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ABSTRACT: Deciphering the atomic and electronic structures of
interfaces is key to developing state-of-the-art perovskite semi-
conductors. However, conventional characterization techniques
have limited previous studies mainly to grain-boundary interfaces,
whereas the intragrain-interface microstructures and their electronic
properties have been much less revealed. Herein using scanning
transmission electron microscopy, we resolved the atomic-scale
structural information on three prototypical intragrain interfaces,
unraveling intriguing features clearly different from those from
previous observations based on standalone films or nanomaterial
samples. These intragrain interfaces include composition boundaries
formed by heterogeneous ion distribution, stacking faults resulted
from wrongly stacked crystal planes, and symmetrical twinning
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boundaries. The atomic-scale imaging of these intragrain interfaces enables us to build unequivocal models for the ab initio
calculation of electronic properties. Our results suggest that these structure interfaces are generally electronically benign, whereas
their dynamic interaction with point defects can still evoke detrimental effects. This work paves the way toward a more complete

fundamental understanding of the microscopic structure—property—

Bl INTRODUCTION

Metal halide perovskites (MHPs) are an emerging class of
semiconductors with the chemical formula of ABX;, where A is
a monovalent organic or metal cation, B is a divalent metal
cation, and X is a halide ion."” These semiconductors can be
easily processed into thin films at low temperatures using
various methods, and their compositions and properties are
highly tunable, demonstrating promising applications in
various optoelectronics.' Especially, perovskite-based solar
cells (PSCs) have experienced a swift increase in power
conversion efficiencies (PCEs) in the past few years.” This has
been enabled by a great number of fundamental research works
that involve revealing and tailoring internal interface structures
in MHP thin films.*~"” Previous studies concerning interfaces
have mainly relied on conventional characterizations, such as
optical spectroscopy, scanning electron microscopy, and
scanning probe microscopy, with spatial resolutions limited
to only micro-/nanometer scales. "' In this regard, those
apparent grain boundaries (GBs) are frequently the only
internal interfaces visible in the studies, whereas a considerable
density of intragrain interfaces (IGIs) has recently been
confirmed to exist in MHPs."” Omitting such IGIs potentially
causes a misinterpretation of the role of GBs in MHP
properties and PSC performance, and this can be one possible
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performance relationship in metal halide perovskites.

cause for the discrepancy in the current understanding of the
microstructure—property—performance relationship. Neverthe-
less, these IGIs do not exhibit noticeable morphological
features such as domain boundaries and they are frequently
buried underneath the top surfaces, preventing direct
observation and characterization using conventional methods.
Furthermore, the structural details revealed are much less than
sufficient for gaining critical insights into the atomistic
landscape of all interfaces, which are essential to an in-depth
mechanistic understanding of the properties.'>*°
Transmission electron microscopy (TEM) is one of the
most powerful tools for structural characterizations with a high
spatial resolution up to the atomic or even subatomic
scale."”*"** TEM has been applied to MHP research,””**
but the low radiolysis tolerance of MHPs upon incident high-
energy electron beams renders it highly challenging to achieve
high-quality imaging.'*** As a result, the quality and reliability
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Figure 1. Device sample structure of a typical FA-Cs PSC: (a) schematic illustration of the tailored STEM-HAADF imaging for reliably
characterization MHPs in PSCs while the sample integrity is maintained; (b) proposed mechanisms illustrating that the carbon layer retards the
evaporation and migration of ions (illustrated by X) that underpin the sample stability; (c) schematic illustration of the FA-Cs PSC device
configuration and corresponding EDS mapping of the device cross-section sample specimen nanofabricated using a focused ion beam.

of reported imaging results are frequently questioned. Recent
advances in TEM characterization are significant, demonstrat-
ing its capability in revealing atomic-scale structures of
standalone MHP films or nanomaterial samples.'***~>°
However, these observations are mostly based on plan views,
for which acquired atomic structural information on the
internal interfaces may not be directly related to the device
functions. This is because PSCs are usually vertical devices
where cross-sectional interface microstructures are considered
most crucial to the performance. However, the ultrathin nature
of cross-section specimens, prepared by a focused-ion-beam
(FIB) nanofabrication, further adds to the technical difficulty
of TEM characterization.’® In this study, we develop a simple
yet reliable TEM approach to image MHPs in high-
performance PSC devices, which unambiguously reveals the
atomic-scale information on three prototypical intragrain
interfaces. This enables us to construct accurate, highly
correlated theoretical models to elucidate the electronic
behaviors of all these intragrain interfaces, exposing their
statically benign yet dynamically detrimental role on the
potential device performance.

