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High Phase Stability in CsPbl; Enabled by Pb—I Octahedra
Anchors for Efficient Inorganic Perovskite Photovoltaics

Yong Wang, Gaoyuan Chen, Dan Ouyang, Xinjun He, Can Li, Ruiman Ma, Wan-Jian Yin,*

and Wallace C. H. Choy*

CsPbl; inorganic perovskite has exhibited some special properties particularly
crystal structure distortion and quantum confinement effect, yet the poor
phase stability of CsPbl; severely hinders its applications. Herein, the nature
of the photoactive CsPbl; phase transition from the perspective of Pblg octa-
hedra is revealed. A facile method is also developed to stabilize the photo-
active phase and to reduce the defect density of CsPbl;. CsPbl; is decorated
with multifunctional 4-aminobenzoic acid (ABA), and steric neostigmine bro-
mide (NGBY) is subsequently used to further mediate the thin films’ surface
(NGBr-CsPbl;(ABA)). The ABA or NG cation adsorbed onto the grain bounda-
ries/surface of CsPbl; anchors the Pblg octahedra via increasing the energy
barriers of octahedral rotation, which maintains the continuous array of
corner-sharing Pblg octahedra and kinetically stabilizes the photoactive phase
CsPbl;. Moreover, the added ABA and NGBr not only interact with shallow- or
deep-level defects in CsPbl; to significantly reduce defect density, but also
lead to improved energy-level alignment at the interfaces between the CsPbl;
and the charge transport layers. Finally, the champion NGBr-CsPbl;(ABA)-
based inorganic perovskite solar cell delivers 18.27% efficiency with excellent
stability. Overall, this work demonstrates a promising concept to achieve

comparable to the silicon solar cells. How-
ever, the volatile organic compositions in
OIHPs are always a potential threat to the
long-term stability of the PSCs’ devices.
Recently, all-inorganic perovskites have
attracted considerable attention because
of their excellent chemical components
stability.>®! In particular, the CsPbl; inor-
ganic perovskite with desirable bandgap
(=17 eV) and excellent light absorption
properties exhibits great potential for
tandem solar cell integration with other
sub-cells, such as silicon and low-bandgap
perovskite.’*11  Moreover, = compared
to the orientated and rotating organic
cation (MA*) (MA: methylammonium)
in OIHPs, the isotropic Cs cation has no
hydrogen bond and orientation, and they
cannot rotate like organic cations, which
offer CsPbl; inorganic perovskite some
unique properties including crystal struc-
ture distortion and quantum confine-

highly phase-stabilized inorganic perovskite with suppressed defect density

for promoting its optoelectronic applications.

Organic—inorganic hybrid perovskites (OIHPs) with the
chemical formula of ABX; have undergone an unprecedented
development and emerged as a revolutionary class of light-
absorbing semiconductors.l¥ Especially, the certified efficiency
of perovskite solar cell (PSC) has approached 25.2%, which is
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ment effect and so on.' Because of
quantum confinement effect, previously
reported polycrystal CsPbl; thin films
exhibit a blueshift in comparison with
the single crystal CsPbl; (=1.63 eV);¥ Jin
and co-workers have also achieved pure-blue-color perovskite
light-emitting diode with exceptionally high external quantum
efficiency (EQE) of 9.5%.11)

However, CsPblj is still facing serious phase stability issues,
in which the black-phase CsPbl; tends to transform into the
non-photoactive ¢ phase under humid or thermal stress condi-
tions.22ll There are some strategies including quantum dots,
dimension engineering, B- or X-site doping/alloying and organic
cation surface termination that have been developed to stabilize
the black-phase CsPbI;.22-28 Recently, Zhao and co-workers suc-
cessfully fabricated highly thermodynamically stable S-CsPbl,
perovskite with a slight distort of Pblg octahedra in comparison
with cubic phase CsPbl;.¥] Steele et al. used substrate clamping
and biaxial strain to prepare »CsPbl; with a larger distort of Pblg
octahedra and render the black-phase CsPbI; stability at room
temperature.””) Both of these two works imply that the stability
of black-phase CsPbI; may be related to the distortion level of
PbI; octahedra. Nevertheless, the underlying mechanism to fur-
ther stabilize photoactive CsPblj; is still unclear.

