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Improved Chemical Stability of Organometal Halide
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Doping
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Kilwon Cho*™

Organometal halide perovskite (OHP) solar cells have been in-
tensively studied because of their promising optoelectronic
features, which has resulted in high power conversion efficien-
cies >23%. Although OHP solar cells exhibit high power con-
version efficiencies, their relatively poor stability is a significant
obstacle to their practical use. We report that the chemical sta-
bility of OHP solar cells with respect to both moisture and heat
can be improved by adding a small amount of Ag to the pre-
cursor. Ag doping increases the size of the OHP grains and re-

Introduction

Organometal halide perovskite (OHP) crystals are promising
materials for use as active layers of next-generation solar cells.
OHPs have an ABX; structure in which A is a monovalent or-
ganic ion such as methylammonium CH;NH;* (MA™), formami-
dinium (NH,),CH" (FA™), or an inorganic ion such as Cs™; B is a
metal cation such as Pb>* or Sn’"; and X is a halogen anion
such as |7, Br7, or CI". OHPs typically have an optical band
gap in the range 1.4-1.6 eV, an excellent absorption coefficient,
ambipolar charge transport properties, a weak exciton binding
energy, and a long charge-carrier diffusion length.' These
characteristics can be tuned by varying the composition of the
OHP®® The power conversion efficiencies (PCEs) of single-
junction OHP solar cells have rapidly increased to >23%,° '
which is near the theoretical maximum.

However, the degradation of OHP crystals can be caused by
numerous factors such as light illumination,™"'¥ oxygen,>"”
moisture,l'*'®2% thermal energy,” ¥ and electric fields.”>>*
The stability of OHPs has attracted relatively little attention,
and the resulting lack of understanding of this instability has
delayed their commercial applications. In this study, we consid-
er the degrading effects of moisture and heat on OHPs.

The grain boundary of an OHP crystal consists of an amor-
phous intergranular film (IGF) that absorbs H,O molecules
much faster than the grain surface."® Therefore, H,0 molecules
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duces the size of the amorphous intergranular regions at the
grain boundaries, and thereby hinders the infiltration of mois-
ture into the OHP films and their thermal degradation. Quan-
tum mechanical simulation reveals that Ag doping increases
the energies of both the hydration reaction and heat-induced
vacancy formation in OHP crystals. This procedure also im-
proves the power conversion efficiencies of the resulting solar
cells.

permeate the grain boundaries of OHP crystals and hydrate
them to produce MAPbI;-H,0 or (MA),Pbl,-H,0.%”% This hydra-
tion is reversible, so in dry conditions the hydrates can revert
to the OHP form; however, the presence of other factors such
as heat or light illumination is likely to induce the irreversible
degradation of OHP crystals.”*>*" Commercialization of OHP
solar cells requires an ability to control the moisture-induced
degradation of OHP crystals and thus improve their stability in
most conditions. Recently, various methods have been tested
to improve the stability of OHP crystals against moisture; ex-
amples include compositional engineering, application of a hy-
drophobic top interlayer, and the use of additives such as poly-
mers, organic halide salts, inorganic acids, or ionic liquids.?*>%

Thermal energy degrades OHP crystals to Pbl, and other
components. The operational temperature of solar cells under
illumination can exceed 80°C®™ and thermal degradation
cannot be prevented by encapsulation, so the thermal stability
of OHP films must be increased. At a high temperature, OHP
crystals change phase from tetragonal to cubic. The length of
the c-axis decreases during this transformation and induces
the release of ions.***” Heat-induced ion migration in OHP
crystals mainly occurs at grain boundaries, at which the chemi-
cal binding energy of atoms is approximately half that of
atoms inside the crystals because these atoms are bound by
only half the number of chemical bonds that bind atoms
inside the crystals.®¥ In particular, halogen and organic ions
have a lower migration barrier than the other ions in OHPs.®”)
Diffusion of iodine ions in OHPs into the hole transport layers
of devices is evident at a low temperature (50 °C).*? Therefore,
suppression of ion migration of OHP at its grain boundaries
can be an effective way to obtain a thermally stable OHP
film.?*4% Compositional engineering, the addition of molecular
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additives and ionic doping, can be used to enhance the ther-
mal stability of OHP crystals.2**"**]

Doping in OHPs can tune the material properties of the crys-
tals. Depending on the dopants’ ionic radii, they become locat-
ed at a substitutional or interstitial site in the OHP crystal lat-
tice.* Various dopants such as K*, Na*, Bi*, Cu™, and Ag™*
have been used for modifications such as adjusting the carrier
concentration, tuning the position of the Fermi level, and sup-
pressing the J-V hysteresis.””? However, most reports on
doping have focused on the morphology, optoelectronic prop-
erties, and photovoltaic efficiencies of OHP solar cells. In this
study, we exploit the fact that doping in OHPs tunes their bulk
material properties, and provide a simple method to improve
the chemical stability of OHP as well as the photovoltaic effi-
ciencies of the associated solar cells.