B RESULTS

TEM Sample Selection and Characterization Devel-
opment. We chose to study formamidinium—cesium (FA-Cs)
mixed-cation MHPs, a highly promising system that can
simultaneously deliver both high eﬂiciencz and long-term
stability in single cells and modules.”’™*° We prepared
FA,_,Cs,Pbl; thin films across the full range from x = 0 to x
=1 (Figure S1) using a Cs,PbBrg-mediated method previously
reported.”” We then fabricated PSCs by sandwiching the MHP
absorber layer with a SnO,/FTO electron-extracting layer and
a Spiro-OMeTAD/Au hole-extracting layer. Details of the
MHP synthesis and PSC fabrication are included in the
Experimental Section. While with processing optimization all
of the FA,_,Cs,Pbl; devices in the range of x = 0.1S5 to x =
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0.85 can show high PCEs beyond 17% with good
reproducibility in general (Figure S2), the champion cell in
this work shows a PCE of 21.4% when the FA,_,CsPbl;
composition is optimized to x = 0.5. The extracted parameters
from the current density—voltage (J—V) scan (Figure S3)
show a short-circuit current density of 22.7 mA cm™2, an open-
circuit voltage of 1.16 V, and a filling factor of 81.0%. The
stabilized PCE near the maximum power point is 21% (Figure
S4). This PSC also exhibits a PCE retention of more than 95%
after 2,160 h storage in a nitrogen-filled glovebox (Figure SS).
These device parameters are comparable to those for state of
the art methylammonium-free PSCs reported in the
literature,”° and thus, we consider our FA-Cs PSCs
prototypical for fundamental studies.

We then chose scanning transmission electron microscopy
(STEM) to image the detailed structures of FA-Cs MHP thin
films in PSCs. STEM is an advanced imaging mode of TEM
that can enable sub-angstrom spatial resolutions with an
aberration correction.”® Thus, it directly probes the accurate
real-space positions of atoms in samples, and the results from
this are more straightforward for structural interpretation than
those from conventional TEM imaging. Although STEM has
been widely used for characterizing functional materials,
including oxide perovskites,”"”” it has rarely been applied to
MHPs until recently,'>**** which is due to the relatively high
dose rate of the focused electron probe common to STEM.
Specialized STEM approaches with lower dose rates and
higher detector sensitivities may mitigate these issues, but such
facilities are rarely accessible. Therefore, it is vital to develop
methods to make it feasible for standard STEM to be used for
MHP characterization. Instead of instrumental development, a
viable direction is to preserve the sample integrity via
additional protection without obviously compressing the
imaging quality. Along these lines, after the preparation of
device cross-section specimens, we deposited a thin conformal
coating of amorphous carbon about 10 nm thick (Figure 1a,b
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Figure 2. Atomic-scale structures of intragrain composition-boundary interfaces. (a) Atomic-scale Bragg filtered STEM-HAADF image of an
orthorhombic FA;sCsg¢sPbl; grain from [110] projection direction. The inset gives the corresponding FFT pattern, revealing a spatial resolution
of 1.25 A. (b) Fine atomic structure of the FA-rich domain (right part, as marked by the yellow square in (a)) and intragrain composition-boundary
interface, indicating a nearly straight shape of adjacent FA/Cs and I columns in the FA-rich MHP domain (right part) but a zigzag shape in the Cs-
rich MHP domain (left part). (c) Line profiles of the row of FA/Cs and I columns signal intensity marked by orange arrows in (b), indicating a
higher contrast of FA/Cs columns in comparison to I columns in the Cs-rich domain but a slightly higher contrast of I columns in comparison to
FA/Cs columns in FA-rich domain. The measured spacing across three neighboring FA/Cs columns is 12.80 A in the Cs-rich MHP domain and
12.89 A in the FA-rich cluster. (d—f) Atomic-resolution unfiltered STEM-HAADF images of FA,_,Cs,Pbl; samples with different levels of FA
incorporation: x = 0.95, 0.85, 0.5, respectively. The average lattice spacing c increases with a higher level of FA incorporation. (g—i) Corresponding
in-plane strain ¢,, distributions of (d—f) generated by a GPA analysis.