In this work, a facile method was first developed to anchor
Pblg octahedra and stabilize photo-active phase as well as to
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reduce the defect density of CsPbl;. Meanwhile, we system-
atically demonstrated the relationship between the distortion
level of Pblg octahedra and phase transition of CsPbl; inor-
ganic perovskite, and revealed the nature of this photoactive
CsPbl; phase transition from the perspective of Pblg octa-
hedra. We proposed to incorporate 4-aminobenzoic acid (ABA)
into CsPbI; perovskite (CsPbI3(ABA)). The as-fabricated thin
films were further surface mediated by the steric neostigmine
bromide (NGBr) (NGBr-CsPbI3(ABA)). The ABA/NG cation
would adsorb onto the grain boundaries/surface of CsPbls
and anchor Pblg octahedra, which suppressed Pblg octahedra
rotation via enhancing the energy barrier. Furthermore, the
carboxyl and amine groups in ABA associating with surface
steric organic cation NG* could passivate shallow- or deep-
level defects, i.e., the undercoordinated Pb," and Cs* vacancy.
By the co-cation of ABA incorporation and steric NG cation
surface termination, the CsPbl; exhibited both enhanced
phase stability and suppressed defects density (reducing from
8.63 x 10" cm™ to 3.72 x 10" cm™). Moreover, the addition
of ABA and NGBr led to better matching of energy levels at
the interfaces between CsPbl; and charge transport layers.
With the interesting properties, the NGBr-CsPbI;(ABA)-based
inorganic PSCs devices exhibited an efficiency of 18.27% with
excellent stability.
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Figure 1a shows the typical crystal structure of CsPbl; inor-
ganic perovskite and chemical structure of ABA and NGBr
multifunctional molecules. The ABA incorporation or NGBr
surface mediation will not affect on the absorption, as shown in
Figure 1b. The absorption edges of these thin films are located
at =736 nm, which is the tetragonal phase CsPbl;.3% The
bromine salt treatment usually blueshifts the absorption edge
dependent on the diffusion length of Br ion and degree of ion
exchange with iodine ion.?>3U However, in present work, the
steric NG cation with a large topological polar surface area con-
fines bromine (Br) anion diffusion during the post-treatment
process. The Br is only concentrated on the surface of CsPbl;
as confirmed by the time-of-flight secondary-ion mass spec-
trometry (TOF-SIMS) in Figure S1, Supporting Information,
leading to ignorable effect on the absorption. The X-ray diffrac-
tion (XRD) patterns of CsPbl;, CsPbI3(ABA), NGBr-CsPbl;,
and NGBr-CsPbI3(ABA) samples exhibit diffraction peaks at
14.19° and 28.64° (Figure 1c), which are the characteristic (110),
(220) crystal planes diffraction of tetragonal phase CsPbl;.[332]
The intensity of XRD peaks for the CsPbI;(ABA) thin film is
stronger than that for the pristine CsPbl; sample, suggesting
that ABA incorporation enhances the CsPbl; perovskite thin
films overall crystallinity. The further NGBr surface mediation
has neglectable effect on the crystallinity.
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Figure 1. a) Crystal structure of typical CsPbl; inorganic perovskite and chemical structure of organic molecules ABA and NGBr. b) UV-vis spectra
and c) XRD patterns for the CsPbl;, CsPbl;(ABA), NGBr-CsPbl;, and NGBr-CsPbl;(ABA) thin films. d) Corresponding top-view SEM images, scale bars

represent 1 um.
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Figure 2. a) Phase stability of CsPbls;, CsPbl;(ABA), NGBr-CsPbls, and NGBr-CsPbl;(ABA) thin film heated on a hotplate at 80 °C in a N, glovebox.
b) Cross-section of carbon elemental profile of CsPbl;(ABA) measured by TOF-SIMS. c) Bright-field TEM image of CsPbl;(ABA) thin film. d) HRTEM
image of the grain boundaries. e,f) Surface models of CsPbl; without (e) and with (f) ABA. g) The total energies of Cs-terminated and ABA-terminated

slabs as a function of angle-change. Taking the energy of angle-change = 0 as zero.

Scanning electron microscopy (SEM) was used to investi-
gate the morphologies of these CsPbI; thin films, as shown in
Figure 1d. The ABA incorporation and NGBr mediation have
a slight effect on the grain sizes and morphologies of CsPbl;
thin films. The pristine CsPbl; thin film exhibits inhomoge-
neous crystal grains ranging from 300 to 600 nm with some
pinholes. The CsPbI3(ABA) thin film has fewer pinhole, larger
and more uniform grains (600-800 nm). Both the NGBr-
CsPbl; and NGBr-CsPbI3(ABA) thin films show larger and
denser grains, which is possibly attributed to the surface grain
re-growth because of the bromine enriched on the surface of
CsPbl; perovskite.[3!

We further studied the phase stability of these CsPbl; thin
films, as shown in Figure 2a and Figures S2 and S3, Sup-
porting Information. The NGBr-CsPbI3(ABA) thin films show
very good humidity resistance contributed by the hydrophobic
benzene (Figure S2, Supporting Information). In the fields of
PSCs, the moisture effect can be well addressed by the encap-
sulation methods.?*34 We then investigated the phase sta-
bility of these samples under thermal stress condition. The
CsPbl; thin films show the signals of yellow phase (&CsPbls)
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after annealing at 80 °C for =144 h, as shown in Figure 2a and
Figure S3, Supporting Information. However, both the
CsPbI3(ABA) and NGBr-CsPbl; thin films exhibit improved
phase stability, which keep unchanged at 80 °C for =288 h.
Especially, the simultaneous ABA incorporation and NGBr
mediation offer excellent CsPbl; phase stability (Figure 2a).

We then investigated the phase stability mechanism of CsPbl,
using the case of ABA incorporation. The TOF-SIMS results in
Figure 2b and Figure S4, Supporting Information, suggest that
the ABA homogenously distributes in the CsPbl; perovskite
layer. Transmission electron microscopy (TEM) was further
used to characterize the detailed microstructure of CsPbI;(ABA)
thin films. Figure 2c shows the corresponding bright-field
TEM image. The typical selected-area electron diffraction pat-
tern (SAEDP) further confirms that the as-achieved CsPbls
perovskite is tetragonal phase (the inset image in Figure 2c),
which agrees with the XRD and UV-vis results in Figure 1.
Figure 2d presents the high-resolution TEM images of the
typical grain boundary regions. There is =1 nm relatively amor-
phous region between grain boundaries, which is clearly dis-
tinct from the high-crystalline state of CsPbl; perovskite grain.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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These results indicate that ABA molecule homogeneously dis-
tributes at the grain boundaries of CsPbI3(ABA) thin films,
which is in good agreement with the TOF-SIMS results.

