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1. The construction of Pbl,/CsPbl; heterojunctions

Table S1 The Pbl2//CsPbl; heterojunctions constructed by the (0 0 1) plane of Pblz interfaced with the various low-index planes of

CsPbls, with different surface terminations at the heterointerfaces. The table includes the representations of the heterointerfaces,

orientations of lattice vectors, lattice constants and lattice mismatch errors.

. Pbl, CsPbl; ) . Error (%)
Heterointerface Lattice matching (A)
ald)y bA uld) v@A a:u b:v
V3a;  a, a a (3a, 4b)//(4u, 3v)
’ : 474 2.25
PbL(0 0 1)//CsPbIz(1 0 0) [120] [2-10] [010] [001] (24.32, 18.72)//(25.53, 19.15)
V3a;,  ag a 23, (3a, 2b)//(4u, v)
’ ’ 4.74  3.77
PbL(0 0 1)//CsPbIx(1 1.0) [120] [2-10] [001] [1-10] (24.32, 9.36)//(25.53, 9.03)
JBa, &y a, J10a (3a, 4b)//(4u, v)
Pbl 1 Pbl3(1 0 0 0 ’ ’ 474  7.28
bL(0°0 1)//CsPblx(1 3 0) [120] [2-10] [001] [3-10] (24.32,18.72)//(25.53,20.19)
Ba  al Jea,  2a Qa, 2b)//(u, v)
PbI»(0 0 1)/CsPbI3(1 11 0 0 0 0 ’ ’ 3.64  3.65
A VICsPbI( ) [120] [2-10] [2-1-1] [01-1] (16.21, 9.36)//(15.64, 9.03)
Yay,  ag J3a,  2a, (4a, 2b)//(3u, v)
’ ’ 226  3.65
PbL(0 0 1)//CsPbIx(1 12) [120] [2-10] [11-1] [1-10] (3242,936)/(33.17,9.03)

Table S2 The Pbl2L CsPbls heterojunctions constructed by the (1 2 0) plane of Pbl2 interfaced with the various low-index planes of CsPbl3,

with different surface terminations at the heterointerfaces. The table includes the representations of the heterointerfaces, orientations of

lattice vectors, lattice constants and lattice mismatch errors.

. Pbl, CsPbl; . . Error (%)
Heterointerface dA bR w(d) v (A) Lattice matching (A) . ber
a/ ¢! 2 3 (4a, 4b)L(3u, 5v)
Pblx(1 2 0)LCsPbls(1 0 0 2.30 1.07
BL(120)LCPOLA00) 1o 0o1] 1o} [001] (1872 31.58)1(19.15, 31.92)
Pbly(12 0)LCsPbls(1 10) 20 G % V2a, (4b, 2a)L(Su, v) 107 3.65
[2-10] [001] [001] [1-10]  (31.58,9.36) L (31.92,9.03)
a, Co & V10a, (4a, 5b)L(3u, 2v) 230  2.20
PbL(1 2 0)LCsPbIs(1 3 0) [2-10] [001] [001] [3-10]  (1872,39.48)1(19.15,40.38) :
a, c J6a J2a (2b, 2a)L(u, v)
Pblx(1 2 0)LCsPbls(1 11 0 0 0 0 ’ ’ 0.96 3.65
bl(12 0)LCsPOI(1 1 1) [2-10] [001] [2-1-1] [01-1] (15.79,9.36)L(15.64, 9.03)
a, cs J3a,  2a, (4b, 2a)L(3u, v) A
’ ’ .79 3.65
PRL(1 2 0)LCsPl(1 12) [2-10] [001] [11-1]  [1-10] (31.58,9.36)1(33.17, 9.03)

2. Heterojunction structures



Fig. S1 The initial heterojunctions constructed based on the intercalation orientations of Pbl> interfaced with the (1
1 1) plane of perovskite with the various surface terminations at heterointerface. (a) Pbl2/CsPbl3-Csl, (b)
Pblo//CsPblz-I, (c) Pbl//CsPbls-Pb, (d) Pbl2-PbLCsPbls-Pb, (e) Pbl>-LLCsPbls-Pb, (f) Pbl>-Pb_LCsPbls-Csl, (g)

PbL2-ILCsPbls-Csl, (h) Pbla-Pb LCsPbls-1, (i) Pblo-1LCsPbls-1. The atoms colored by cyan, grey and purple represent
Cs, Pb and [, respectively.