and Figure S6). Surprisingly, we found that this simple step is
very effective in protecting MHPs from any damage under a
reasonably prolonged exposure to the STEM electron probe.
As shown in Figure S7, when the carbon coating is not applied,
the focused electron probe can easily trigger the precipitation,
which may be composed of Pb, causing a dramatic degradation
of the thin-film structures, similarly to the case in previous
studies.*’ However, once the carbon coating is deposited, the
microstructures of the entire device are fully retained during
our imaging process. We were thus able to perform energy
disperse spectroscopy (EDS) mapping for the cross-section
specimen, revealing the elemental distribution that delineates
each device layer (Figure 1c). As can be seen, the distributions
of Cs, Pb, and I elements are all uniform within the FA-Cs
MHP thin film at the micrometer scale. As schematically
illustrated in Figure 1b, the sample-protecting function of the
deposited coating is attributed to the ion-blocking nature of
amorphous carbon that impedes the evaporation and migration
of ions and thus helps prevents the MHP structure from
collapsing. In addition, several other factors involved in our
STEM approach may contribute to the minimization of

1912

ionization damage, which include enhancing the specimen
conductivity due to carbon coating, thinning the FIBed cross-
section specimen to below 50 nm, and applying a high electron
accelerating voltage (300 kV).** All these enable maintaining
the structure of device cross-section specimen even under the
scanning electron probe with beam currents up to several pA,
which is much higher than that in recent STEM character-
ization of MHPs by Rothmann et al.'> Furthermore, we
employed high angle annular dark-field (HAADF), rather than
low angle annular dark-field (LAADF) mode for STEM
imaging to acquire scattered electrons at a higher space angle.
The higher electron dose rate enables the acquisition of high-
contrast atomic-scale STEM-HAADF images with an accept-
able signal to noise ratio (SNR), although LAADF is
potentially superior in detecting a larger fraction of scattered
electrons.”” Importantly, STEM-HAADF imaging is sufficiently
sensitive to atomic number (Z) variations, allowing us to
distinguish different atomic columns and reveal more detailed
information.

To confirm the fidelity of our STEM characterization in
revealing the atomic structure of PSCs, we performed a series

https://doi.org/10.1021/jacs.1c12235
J. Am. Chem. Soc. 2022, 144, 1910—-1920


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12235/suppl_file/ja1c12235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12235/suppl_file/ja1c12235_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12235?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12235?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12235?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12235?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

0°0:0°0:0°0500

°0°%°2°%° 2 %0 (011)

C $:0°0.029:9°°70
8 8 8 8 8 Y 3
©°0:,0°0502-°9%04
s 8.8 8- 8gs ° 39
90:0°0:90° 7,990, 0
$8.,8.8,%% 8 s 8
RATERR,

]

£:35,054.304.3
ey c88: 8000508
HESES RS
©20.0°0:0°0:0°0

o
K
m
S

|
; : §10% '/no%
[100],

ELL N-10% 2om M10%

>111/° © FA/Cs
X ® Pb
&
00"00‘% ¢!
L o Qr\\ .‘0’ ’O'b: “.§° 00
3 1/nm 4 o O¢* ) e, © ©0,7)
31/om ol ! 80 4004 O, 0 Oy
&% % e D% e,
P % 6% o © %@q o 6
00" ¢ @ ¢ 0% s " o “g

FA/Cs-I terminated[ Pb terminated

Figure 3. Atomic-scale structures of intragrain stacking-fault and twinning interfaces. (a) High-resolution unfiltered STEM-HAADF image of
stacking faults in orthorhombic FA,Cs,Pbl, grains along the [100] projection direction. (b) Atomic-scale Butterworth filtered STEM-HAADF
image of a single stacking fault, indicating the detailed atomic structure. (c) Reconstructed atomic model of the stacking fault in (b) along the
(011) lattice plane. (d) In-plane strain &, and €,, distribution of (b) generated by GPA analysis, showing a dramatic lattice distortion at the
stacking fault region. (e) High-resolution unfiltered STEM-HAADF image of a typical twin boundary in FA,Cs, Pbl; grains. The upper right inset
is the corresponding FFT pattern, showing a stacking of two twisted patterns along the [100] projection direction. (f) Atomic-scale Bragg filtered
STEM-HAADF image from the yellow square region in (e) revealing the atomic details of this twin boundary. (g) Reconstructed atomic model of

the twin boundary in (f) along the (011) lattice plane.