The above analysis shows that the ABA molecules are located
at the grain boundaries while absorbing on the CsPbl; crystal
surface. In solution, amino or carboxyl groups in ABA can be
easily ionized with positive and negative charges, respectively.l*’!
The mechanism of ABA-stabilized CsPbl; can be understood
from the energetic and kinetic points of view. Energetically,
the adsorption of ABA on CsPbl; surfaces or grain boundaries
would reduce surface energy and thus stabilize CsPbl; grains.
To further understand the details, we theoretically study Cs-
terminated and ABA-terminated CsPbl; (Figure 2e,f) through
the first-principles density functional theory (DFT) calculations.
The formation energies (AHf) of Cs-terminated (AHgCs) and
ABA-terminated (AH¢ABA) slabs are calculated as follow:36-3"]

ECs/ABA-lerminated — nEpy, — (n - 1) Ecq—2E Csl/(ABA)1

AHr= " )

DFT-calculated formation energies for AH-Cs and AHrABA
surfaces are 0.058 eV and -0.218 eV, respectively. The ABA-
terminated surface is, therefore, more stable than that of Cs-
terminated one, which is ascribed to stronger ionic interaction
between ligand ABA and CsPbl; crystal surface.l*’)

The crystal structure of black-phase CsPbl; is featured as
corner-sharing octahedra, while the yellow phase is an edge-
sharing octahedral structure. Therefore, octahedral rotation
would happen during the phase transition from black to yellow
phase. One may expect that the large ABA molecule and its
strong ionic bonding to surface are able to hinder the octa-
hedral rotation of Pbly at the surface, and therefore, prevent
the phase transition from black to yellow phase. Accordingly,
we investigated the effects of surfactant Cs and ABA on the
rotation of Pblg octahedral in black-phase CsPbl;. Figure S5,
Supporting Information, reveals that the designated angles
between PbI; octahedra on Cs-terminated surface are 113.83°
and 65.15°, respectively. However, the corresponding angles
between PbI; octahedrons of ABA-terminated surface are
111.20° and 73.93°, respectively, being closer to ideal 90° for
cubic phase, indicating that ABA can restrain the rotation dis-
tortion of octahedron. Thus, the framework of corner-sharing
Pblg octahedra can be maintained owing to the strain intro-
duced into CsPbl; crystal processed with ABA.?Yl We further
studied the ability of ABA to inhibit the Pbly octahedral rota-
tion (Figure 2g) via calculating the total energies of Cs- and
ABA-terminated slabs as a function of angle change of surface
Pbl; octahedron. The values of angle change ranging from 1° to
9° with an interval of 2°. Figure 2g reveals that ABA possesses
a stronger inhibitory effect on octahedral rotation because of
the strong interaction between large ABA molecule and CsPbl,
surface. To confirm the stability enhancement under thermal
stress conditions, molecular dynamics simulations have been
performed for Cs-terminated and ABA-terminated surfaces. As
shown in Figure S6, Supporting Information, the variations
of surficial angles are reduced because of the incorporation of
ABA. Overall, the large ionic size of ABA increases the rotation
barriers of Pblg octahedral and kinetically stabilizes the black-
phase CsPbls.
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In addition to the phase stability, the high-quality CsPbl; with
suppressed defects is very important for various CsPbl; inor-
ganic optoelectronic applications. We further used the steady
photoluminescence (PL) to check the effect of ABA and NGBr on
the excitonic quality of perovskite thin films (Figure 3a and S7).
The PL intensities of CsPbI3(ABA), NGBr-CsPbl;, and NGBr-
CsPbI3(ABA) thin films obviously increase in comparison with
the pristine CsPbl; thin films. Especially, the NGBr-CsPbI;(ABA)
thin films exhibit the strongest PL intensity with a PL peak
at =732 nm, whereas the PL emission of the pristine CsPbl;
thin films red shifts to =735 nm with a much weaker signal
(Figure S7, Supporting Information). Such a blueshift of the
PL peak associating with enhanced PL intensity is indicative of
defects passivation effect and a reduction in the spontaneous
radiative recombination via defects/trap states. Because of the
lower Goldschmidt tolerance factor (t = 0.847) and simple solu-
tion processing techniques, the shallow- or deep-level defects,
such as Cs* vacancy and undercoordinated Pb?', form in the
pristine CsPbl; thin films during crystallization.?83840 Ppre-
vious results indicated that amines and carboxylic acids can
be used as ligands to effectively passivate the surface defects
of perovskite nanocrystals.32# Therefore, we speculate that
the carboxyl, amine groups in ABA and steric NG cation can
effectively passivate the defects in CsPbl;. The time-resolved PL
(TRPL) results in Figure 3b and Figure S8, Supporting Infor-
mation, support the similar results as steady PL. The carrier
lifetimes of the perovskite thin films increase from CsPbl;,
CsPDbI3(ABA), NGBr-CsPbl;, to NGBr-CsPbI3(ABA) as listed
in Table S1, Supporting Information. In particular, a very long
average carrier lifetime of 28.74 ns is observed for the NGBr1-
CsPbI3(ABA) sample, indicating a significant passivation effect
from ABA and NGBr.