Fig. S2 The relaxed heterojunctions corresponding to those in Figure S1. (a) Pbl2//CsPbls-Csl, (b) Pbl2//CsPbls-1,
(c) Pbl2//CsPbIz-Pb, (d) Pbl2-Pb_LCsPbls-Pb, (¢) PbI2-1 LCsPbls-Pb, (f) PbI>-Pb L CsPbls-Csl, (g) Pbl2-1LCsPbls-Csl,
(h) Pbl>-Pb L CsPbls-I, (i) PbI>-ILCsPbls-I.



3. Band alignment calculations

CsPbl; «—4——
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Fig. S3 Atomic structures of (a) Pblo//CsPbI3-Pb and (b) Pbl2-Pb L CsPbls-I heterojunctions with two layers of Pbla

parallelly and vertically interfaced with the (1 1 1) plane of CsPbls, respectively.

The absolute deformation potential (ADP) method is used to calculate the band alignment
between CsPbls and PbL.S' The average 1s core level of the iodine atoms that are far away from the
interface of heterojunctions is employed as the reference level. The calculation steps are shown
schematically in Fig. S4. To obtain the natural valence band offset of CsPbls and Pbl, at their
respective equilibrium lattice constants, we firstly calculate the difference in energy separation
between the core level and the valence band maximum (VBM) of CsPbl; and Pbl; at their averaged

volume.

AE®) (Pbl,/CsPbl,)=AE{" (CsPbl,) — AE®? (Pbl,) (S1)

where AE\(,?? (CsPbl,) and AE&CV) (Pbl,) represent the energy separation between the core level and
VBM of CsPblz and Pbl, at their averaged volume, respectively, by performing separate bulk
calculations. To align the reference levels of CsPbls and Pbl,, we construct the (Pbly)16//(CsPbl3)is
and (Pbl»)24L(CsPbls)is superlattices at the average lattice constants of the interfaces. The slab
thickness is carefully checked with the valence band offset convergence to less than 0.02 eV. The

(av)

difference of core levels AEC ¢ between Pbl, and CsPbl; in each half of the superlattice is derived
by
AEE? (Pbl,/CsPbl,) = E.. (CsPbl,) — E. (Pbl,) (S2)

Combining with the equations (S1) and (S2), the valance band offset AE®” at their averaged lattice
constants is given by

AE® (Pbl,/CsPbl,) = AE®) (Pbl,/CsPbl,) + AEEY. (Pbl, /CsPbl,) (S3)

v,core
The volume deformation which is used to accommodate the construction of the heterojunction is
accounted for the correction of the valence band. The final natural band alignment AE, can be

obtained by



AE, (Pbl,/CsPbl,) = AE® (Pbl, /CsPbl,) + aY® (Pbl, )dInV (Pbl,)

(54)
+a® (CsPbl,)dInV (CsPbl,)

where a"®" is the change in the VBM under a hydrostatic volume deformation. dInV =AV /V is

the relative volume difference between the equilibrium systems of Pbl, and CsPbl; and their average.

V (CsPbly) V@ Pav) V (Pbl,)

PbL, Pbl,

'~

Fig. S4 The schematics for calculations of valence band offset between Pblz and CsPbls.

4. Electronic structures of the pristine heterointerfaces
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Fig. S5 Band structures of the three energetically favorable heterointerfaces. (a) Pbl2//CsPbls-Csl, (b) Pbl2//CsPbls-
Pb and (c) Pbl>-PbLCsPbls-I. The green and blue circles represent the contribution of electronic states from the
atoms of the CsPbls and Pblz systems, respectively. The size of the circles indicates the relative contribution of the

corresponding atoms to the energy bands. Fermi energy level is set as the reference zero point.

(a)20
1-53 CsPbl,
PbI,
1.0L Defect

PbI,-11.CsPbI,-Csl

Energy (eV)
=1
n

bl




Fig. S6 Band structures and atomic structures. (a)-(c) band structures of Pblo-ILCsPbl3-CsI, Pbl>-LCsPbls-Pb and
PbL-Pb L CsPbls-Csl, respectively, whose partial charge densities of the interface are shown in (d)-(f), respectively.

The Pbl-11CsPbls-CsI heterointerface exhibits several deep defect levels within the band gap,
as shown in Fig. S6(a). These defect levels stem from the antibonding states of I-I at the interface
depicted in Fig. S6(d). In contrast, the Pbl, L CsPbl3-Pb heterointerface displays no defect states
within the band gap due to the complete saturation of I dangling bonds on the Pb-terminated (1 2 0)
plane of Pbl, at the surface termination of CsPbl;. The Pbl,-Pb.LCsPbls-Csl heterointerface
produces several shallow defect levels near the conduction band minimum (CBM) as a result of
unpaired electrons from the Pb atoms at the interface, as shown in Fig. S6(f).