of continuous electron probe scanning tests that prove the HAADF image is as high as 1.25 A, comparable to previous
structural robustness of carbon-coated PSC specimens cryo-TEM results.”® This MHP grain is determined as an
(Figures S8 and S9). As shown in Figure S8, the MHP orthorhombic phase (space group Pnma) and is projected
structures adjacent to an existing Pbl, cluster show no obvious along the [110] direction. The type of each atomic column can
change rather than collapsing to Pbl, even after a continuous be identified from its corresponding characteristic contrast (Z
electron probe scanning for over 6 min.”> Another test further contrast), similarly to STEM-HAADF observations of oxide
demonstrated the direct decomposition pathway of the carbon- perovskites. As seen in Figure S11, the Pb—I atomic columns
layer-protected cross-sectional PSC sample under a longer time exhibit the highest contrast, while the contrast divergence
of electron probe scanning (Figure S9). With over 23 min of between FA/Cs and I columns is relatively small due to the
continuous electron probe scanning, the MHP only exhibits a similar atomic numbers. With the angstrom-level real-space
slow degradation directly to an amorphous structure. During spatial resolution, the overlaps of atomic columns are well
this degradation process, the structure of the remaining MHP identified, which can be rarely achieved in the case of regular
part remains unchanged without phase transformation to TEM imaging. For example, the overlapping of Pb and I atoms
nonperovskites or decomposition to Pbl,. Therefore, the in the projection direction leads to the elongation of
carbon protection and low-dose STEM imaging conditions corresponding column spots to an oval shape. At the same
mitigate the potential influence of electron beams on the MHP time, the periodically variated tilt angle of the Pb—I column
structures. Thus, we can conclude that our STEM imaging spots also accurately fits the structure model of orthorhombic
truly reflects the original atomic structures of the MHP CsPbl;, as shown in Figure 2a. The overlapping of two I atoms
samples. On the basis of this advanced method, we were then also makes the I column spots elongated. In addition, the
able to clearly identify three types of intragrain interfaces in the measured average lattice spacing ¢ of this orthorhombic FA-Cs
MHP devices and resolve their atomic structures with a spatial MHP from the STEM-HAADF image and FFT pattern is
resolution of 1.25 A at a 300 kV accelerating voltage in STEM. 12.78 A, larger than that of a S mol % FA-incorporated
Atomic Microstructures of Intragrain Interfaces. On orthorhombic CsPbl, sample, as shown in Figure 2d as well as
the basis of the high beam tolerance of the sample, we finely that of pure CsPbl; MHP in the literature (a = 8.646 A, b =

tuned the zone axis of one representative MHP grain before 8.818 A, ¢ = 12.52 A).*
imaging. Figure 2a is a typical STEM-HAADF image of the We further revealed an interesting atomic-scale lattice
FA-Cs (FAy15CsosPbl;) MHP grain interior (Bragg filtered as heterogeneity in this specimen, which is attributed to the
demonstrated in Figure S10), revealing a clear and fine atomic nonuniform distribution of FA or Cs cations. Such
structure. The fast Fourier transform (FFT) pattern (Figure heterogeneity is largely invisible to laboratory XRD measure-
2a, inset) indicates that the spatial resolution of our STEM- ments (Figure S1). In the left side of Figure 2b, the regular
1913 https://doi.org/10.1021/jacs.1¢12235
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Figure 4. Electronic structures of the three prototypical intragrain interfaces. The charge density corresponding to the VBM and CBM, the total
DOS, and partial DOS of the left and right domains of the (a) composition-boundary interface, (b) stacking-fault interface, and (c) twin-boundary
interface. The cyan, black, and purple spheres denote Cs, Pb, and I atoms, respectively, and the yellow areas denote the computed charge densities.
(d—f) Band alignment diagrams for the three intragrain interfaces, where the upper red rectangles represent CBM while the lower blue rectangles
represent VBM. Note that for (d), the left and right electronic structures are based on relaxed CsPbl; (left grain) and FAPbI, (right grain) shown

in (a), respectively.