We further conducted transient photovoltage (TPV) meas-
urement to evaluate the effect of ABA together with steric NG
cation on the charge recombination of the CsPbl;- and NGB1-
CsPbI;(ABA)-based PSCs. Laser pulses (532 nm, 50 Hz) were
applied to the PSCs, which are soaked under AM 1.5G illumi-
nation of 100 mW cm™2, at open circuit condition to generate a
transient photovoltaic signal. As seen in Figure 3c, the charge-
recombination lifetime of the device with ABA incorporation
and NGBr surface mediation increases to 0.91 us in compar-
ison with the 0.06 ps of the CsPbl; ones. The longer lifetime
indicates a significant reduction in the undesired charge-carrier
recombination for the NGBr-CsPbI3(ABA)-based PSC, which is
consistent with the PL and TRPL results.

The aforementioned results of PL, TRPL, and TPV show that
the functional groups of ABA and surface terminated NG cation
can effectively passivate the defects/traps in CsPbl; perovskite
layer. We further accurately quantify the defect in perovskite
layer through space charge limited current (SCLC) methods
(Figure 3d; Figure S9, Supporting Information). The trap state
density (N,) can be calculated by the trap-filled limit voltage
(Vrpi) using the equation: Vg = (e X ny X [2)/(2 X € X &).[¥
The N, is the trap-state density, e is the elementary charge of
the electron, L is the thickness of perovskite film, € is relative
dielectric constant, and g is vacuum permittivity. Both the
CsPbI3(ABA) and NGBr-CsPbl; devices show low trap den-
sities (5.75 x 10® cm™, 5.05 x 10 cm™), while it is highly
8.63 x 10" cm™ in the pristine CsPbl; device. These results
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Figure 3. a) Steady-state PL and b) TRPL spectra of CsPbl; and NGBr-CsPbl;(ABA) thin films. c) TPV of the CsPbls- and NGBr-CsPbl;(ABA)-based PSCs.
d) Dark J-V measurement of the electron-only device for CsPbl; and NGBr-CsPbl;(ABA) perovskite thin films, the inset depicts the SCLC architecture.
e) Schematic mechanism for the NGBr and ABA molecule interacted with CsPbl; inorganic perovskite.

indicate that both the ABA and surface terminated NG cation
can significantly reduce the defects in CsPbl; perovskite.
The NGBr-CsPbI3(ABA) PSCs has only a low trap density of
3.72 x 10" cm™. We further used thermal admittance spec-
troscopy to measure the defect density, as shown in Figure
S10, Supporting Information. The NGBr-CsPbI3;(ABA) devices
exhibit lower trap density of states (tDOS) than that of CsPbl;
ones almost over the whole trap depth region, suggesting sig-
nificantly reduced trap density in the NGBr-CsPblj; thin films,
which is consistent with the SCLC results. In fact, such signifi-
cantly reduced defect density in the CsPbIj; is not only favored
for high-performance perovskite photoelectronic devices, but
also beneficial to enhancing the photoactive phase stability via
increasing the phase transition energy barrier from black phase
to non-photoactive yellow phase.[3%4]

The aforementioned results indicate that the incorporation
of ABA or NGBr surface mediation can significantly reduce the
defects density in the pristine CsPbl; thin films. X-ray photo-
electron spectroscopy (XPS) was used to investigate the under-
lying defect passivation mechanism, as shown in Figures S11
and S12, Supporting Information. For the pristine CsPbl;
sample, except for the dominant peaks (1379 eV for 4{7/2 and
143 eV for 4{5/2), two small peaks are observed at lower binding
energy of 136.8 eV, and 141.9 eV refer to the defects of undercoor-
dinated Pb?*. After the incorporation of ABA or NGBr mediation,
the peaks related to undercoordinated Pb?" disappear, while the
peak due to Pb—O bonds is observed in the O 1s spectrum. These
results that the carboxyl from ABA and NG' coordinates with
undercoordinated Pb?*. Meanwhile, the N 1s spectra in Figures S11
and S12, Supporting Information, indicate that the amine groups
from those molecules can heal the defect caused by the Cs* vacan-
cies, which match well with previous results.16*l Particularly,

Adv. Mater. 2020, 2000186

2000186 (5 of 8)

for the case of only NGBr surface mediation, small shifts of
Pb 4f, I 3d, and Br 3d in the NGBr-CsPbl; samples indicate the
formation of Pb-Br bonds and further confirm the surface Br
doping, as shown in Figure S12, Supporting Information. These
results suggest that the carboxyl from ABA or NGBr will coor-
dinate with undercoordinated Pb?", while the amine groups can
heal these Cs vacancies. Moreover, the NGBr surface mediation
would also result in only surface Br doping.