5. Formation energies of the Vi and I; defects near and far away from the PbI,-Pb_LCsPbl3-I
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Fig. S7 The interface formation energy of the Vi and Ii defects near (solid lines) and far away (dashed lines) from
the Pbl>-Pb_LCsPbls-I heterointerface.

6. Electronic and atomic structures of the I and Pb related defects in PbI,/CsPbls
heterointerface
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Fig. S8 Band structures and atomic structures of the Vi and | defects far away from the Pbl2-Pb1CsPbls-I
heterointerface. (a) and (b) The band structures of the PbL@ViLCsPbl3-CsI and PbL@ILilCsPbls-Csl
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heterointerfaces, respectively, whose partial charge densities of defects are shown in (c) and (d).
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Fig. S9 Band structures and atomic structures of the defective Pblo/CsPbls heterointerfaces with Pb related defect at
the layered Pbla. (a) and (b) The band structures of the Pblo@Vew/CsPbl3-Csl and Pbl.@Vew/CsPbl3-Pb
heterointerfaces, respectively, whose atom structures are shown in (c¢) and (d). (e) and (f) The band structures of the
Pbl2-Pb@Vrb1 LCsPblz-I and Pbla-Pb@Vrw2 L CsPbIs-1 heterointerfaces, respectively, whose atom structures are
shown in (g) and (h).

7. Band edge energetics and carrier transport
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Fig. S10 Schematic diagrams of band edge energetics illustrating the impacts of intercalating orientation of Pbl> on
the carrier transfer of PSC. The band edge positions of TiO2 (electron transfer layer) and Spiro-OMeTAD (denoted
as Spiro, hole transfer layer) relative to those of perovskite are collected from Ref. S2. (a), (b) and (c) show the band
alignments of heterojunctions formed by a layered Pbl: parallelly intercalated into two perovskite grains, between
TiO: and perovskite, and between perovskite and Spiro, respectively. (d), (¢) and (f) show the cases of Pbl2 vertically

intercalated into them. The band alignments between perovskite and Pbl are shown in Fig. 2 of the main text.

By analyzing the band edge energetics of TiO; (electron transfer layer) and Spiro-OMeTAD
(denoted as Spiro, hole transfer layer) relative to that of perovskite,5? the impacts of the intercalating
Pbl, on carrier transfer in PSC devices are studied. The parallel intercalation of the layered Pbl; in
perovskite grains (perovskite//Pbly//perovskite) does not subsequently hinder the transfer of the
photoexcited electrons and holes in the absorber, due to the slightly higher CBM and lower VBM
of Pbl than those of perovskite, as shown in Fig. S10(a). To maximize the passivating effect and
minimize the hindrance of carrier transfer, Pbl, should be processed into multiple thin layers, which
can be achieved by the post-treatment with the organic ammonium salts.53 On the other hand, the
parallel intercalation of Pbl, into the electron transfer interface (TiO.//Pbl.//perovskite) and the hole
transfer interface (perovskite//Pbl,//Spiro) can suppress the interfacial nonradiative recombination
as shown in Fig. S10(b) and S10(c). Despite the parallel intercalation of Pbl,, the extraction of
carriers is not significantly impeded, as the built-in electric fields at the contact interfaces can derive
carriers across the low energy barrier of the thin-layered Pbl..

The vertical intercalation of the layered Pbl, into perovskite (perovskitelPbl,lperovskite)
exhibits a pronounced type-II band alignment as shown in Fig. S10(d). Consequently, both the high
barrier height and the great layer thickness impede carrier transfer through the perovskite grains.
The Pbl; at the electron transfer contact interface (TiO»LPbl,_Lperovskite) seriously hinders electron
extraction due to its high CBM as shown in Fig. S10(e). Furthermore, electrons accumulated at the
CBM of perovskite can readily recombine with holes at the high VBM of Pbl,. At the hole transfer
interface (perovskite L Pbl, 1 Spiro), Pbl, efficiently extracts holes from the absorber but obstructs
hole transfer to electrode due to its high VBM, as shown in Fig. S10(f). Therefore, despite its
passivation benefits, the vertical intercalation of the layered Pbl, into PSCs is not a favorable scheme,
given the pronounced type-1I band alignment and the great layer thickness.
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