shape of adjacent FA/Cs and I columns in orthorhombic FA-
Cs MHP is zigzag-like, and the corresponding signal intensity
line profile demonstrates a higher contrast of FA/Cs columns
with a higher atomic number (Z) in comparison to I columns
(Figure 2c). However, a nanoscale cluster (about 2 X 2 nm
size) was found with a variation in lattice shape in Figure 2a,b.
From the enlarged atomic image of this cluster (Figure 2b), the
adjacent FA/Cs and I columns tend to array along a straight
line, as marked by the yellow arrow in the right side.
Interestingly, a variation occurs in the signal intensity line
profile (Figure 2c), which exhibits a slightly higher contrast of I
columns in comparison to FA/Cs columns. This indicates a
higher concentration of FA incorporation into the FA/Cs
columns in this cluster, leading to a noticeable decrease in
signal intensity in the Z-contrast image. This phenomenon is
also consistent with the STEM-HAADF image simulation
results on FA-Cs perovskites with different FA incorporation
levels, as shown in Figure S12. Furthermore, an expansion of
lattice spacing ¢ was found in this FA-rich cluster (12.89 A) in
comparison with a regular Cs-rich region (12.80 A), which was
also consistent with a higher concentration of FA incorpo-
ration. Therefore, this nonuniform FA incorporation forms
nanoscale FA-rich clusters with a tensile strain within MHP
grains, creating numerous coherent, strained intragrain
interfaces. Interestingly, with higher-level FA incorporation,
not only does the average lattice spacing ¢ keep increasing
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(Figure 2d—f) but also the in-plane strain (e,,) distribution
becomes more uneven with larger variations at the nanoscale
(Figure 2g—i). This indicates a higher density of FA-rich
clusters, as well as strained intragrain composition-boundary
interfaces in FA-Cs perovskites with a FA cation content, that
exceeds 50 mol %, when we examined a range of compositions
(15—85 mol %). Interestingly, in comparison with FA-Cs
MHP nanocrystals, which exhibit an almost complete FA-Cs
segregation,26 the FA-Cs ion segregation is much slighter in 3D
FA-Cs perovskites. For example, according to the STEM-
HAADF simulation (Figure S12), the intensity variation of
FA/Cs and I columns shown in Figure 2¢ may imply an
increase in FA incorporation from about 15 mol % to 40 mol %
across the composition—boundary interface.

Another important finding is the observed fine structures of
intragrain stacking faults in MHPs. In orthorhombic
FA,sCsosPbl; grains projected along the [100], direction
(Figure S13), a typical kind of stacking fault formed by lattice
plane displacement was identified (Figure 3a). From the
atomic-scale STEM-HAADF image and reconstructed atomic
model (Figure 3b,c), it is clear that this type of stacking fault
follows the (011) lattice plane with a shared Pb layer. The
stacking fault also breaks the local lattice periodicity and leads
to a dramatic in-plane strain in both the x and y directions, as
shown in Figure 3d. It is worth noting that these types of
stacking faults have characteristic lengths of 8—25 nm and may
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occur with a higher prevalence in some regions rather than
being uniformly distributed (Figure S14). These stacking faults
are similar to those reported by Rothmann et al. in pure
FAPbL,, " but the fault is along a series of lead columns rather
than iodide columns, and the shift across the fault is more than
three-fourths of a unit cell rather than half a unit cell in pure
FAPDI;. This illustrates how slight changes in chemistry can
lead to significant changes in crystallography, further high-
lighting the importance of a careful characterization of new
perovskite materials.

We then examined intragrain twin-boundary interfaces in
FA-Cs MHPs. The targeted twin boundary to observe is typical
and is aligned throughout the film thickness (Figures S15 and
$17). The FFT pattern of the high-resolution STEM-HAADF
image taken from the twin-boundary region consists of two
arrays of twisted independent patterns, which also correspond
to an orthorhombic lattice structure but along [100], (Figure
3e and Figure S13). The improvements in imaging enabled by
our approach are critical, as the detailed atomic structures of
this twin boundary and adjacent MHP lattices are now
revealed (Figure 3f and Figures S16—S17). Thus, the lattice
structures on both sides of the twin boundary are revealed to
be highly symmetrical and consistent with the atomic model of
a [100],-projected orthorhombic MHP, in good agreement
with the FFT results. This enables us to precisely reconstruct
the real atomic structure. As illustrated in Figure 3g, lattices on
both sides are terminated at this twin boundary which follows
the (011) lattice plane. In addition, the termination layers of
these adjacent regions are not the same. The left terminates at
the FA/Cs—I layer, while the right terminates at the Pb layer.
This difference leads to the breaking of symmetry at these twin
boundaries in FA-Cs PSCs. To further validate the atomic
structure of these intragrain twin boundaries, continuous
electron probe scanning was used to trigger damage in the
twin-boundary region, as shown in Figure S18. We found that,
even as e-beam damage occurs at the core region, the MHP
structure is retained without a phase transformation or
decomposition, and the twin-boundary structure remains
unchanged as well (Figure S18b). On the basis of these
detailed structural studies, we are then able to harness these
results to undertake calculations to understand the implications
on the electronic properties, which are striking.