According to the analysis above, we propose the mechanism
of ABA and NGBr on the phase stability and defect density of
CsPDbI; perovskite as shown in Figure 3e. After participating
in CsPbl; crystallization, ABA molecules located the bounda-
ries adsorb on the surface of CsPbl; crystal grain and act as
an anchor to suppress the rotation of Pblg octahedra through
enhancing the energy barrier of octahedral rotation. Mean-
while, the NGBr surface mediation results in the surface bro-
mine enrichment and NG* cation surface termination, which
can further reduce the surface energy. Upon their multiple
actions, the CsPbl; shows excellent phase stability. Moreover,
the carboxyl and amine groups in ABA together with surface
terminated NG cation also interact with shallow- or deep-level
defects in CsPbl; layer for reducing the defect density.

We further adopted the planar configuration of FTO/c-TiO,/
perovskite/spiro-OMeTAD/MoOs/Au to fabricate PSCs. The
PV parameters in Figure S13, Supporting Information, show
that NGBr-CsPbI;(ABA) PSCs perform better than the pris-
tine CsPbl; ones. Figure 4a shows the current density—voltage
(J-V) characteristics of champion PSCs based on CsPbl; and
NGBr-CsPbI3(ABA) thin films. The NGBr-CsPbl;(ABA)-based
device exhibits significantly improved power conversion effi-
ciency (PCE) of 18.27% over 15.71% of CsPbl; ones. We also
investigated the effect of individual ABA or NGBr incorporation

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) J-V characteristics of champion PSCs for the CsPbls- and NGBr-CsPbl;(ABA)-based devices in reverse scan and b) corresponding EQE
spectra. (effective cell area of 0.12 cm?). c) Corresponding dark J—V curves. d) Efficiency histogram of CsPbls;- and NGBr-CsPbl;(ABA)-based PSCs.
e) Stabilized output curves for the champion NGBr-CsPbl;(ABA)-based PSC. f) Photo-stability of CsPbl;- and NGBr-CsPbl;(ABA)-based PSC under

continuous illumination conditions.

(Figure S14, Supporting Information). Their PV performances
are better than CsPbl; ones, as shown in Figures S13 and S14
and Table S2, Supporting Information. The integrated cur-
rent from the EQE spectra is 19.81 mA cm™ for the NGBr-
CsPDbI;(ABA)-based devices is similar to that of CsPbls-based
devices (=19.68 mA cm™2), as shown in Figure 4b. Meanwhile,
the similar TPC responses in Figure S15, Supporting Informa-
tion, suggest that the ABA incorporation or surface terminated
NG cation has a slight effect on the charge transport or charge
collection efficiency, which is well consistent with J,. and EQE
results. These results indicate that the improved PV perfor-
mance of NGBr-CsPbI3(ABA) over CsPbl; can be attributed to
the enhancement of the V,. and FF. The improved energy level
alignment at the interfaces between NGBr-CsPbI3;(ABA) and
charge transport layer (Figure S16 and 17, Supporting Infor-
mation) and desired charge-carrier dynamics (Figure 3) can
account for such significant improvement of V,. and FF in the
NGBr-CsPbI;(ABA)-based devices.

The TPV result in Figure 3c shows that the device with
simultaneous ABA incorporation and NGBr mediation has a
larger photovoltage of 1.106 V than the pristine CsPbls-based
devices, which is in accordance with the J-V results. The dark
current shown in Figure 4c indicates that NGBr-CsPbI3(ABA)-
based PSCs provide a smaller dark current density. It further
confirms that the amino and carboxyl groups in ABA as well
as surface terminated NG cation interact with the defects in
CsPbI; layer, therefore leading to low defects density corre-
sponding with the reduced leakage current.

In addition to the improved PV performance, the NGBr-
CsPbI;(ABA)-based PSCs also exhibits a narrow PCE distribution
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(Figure 4d), suggesting improved reproducibility. The NGBr-
CsPbI;(ABA)-based devices has also shown smaller J-V hys-
teresis (Figure S18), therefore leading to a stable 17.6% output
(Figure 4e). Finally, we investigated the stability of the encapsu-
lated NGBr-CsPbI3(ABA)-based PSCs devices in a dark box with
a 60 + 5% RH at 25 + 5 °C, which show no decay after over 200
h storage, as shown in Figure S19, Supporting Information. In
addition to the humidity stability, the NGBr-CsPbl;(ABA)-based
devices also show good photostability and retain 90% of its ini-
tial PCE after 500 h continuous white light LED illumination
(Figure 4f), while the PCE of CsPbls-based PSCs drop to 50%
of its initial PCE.

In summary, we propose a facile ABA incorporation com-
bining with NGBr surface mediation to CsPbI; perovskite to
simultaneously enhance the stability of photoactive phase and
reduce the defect density. The comprehensive experimental
and theoretical results indicate that ABA molecules absorb
onto the surface of CsPbl; crystal grain and anchor the Pblg
octahedra via increasing the energy barrier of octahedral rota-
tion. The NGBr mediation will reduce the surface energy.
Therefore, the CsPbl; perovskite with ABA incorporation
and NGBr mediation exhibits excellent phase stability. Fur-
thermore, the carboxyl and amino groups in ABA associated
with surface terminated NG* not only interact with shallow- or
deep-level defects in CsPbl; layer (i.e., undercoordinated Pb,*,
Cs* vacancy) to reduce the defect density, but also improves
the interfacial properties at the interface between CsPbl; and
charge transport layers. This allowed us to achieve efficiency
of 18.27% for an inorganic PSCs, with excellent phase- and
photo-stability.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section

Materials: Cs| was purchased from Alfa Aesar. Pbl, 4-aminobenzoic
acid, and neostigmine bromide were purchased from TCl Co., Ltd.
SuperDry dimethylformamide (DMF) and isopropyl alcohol (IPA) were
purchased from J&K scientific LTD.

