaps with an error of less than 10 meV (Fig. S3).
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Table S1. Experimental cell parameters (A) of the (BA),(MA),-Pb,l3,:; (n =1, 2 and 3) RPPs. The
values in parentheses represent the lattice parameters of the ¢ axis in the stretched structures where the
distances between organic spacer layers and lead iodide network are enlarged by 1.0 A with respect to

the experimental structures.

(BA)(MA),-1Pb, 13,11 Lattice parameters (A)
n=1 a=8.6825 b =8.8764 c=27.6014 (31.6014)
n=2 a=28.9470 b =8.8589 ¢ =139.3470 (43.3470)
n=3 a=8.9275 b =28.8777 ¢ =51.9590 (55.9590)
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Fig. S1 Calculated band gaps by using the PBE functional with and without the SOC corrections for
(BA)Q(MA)Hf]Pb,,I_v,,,H. (a) (BA)QPbI4 (b) (BA)z(MA)Pb217 (C) (BA)z(MA)sz3I]0 The effect of the
SOC corrections is quantified by evaluating the differences of the band gaps at the PBE and PBE+SOC

levels.
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Fig. S2 Photoexcited e-h distributions in the (BA),(MA)Pb,I; with (15, 30) configuration by including

different number (N) of the occupied KS orbitals during the calculations with the TDDFT approach.

(a) N=32. (b) N =48. (c) N = 64.
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Fig. S3 The change of ground-state energies and band gap with the number of stochastic orbitals

needed in the stochastic representations of the OTRSH functional.
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Fig. S4 Calculated DOS of (BA),Pbl, by using HSE06 (o = 0.43) functional with and without SOC
corrections. (a) DOS of BA cations and inorganic flakes spanning energy window from valence band
to conduction band. (b) DOS of the BA ligands at the VBE. In analogy to Fig. 2b, the DOS in (b) is

zoomed tenfold.
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Fig. S5 DOS of VBE contributed by QWs in (BA),(MA),-Pb,I;,+; with experimental and stretched

lattice parameters in Table S1. (a) (BA),Pbly. (b) (BA),(MA)Pb,I;. (c) (BA),(MA),Pbsl.
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Fig. S6 Frontier orbitals of (BA),(MA)Pb,I;. (a) The highest occupied orbitals in (0, 0) and (15, 15)
configurations. (b) The lowest unoccupied orbitals in (0, 0) and (15, 15) configurations. The value of

iso-surface is 2.0x10-3 ¢/A3 in (a) and (b).
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Fig. S7 Photo-induced e-h distributions in the relaxed ground-state geometries of (BA),(MA)Pb,l;
with (30, 30) configuration. The colors and the iso-surface values for exhibiting the electron and hole

densities are identical to those in Fig. 3 and 5.
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Fig. S8 Relative ground-state energies of (BA),(MA),-Pb,l5,1 (n = 2 and 3) with different
orientations of the MA cations. The ground-state energies for both » = 2 and 3 structures with (0, 0)
configurations are taken as a reference, so the relative ground-state energies defined here are the
ground-state energy differences with respect to this reference, divided by the number of primitive cells

in the adopted 2x2x1 supercells.

S14



401

10

TR TR TR TR Y
Ap (107 e/A%) Ap (107 ¢/A%)

Fig. S9 The light-triggered e-h distributions in (BA),(MA),Pbsl;¢. (a) (30, 30) configuration. (b) (-30
-30) configuration. The colors and the iso-surface values for representing the electron and hole carriers

in each figure are identical to those in Fig. 3 and 5.
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Fig. S10 DOS of conduction band calculated by using the PBE functional with and without SOC
corrections for the (BA),(MA),-Pb,l3,+; RPPs. (a) (BA),Pbly;. (b) (BA),(MA)Pb,l;. (c)
(BA)2(MA),Pbsl,o. The misalignment of the energy levels from BA ligands and QWs is not affected

by the SOC effect.
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Fig. S11 The photoexcited e-h densities in the stretched structures (Table S1) of (BA),(MA),—1Pb, 13,4
RPPs. (a) (BA),Pbly. (b) (BA),(MA)Pb,I; in (0, 0) configuration. (c-f) (BA),(MA),Pbsl;, in (0, 0), (-
15, -15), (-15, -30) and (-30, -30) configuration, respectively. In each figure, the colors and the iso-

surface values for presenting the electron and hole carriers are identical to those in Fig. 3 and 5.
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