DFT Calculations and Electronic Structures of Intra-
grain Interfaces. With the detailed atomic information
acquired via the STEM-HAADF imaging, we constructed
equivalent atomistic models for the three prototypical
intragrain interfaces, as shown in Figures 4a—c. For
simplification, pure CsPbl; and FAPbI; models were employed
to represent the Cs-rich and FA-rich regions that are observed
under STEM, respectively. The composition-boundary inter-
face is simulated using a superlattice model formed by stacking
six CsI/Pbl, (left) and six FAI/Pbl, (right) atomic layers,
respectively, while these layers are perpendicular to the [001]
axis (see Figure 4a). The stacking-fault interface was built
using the builder module implemented in the pymatgen
package,45 where [100] and (011) were used as the rotation
axis and interface plane, respectively, while the rotation angle
was set to 0° and an in-plane shift along the (011) plane by 0.2
unit (Figure 4b) was used, followed by relocating one Pb atom
slightly in the interface to match the apparent central Pb atom
in the interface, as shown in Figure 3b,c. After geometric
optimization (Figure 4b), an interesting reconstruction of the
local Pb—I bonding pattern occurs in the interfacial layer (see
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Figure S19 for more details). Such a reconstruction of the local
Pb—I bonding pattern may also occur in the realistic atomic
structure of stacking faults, as shown in Figure 3b,c. The
atomic structure of the twin-boundary interface was con-
structed by using a mirror operator along the (011) plane
(Figure 4c); as a result, the Pb—I octahedra at the interface
were connected through shared common faces.

The computed electronic structure and density of states
(DOS) of the composition-boundary interface are shown in
Figure 4a. The valence band maximum (VBM) is mainly
composed of the antibonding I p states and Pb s states, while
the conduction band minimum (CBM) is a hybrid of the p
states of I and Pb with a majority having a nonbonding
character and a minority having an antibonding nature,*® as
shown from the computed charge density (Figure 4a); these
states are from both near the interface and inside the grains.
On the basis of the partial DOS of the CsPbl; part (orange
curve) and FAPbI; part (green curve) (Figure 4a), we found
that the band edges of both contributions do not exhibit a
mismatch with each other, as illustrated in Figure 4d. In
addition, we found a decrease in the band gap for the
composition-boundary interface, in comparison to that for
pristine CsPbl; (1.7 €V from the PBE DFT computation).
This is due to tilting of local octahedra, which enhances
antibonding interactions between Pb s states and I p states (see
the denser yellow areas near the interface in the lower panel of
Figure 4a). Overall, the computed DOS does not show any gap
states, indicating the benign electronic properties of the
composition-boundary interface on the electronic gap.

For the stacking-fault interface, we found that the bonding p
states of the I and s state of Pb sites near the interface shift to
higher energy in comparison to the states inside the grain,
while the CBM is dominated by the Pb p states contributed by
both the interior domain and stacking-fault interface. The
partial DOS (Figure 4b) of the left and right domains indicate
a quasi-type-II band alignment (Figure 4e). This quasi-type-1I
aligned electronic structure may facilitate the dissociation of
the photogenerated excitons and separation of charge carriers,
imparting beneficial effects to the PSC performance.

With regard to the twin-boundary interface, we found that
the rotation angle of the optimized interface model is 110.7°,
in very good agreement with the experimental observation, as
shown in Figure 3g. Similar to the other types of interfaces, the
DOS of the twin-boundary interface exhibit negligible gap
states, as shown in Figure 4c. The VBM is again mainly from
the antibonding I p states and partially from the Pb s states
near the interface, while the CBM is dominated by the Pb p
states inside the grains (see yellow areas in Figure 4c). The
partial DOS of the left and right domains are almost identical
with each other (see the schematic band alignment in Figure
4f), since the two domains are the mirror image of each other.
As a result, we can conclude that, in general, the twin-boundary
interface incurs little detrimental effects on the PSC perform-
ance from the perspective of electronic structure. However, it is
worth noting that, in both composition-boundary and twin-
boundary interfaces, the inversion symmetry is broken.
Therefore, we performed additional computation of the
electronic density of states for these two interface models,
for which the PBE+SOC (spin—orbit coupling) calculation was
undertaken. The computation results shown in Figures S20
and S21 suggest that the electronic band gap is reduced (in
comparison to the PBE calculation result shown in Figure
4a,c).
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Figure S. Electronic structures of the three prototypical intragrain interfaces. (a) Schematic illustration of the interaction of I” vacancies with three
types of interfaces. (b, c) Charge density (yellow area) of the shoulder peak near the band edges, total DOS, and partial DOS for Pb s and p orbitals
and 1 p orbitals for (b) the composition-boundary interface with one I vacancy (per supercell) and (c) the twin-boundary interface with one I
vacancy. (d) Charge density (yellow area) of the trap state below the Fermi level (upper panel), total DOS (middle panel), and partial DOS (lower
panel) of selected Pb p orbitals at the stacking-fault interface. The selected Pb atoms are highlighted by two blue squares. In (b—d) the I” vacancy

per supercell is highlighted by the red dashed circle.