The PblyxDMAI (x = 1.1-1.3) was prepared by mixing Pbl, and
57% wjw hydroiodic acid (molar ratio 1:1.4) in DMF with stirring for
6 h.%l The as-achieved solution was evaporated at 80 °C to remove the
solutions. Finally, the resulting solid was centrifuged and washed twice
with copious diethyl ether and ethyl alcohol, respectively. The collected
powders were dried in a vacuum oven for 24 h.

Solar Cell Fabrication: The laser-patterned FTO (TEC-7) substrate
was deposited with a =20 nm thick compact TiO, (c-TiO;) layer. The
stoichiometric Csl and Pbl,xDMAI with 1:1 molar ratio were dissolved
in DMF to prepare 0.7 m CsPbl; perovskite precursor. For the CsPbl;
with ABA incorporation, 6 mm ABA was pre-dissolved in DMF solution.
The CsPbl; perovskite layer was then spin-coated on 70 °C preheated
c-TiO,/FTO substrate (3000 rpm, 30 s). The as-achieved precursor
thin films were annealed at 200 °C for 6 min. For the NGBr-CsPbl; and
NGBr-CsPbl;(ABA) samples, the annealed CsPbl; and CsPbl;(ABA) thin
films were post-treated with 100 uL NGBr IPA solution (3000 rpm, 60s).
Finally, the NGBr-CsPbl; and NGBr-CsPbl;(ABA) thin films were
annealed at 100 °C for 4 min. Subsequently, 60 L layer of hole transport
material (HTM) solution, consisting of 0.1 M spiro-MeOTAD, 0.035 m
bis(trifluoromethane) sulfonamide lithium salt (Li-TFSi), and 0.12 m
4-tert-butylpyridine (tBP) in chlorobenzene/acetonitrile (10:1, v/v), was
spin-coated on top of the annealed perovskite films at 4000 rpm for
25 s. Finally, a 6 nm of MoO3 and 100 nm gold electrode on the top of
the cell was prepared by thermal evaporation.

Characterization: The crystal structures of these perovskite thin films
were characterized on a BRUKER D2 PHASER. The morphology was
characterized by SEM (Hitachi S4800). High-resolution characterization
was performed using a Philips Tecnai G2 20 S-TWIN. The thin films
for TEM studies were prepared using the same procedure as above,
but were deposited directly onto the TEM grids (SPI). XPS spectra
were acquired with a Kratos Axis UltraDLD spectrometer (Kratos
Analytical-A  Shimadzu Group Company) using a monochromatic
Al K source (1486.6 eV). The Ultraviolet photoelectron spectroscopy
(UPS) measurement was measured by a PHI 5000 Versaprobe Il
instrument. The UPS radiation was generated by a He-gas discharge lamp
with energy of 21.22 eV. The J-V curves were measured with a Keithley
2635 source meter and the illumination intensity was 100 mW cm™
(ABET AM 1.5G solar simulator). The scan range was 1.2 to —0.1 V. The
light intensity was calibrated by a stand Si cell before test. The EQE was
measured on a QE-3011 system (Enlitech).

Thermal Admittance g)%ectroscopy (TAS): The tDOS can be obtained

from:[43] =————2= b wh is th i is th
rom N+ (Ew) kT do W' where C is the capacitance, @ is the

angular frequency, k is Boltzmann constant, and T is termperture. V,;
and W are build-in potential and depletion width, respectively, extracted
from Mott-Shockley analysis. The applied angular frequency @ defines
the energetic demarcation, E,, = kBTIn(%), where @y is attempt-to-escape
frequency.

Stability Test: The thermal stability of CsPbls thin films were tested
on an 80 °C hotplate. The unencapsulated PSCs were continuously
illuminated in a white LEDs lamp (100 mW cm™2) to measure the
devices’ photo-stability stability. Both the thermal and photo-stability
tests were performed in an N, glove box.

Computational Details: In order to study the interaction mechanism
between ABA and CsPbl; crystal interface, the generalized gradient
approximation of Perdew—Burke—Ernzerhof (GGA-PBE) within the
frame work of density functional theory were carried out on the basis
of all-electron-like projector-augmented wave (PAW) potentials, as
implemented in the Vienna Ab-initio Simulation Package (VASP).
Monkhorst—Pack k-point meshes of 9 x 5 x 1 were used for the (110) slabs
of CsPbls, and a plane-wave cutoff energy of 400 eV was used for the
self-consistent calculations. Born—-Oppenheimer MD simulations have
been performed using VASP code. For MD simulations, the Brillouin
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zone is sampled at the sole I-point. Slabs containing 264 atoms for
Cs- terminated and 468 atoms for ABA-terminated are conducted for MD
simulation in the NVT ensemble for 3 ps. Nosé—Hoover thermostats
under temperature of 300 K were used to control the temperature and
the time step was set to 1 fs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

This research was supported by the University Grant Council of
the University of Hong Kong (Grant# 201811159147, and Research
Equipment Fund), the General Research Fund (Grant 17204117,
17200518, and 17201819), from the Research Grants Council (RGC) of
Hong Kong Special Administrative Region, China. W.Y. acknowledges
funding support from the National Natural Science Foundation of China
(grant No. 11674237 and 11974257) and National Key Research and
Development Program of China (grant No. 2016YFB0700701).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

CsPbl;, defect density, inorganic perovskite, Pblg octahedra anchors,
phase stability

Received: January 9, 2020
Revised: March 20, 2020
Published online:

[ A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, J. Am. Chem. Soc.
2009, 137, 6050.

[2] H. S. Kim, C. R. Lee, ). H. Im, K. B. Lee, T. Moehl, A. Marchioro,
S. J. Moon, R. Humphry-Baker, J. H. Yum, . E. Moser, M. Gratzel,
N. G. Park, Sci. Rep. 2012, 2, 591.

[3] M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami, H. J. Snaith,
Science 2012, 338, 643.

[4] H. Min, M. Kim, S.-U. Lee, H. Kim, G. Kim, K. Choi, J. H. Lee,
S. I. Seok, Science 2019, 366, 749.

[5] W. Xiang, W. Tress, Adv. Mater. 2019, 37, 1902851.

[6] A. Ho-Baillie, M. Zhang, C. F. J. Lau, F.-J. Ma, S. Huang, Joule 2019,
3, 938.

[7] Y. Zhou, Y. Zhao, Energy Environ. Sci. 2019, 12, 1495.

[8] ). Shi, Y. Wang, Y. Zhao, Energy Environ, Mater. 2019, 2, 73.

[9] G. E. Eperon, G. M. Paternd, R. J. Sutton, A. Zampetti,
A. A. Haghighirad, F. Cacialli, H. ). Snaith, J. Mater. Chem. A 2015,
3,19688.

[10] Q. Wang, X. Zheng, Y. Deng, J. Zhao, Z. Chen, . Huang, Joule 2017,
1, 371.

[11] T. Zhang, M. I. Dar, G. Li, F. Xu, N. Guo, M. Gritzel, Y. Zhao, Sci.
Adv. 2017, 3, e1700841.

[12] P. Wang, X. Zhang, Y. Zhou, Q. Jiang, Q. Ye, Z. Chu, X. Li, X. Yang,
Z.Yin, ). You, Nat. Commun. 2018, 9, 2225.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[13] Y. Wang, M. I. Dar, L. K. Ono, T. Zhang, M. Kan, Y. Li, L. Zhang,
X. Wang, Y. Yang, X. Gao, Y. Qi, M. Gritzel, Y. Zhao, Science 2019,
365, 591.

[14] E. M. Sanehira, A. R. Marshall, J. A. Christians, S. P. Harvey,
P. N. Ciesielski, L. M. Wheeler, P. Schulz, L. Y. Lin, M. C. Beard,
J. M. Luther, Sci. Adv. 2017, 3, eaao4204.

[15] K. Lin, J. Xing, L. N. Quan, F. P. G. de Arquer, X. Gong, J. Lu,
L. Xie, W. Zhao, D. Zhang, C. Yan, W. Li, X. Liu, Y. Lu, J. Kirman,
E. H. Sargent, Q. Xiong, Z. Wei, Nature 2018, 562, 245.

[16] Y. Wang, T. Zhang, M. Kan, Y. Li, T. Wang, Y. Zhao, Joule 2018, 2,
2065.

[17] D. B. Straus, S. Guo, R. J. Cava, J. Am. Chem. Soc. 2019, 141, 11435.

[18] A. Liu, L. G. Bonato, F. Sessa, D. B. Almeida, E. Isele, G. Nagamine,
L. F. Zagonel, A. F. Nogueira, L. A. Padilha, S. T. Cundiff, J. Chem.
Phys. 2019, 157, 191103.

[19] Y. Liu, ). Cui, K. Du, H. Tian, Z. He, Q. Zhou, Z. Yang, Y. Deng,
D. Chen, X. Zuo, Y. Ren, L. Wang, H. Zhu, B. Zhao, D. Di, J. Wang,
R. H. Friend, Y. Jin, Nat. Photonics 2019, 13, 760.

[20] C. C. Stoumpos, M. G. Kanatzidis, Acc. Chem. Res. 2015, 48, 2791.

[21] A. Marronnier, G. Roma, S. Boyer-Richard, L. Pedesseau, . M. Jancu,
Y. Bonnassieux, C. Katan, C. C. Stoumpos, M. G. Kanatzidis,
). Even, ACS Nano 2018, 12, 3477.

[22] A. Swarnkar, A. R. Marshall, E. M. Sanehira, B. D. Chernomordik,
D. T. Moore, J. A. Christians, T. Chakrabarti, . M. Luther, Science
2016, 354, 92.

[23] Y. Jiang, J. Yuan, Y. Ni, J. Yang, Y. Wang, T. Jiu, M. Yuan, ). Chen,
Joule 2018, 2, 1356.

[24] B. Li, Y. Zhang, L. Fu, T. Yu, S. Zhou, L. Zhang, L. Yin, Nat.
Commun. 2018, 9, 1076.