B DISCUSSION

We note that these intragrain interfaces in MHPs are not
entirely static upon the external stimuli. As schematically
shown in Figure Sa, they can serve as “sinks” for point defects.
In MHPs, point defects such as I vacancies are known to be
highly mobile due to low activation energy barriers.””** Such
potential interactions can induce new influences on the
electronic structure and properties of MHPs.*~>* To illustrate
the effect of a point defect-interface interaction on the
electronic structures of the interfaces, we considered the
addition of I vacancies into the composition-boundary and
twin-boundary interfaces, respectively, as shown in Figure 5b,c.
Notably, the resultant DOS plots immediately show sharp
peaks near the valence band edges. Nevertheless, from the
charge density plots (as marked by yellow areas), we observed
that the peak states are mainly due to the p states of I atoms
inside the grains, which are still considered benign.

On the other hand, because of the grain shift and Pb atom
relocation at the stacking-fault interface, the local Pb-—I
bonding pattern stemming from the relocated Pb atoms
(e.g., Pb0 and Pb0’ in Figure S19) and its neighboring I atoms
is changed within the interface, where the nearest neighboring
Pb—Pb distance is notably shortened and the number of Pb—I
bonds is increased from two to five in comparison to those in
the bulk crystal (Figure S19). After an I vacancy (at the
location of I1) is created, the computed total and partial DOS
(Figure Sd, middle and lower panels) confirm that the
localized states (deep trap states) below the conduction
band edge are due to the I vacancy (Il in Figure S19). Note
that I1 forms the shortest Pb—I bond (~3.0 A) with the
relocated Pb atom (Pb0). The localization of these states can
be also visualized from the charge density, where the p
characteristics due to the I vacancy can be discerned.
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We also introduced Pb interstitials into the twin-boundary
interface, as shown in Figure S22. It is found that the excess Pb
indirectly leads to localized trap states that are mainly
contributed by the p orbitals of Pb and I atoms close to the
defect, as evidenced by the charge density and the projected
DOS (see Figure S22). Clearly, these trap states will be
detrimental to the device’s performance and should be avoided
as much as possible to maximize the PES. Indeed, the strategy
and physics of reducing the point defects are in line with those
for developing a low-dimensional MHP and surface defect
passivation.

Atomic-scale structural information on intragrain interfaces
is unambiguously attained on the basis of a reliable STEM
characterization approach in high-performance MHPs, facili-
tating the construction of accurate interface models for the
theoretical investigation of emergent electronic properties. The
combination of detailed physical structural data to inform a
theory-based electronic structure permits us to show how these
prototypical intragrain interfaces exhibit relatively benign
electronic properties regardless of their population. This
understanding also informs critical technological questions
relating to the interaction of mobile I-vacancy defects with the
stacking-fault interface and the mobile Pb-interstitial defects
that can evoke detrimental effects if they are not controlled.
This work then begins to provide a mechanistic foundation for
many of the interface engineering approaches within these
systems that drive further device improvement.

B EXPERIMENTAL SECTION

MHP Precursor Solution and Film Synthesis. The FA-Cs
mixed MHP (FA,Cs,_,Pbl;) thin films have been prepared according
to the method reported previously.”” First, 1.3 M MHP precursor
solutions of FA,Cs,_,Pbl; were prepared by dissolving FAI, CsI, and
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Pbl, with ratios of l:x:1 in dimethyl sulfoxide (DMSO). The
precursor solutions were stirred at 65 °C for 6 h to be ready for use.
Then, the precursor solutions were spin-coated on substrates using a
programmed two-step process: 1000 rpm for 10 s as the first step and
3000 rpm for 30 s as the second step. 360 uL of ethyl acetate
(antisolvent) was dropped in the center of the spinning films at 10 s
after the start of the second step. The as-spun thin films were heated
at 100 °C for S min and then at 220 °C for 12 min to form
FA,Cs,_,Pbl; MHP thin films.