[25] Y. Wang, T. Zhang, M. Kan, Y. Zhao, J. Am. Chem. Soc. 2018, 140,
12345.

[26] A. K. Jena, A. Kulkarni, Y. Sanehira, M. Ikegami, T. Miyasaka, Chem.
Mater. 2018, 30, 6668.

[27] K. Wang, Z. Jin, L. Liang, H. Bian, D. Bai, H. Wang, J. Zhang,
Q. Wang, S. Liu, Nat. Commun. 2018, 9, 4544.

[28] J. Liang, X. Han, J. H. Yang, B. Zhang, Q. Fang, |. Zhang, Q. A,
M. M. Ogle, T. Terlier, A. A. Marti, ). Lou, Adv. Mater. 2019, 31,
1903448.

[29] ). A. Steele, H. Jin, I. Dovgaliuk, R. F. Berger, T. Braeckevelt, H. Yuan,
C. Martin, E. Solano, K. Lejaeghere, S. M. J. Rogge, C. Notebaert,
W. Vandezande, K. P. F. Janssen, B. Goderis, E. Debroye, Y.-K. Wang,

Adv. Mater. 2020, 2000186

2000186 (3 of 8)

www.advmat.de

Y. Dong, D. Ma, M. Saidaminov, H. Tan, Z. Lu, V. Dyadkin,
D. Chernyshov, V. Van Speybroeck, E. H. Sargent, ). Hofkens,
M. B. ). Roeffaers, Science 2019, 365, 679.

[30] Y. Wang, X. Liu, T. Zhang, X. Wang, M. Kan, J. Shi, Y. Zhao, Angew.
Chem., Int. Ed. 2019, 58, 16691.

[31] M. Yang, T. Zhang, P. Schulz, Z. Li, G. Li, D. H. Kim, N. Guo,
J. ). Berry, K. Zhu, Y. Zhao, Nat. Commun. 2016, 7, 12305.

[32] ). De Roo, M. lbanez, P. Geiregat, G. Nedelcu, W. Walravens,
J. Maes, ). C. Martins, . Van Driessche, M. V. Kovalenko, Z. Hens,
ACS Nano 2016, 10, 2071.

[33] S. Bai, P. Da, C. Li, Z. Wang, Z. Yuan, F. Fu, M. Kawecki, X. Liu,
N. Sakai, ). T. Wang, S. Huettner, S. Buecheler, M. Fahlman, F. Gao,
H. J. Snaith, Nature 2019, 571, 245.

[34] S. Ma, Y. Bai, H. Wang, H. Zai, ). Wu, L. Li, S. Xiang, N. Liu, L. Liu,
C. Zhu, G. Liu, X. Niu, H. Chen, H. Zhou, Y. Li, Q. Chen, Adv. Energy
Mater. 2020, 10.

[35] S. Yang, J. Dai, Z. Yu, Y. Shao, Y. Zhou, X. Xiao, X. C. Zeng,
J. Huang, J. Am. Chem. Soc. 2019, 141, 5781.

[36] L. N. Quan, M. Yuan, R. Comin, O. Voznyy, E. M. Beauregard,
S. Hoogland, A. Buin, A. R. Kirmani, K. Zhao, A. Amassian,
D. H. Kim, E. H. Sargent, J. Am. Chem. Soc. 2016, 138, 2649.

[37] Y. Fu, T. Wu, ). Wang, . Zhai, M. ). Shearer, Y. Zhao, R. J. Hamers,
E. Kan, K. Deng, X. Y. Zhu, S. Jin, Nano Lett.. 2017, 17, 4405.

[38] Y. Huang, W.-J. Yin, Y. He, J. Phys. Chem. C 2018, 122, 1345.

[39] Y-H. Kye, C.J. Yu, U.-G. Jong, K.-C. Ri, J.-S. Kim, S.-H. Choe,
S.-N. Hong, S. Li, J. N. Wilson, A. Walsh, J. Phys. Chem. C 2019, 123,
9735.

[40] X. Ling, S. Zhou, J. Yuan, J. Shi, Y. Qian, B. W. Larson, Q. Zhao,
C. Qin, F. Li, G. Shi, C. Stewart, J. Hu, X. Zhang, J. M. Luther,
S. Duhm, W. Ma, Adv. Energy Mater. 2019, 9, 1900721.

[41] L. Protesescu, S. Yakunin, M. I. Bodnarchuk, F. Krieg, R. Caputo,
C. H. Hendon, R. X. Yang, A. Walsh, M. V. Kovalenko, Narno Lett..
2015, 15, 3692.

[42] R. H. Bube, J. Appl. Phys. 1962, 33, 1733.

[43] J.-P. Ma, J. Yin, Y.-M. Chen, Q. Zhao, Y. Zhou, H. Li, Y. Kuroiwa,
C. Moriyoshi, Z.-Y. Li, O. M. Bakr, O. F. Mohammed, H.-T. Sun,
ACS Mater. Lett. 2019, 1, 185.

[44] A. Dutta, S. K. Dutta, S. Das Adhikari, N. Pradhan, Angew. Chem.,
Int. Ed. 2018, 57, 9083.

[45] ).-W. Lee, D.-H. Kim, H.-S. Kim, S.-W. Seo, S. M. Cho, N.-G. Park,
Adv. Energy Mater. 2015, 5.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