PSC Device Fabrication. To fabricate PSCs, a patterned FTO
glass substrate was cleaned by ultrasonic washing successively in
saturated KOH isopropanol solution, deionized water, and ethanol.
Then, a 10 nm thick compact TiO, hole-blocking layer was deposited
by atomic layer deposition (ALD). Subsequently, the MHP thin films
were deposited according to the method mentioned above. Then, an
HTM layer was deposited by spin-coating a stock solution of Spiro-
OMeTAD at 3000 rpm for 30 s. The Spiro-OMeTAD solution was
prepared by dissolving 72.3 mg of Spiro-OMeTAD in 1 mL of
chlorobenzene, to which 28.8 uL of 4-tert-butylpyridine and 17.5 uL
of lithium bis(trifluoromethanesulfonyl) imide (LITSFI) solution
(520 mg of LITSFI in 1 mL of acetonitrile) was added. Finally, a 80
nm thick Au top electrode was deposited via thermal evaporation to
complete the PSC device.

STEM Specimen Preparation. The cross-sectional TEM speci-
mens of PSCs were prepared by a dual-beam focused ion beam (FIB)
nanofabrication platform (Helios 600i, Thermofisher, USA). A
protecting layer was first deposited on the top surface of the devices
by electron deposition of Pt, followed by etching the surrounding area
to form the specimen lamella. The operating voltage of the gallium
ion beam was 30 kV, and the working current was 0.1—24 nA for
lamella processing. The lamella was then lifted out from the substrate
and transferred in situ to a TEM half-grid inside the FIB chamber. The
observation area of lamella was thinned to less than 100 nm with a
40—790 pA gallium ion beam. To minimize the damage induced by
ion implantation to sample lamella, a fine milling and polishing
process was adopted by using a gallium ion beam with an accelerating
voltage down to 1 kV and 72 pA working current to remove the
surface amorphous layer. After the FIB preparation and polishing
procedures, the as-prepared cross-sectional PSC specimens were
transferred to a high-vacuum sputter coater for protecting layer
deposition. Amorphous carbon layers with a thickness of 10 nm were
coated on both sides of the cross-section specimen using pulsed
carbon evaporation at 8 X 107> mbar.

STEM Characterization. STEM observations of the device cross-
section specimens were carried out with a regular aberration-corrected
STEM microscope (Titan G2 60-300, Thermofisher, USA; Equipped
with a field emission gun) with a 300 kV electron beam accelerating
voltage. The beam current of the electron probe was reduced to S pA
to minimize the damage to MHP frameworks during atomic
resolution imaging. The probe convergence angle was 24.5 mrad,
and the angular range of the HAADF detector was from 79.5 to 200
mrad. The dwell time of each pixel during STEM-HAADF image
acquisition was 6 us, and the size of all STEM-HAADF images in this
work was 2048 X 2048 pixel>. For the typical high-resolution STEM-
HAADF images illustrated in this work, the frame size was 34.5 X 34.5
nm? The total electron dose was 1.3 X 10* e A? for the acquisition of
a single STEM-HAADF image.

DFT Calculations. Density functional theory (DFT) calculations
were performed using the generalized gradient approximation (GGA)
in the Perdew—Burke—Ernzerhof (PBE) format, as implemented in
the Vienna ab initio simulation package (VASP 5.4). The projector
augmented wave method (PAW) was used to describe the interaction
between core electrons and valence electrons. In particular, a kinetic
energy cutoff for the plane-wave basis was set to 450 eV. Specifically,
5525p%6s of Cs, 6526p” of Pb, and 5s25p° of I were used as valence
electrons. Grimme’s DFT-D3 correction was adopted to describe the
long-range van der Waals interactions. The stacking-fault interface was
created using the builder module in the pymatgen package,” where
each unit grain was expanded by a factor of 2 to exclude the
interaction between adjacent interfaces. A y point was adopted for the
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structure optimization, and both atomic positions and lattice
constants were relaxed until the residual forces on atoms were less
than 0.02 eV/A and the total energy change was less than § X 1075 eV
while the lattice angles were fixed. Denser 2 X 2 X 1,2 X 1 X 1, and 2
X 1 X 1 k-point meshes were used in the electronic property
calculations for the composition, twin, and stacking fault grain
interfaces, respectively. Furthermore, the electronic properties of
composition-boundary and twin-boundary interfaces were calculated
with consideration of the spin—orbit coupling (SOC) effect.
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