We present Ag doping as a simple and effective way to in-
crease the chemical stability of (Csgos5(FAcssMAg15)00s)-
Pb(lyg5Bro.15)s OHP solar cells with respect to both moisture and
high temperatures. Ag was chosen as the dopant because Ag
doping can also improve the photovoltaic efficiencies of OHP
solar cells,*** and because the ionic radius of Ag™ (1.15 A) is
similar to that of Pb>" (1.19 A) so Ag doping should not se-
verely distort the OHP crystal structure. The Ag doping concen-
tration was optimized to increase the moisture and thermal
stability as well as the PCE of OHP solar cells. To understand
the stabilizing effects of Ag, we examined the OHP film mor-
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phology and performed density functional theory (DFT) calcu-
lations to quantify the energy of vacancy formation by ion mi-
gration and the energy of the hydration reaction. The mecha-
nism by which Ag doping improved moisture and thermal sta-
bility of OHP solar cells was systematically investigated.

Results and Discussion

We fabricated OHP solar cells with the cell structure fluorine-
doped tin oxide (FTO)/SnO./(Csyo5(FAqg5MAg15)0.05)PD(l85Br0.15)3/
2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobi-
fluorene (spiro-MeOTAD)/Au. Perovskite films were fabricated
using a method that was modified from a previous study.?
Mixing appropriate amounts of a pristine OHP precursor and
an OHP precursor containing 1 mol% Agl yielded Ag-doped
OHP solar cells that had the same structure as the undoped
cells.

We fabricated and optimized perovskite solar cells by vary-
ing the Ag content ([Ag], in mol%). The J-V curves of the
champion solar cells with [Ag]=0, 0.1, or 0.3 are shown in Fig-
ure 1a. The PCEs were distributed approximately normally; the
average PCE was the highest for the cell with [Ag]=0.1 (Fig-
ure 1b, Figure S1). The most efficient pristine cells had a PCE=
19.0%, and [Ag]=0.1 achieved the highest PCE=19.7%
(Table 1). These results indicated that Ag doping increases the
PCE of the associated solar cells. This increase in the PCE of
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Figure 1. (a) J-V curves of champion solar cells using OHP doped with Ag concentrations ([Ag]l, mol%) =0, 0.1, or 0.3. (b) PCE distributions of optimized solar
cells with [Ag]=0, 0.1 or 0.3. (c) XRD patterns of OHP films with various [Ag]. #: new crystalline phase caused by high [Ag]. The intensities of the XRD patterns
were normalized by the intensities of the OHP (100) peak of each pattern. (d) OHP (012) XRD peak for OHP films with [Ag]=0, 0.1 or 0.3.
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Table 1. Electrical data of the champion OHP solar cells with and without
Ag doping.

Ag content [mol %] PCE [%] Jsc ImAcm™] Voc [V] FF

0 19.0 234 1.10 0.74
0.1 19.7 238 1.12 0.74
0.3 15.3 22.1 1.10 0.63

the OHP solar cell upon addition of the optimized [Ag] was at-
tributed to the improved film morphology, as discussed below,
to improved carrier dynamics, and to reduced excessive elec-
tron concentrations for balanced charge transport.“**? Howev-
er, further increases in [Ag] decreased the PCEs of the associat-
ed solar cells (Figure 1b, Figure S1). The decrease in the PCE
upon excessive [Ag] resulted from a downward shift of the
HOMO and LUMO levels and an increase in nonradiative re-
combination in the OHP films.*®

The XRD patterns of the OHP films with [Ag]=0, 0.1, or 0.3
were very similar; this result indicated that the use of [Ag]l=
0.1 and 0.3 did not affect the OHP crystalline structure or pro-
duce other crystalline phases (Figure 1c). However, the use of
[Ag]=2.0 did produce a new crystalline phase at 26 =23.9° in
the XRD pattern; this result indicated that the addition of
excess [Ag] induced segregation of the crystal phases.

Cross-sectional TEM and electron energy loss spectroscopy
(EELS) (Figure S2, Supporting Information) revealed that Ag
was homogeneously distributed in the OHP films and that it
does not accumulate in regions such as the grain boundaries.
At the molecular level, Ag dopant could be present in the OHP
crystal lattice by substituting at A or B sites, or by settling onto
interstitial positions. To investigate the chemical states of the
constituting elements in OHP films, X-ray photoelectron spec-
troscopy (XPS) spectra of OHP films with [Ag]=0, 0.1, or 1
were obtained (Figure S3). Ag doping induced the shifts of
both Pb4f and 13d XPS peaks. Because simple physical mixing
could not cause any remarkable chemical state change,™

(a)

these shifts were evidence of the changes in the chemical
bonding of the lead cations and iodide anions in the perov-
skite. Furthermore, the shift of the OHP XRD (012) peak can be
used as an indicator of lattice contraction or expansion in
small scale,*® because it reflects a smaller d-spacing than the
peaks that appear at lower angles. The addition of Ag in-
creased the angle of the XRD (012) peak of OHP (Figure 1d).
The centers of the (012) peak for OHP films were 31.86° at
[Ag]l=0, 31.87° at [Ag]=0.1, and 31.89° at [Ag]=0.3. This in-
crease in peak angle was consistent with a contraction of the
crystal lattice. This result ruled out interstitial Ag doping be-
cause the presence of interstitial dopants would induce repul-
sion of adjacent atoms and thereby expand the crystal lattice.
The ionic radius of Ag™ is 1.15 A; therefore, Ag™ was more
likely to replace Pb*" (radius=1.19 A) than FAT (2.79 A) be-
cause of the similar size, which is consistent with previous re-
ports.l*®

We measured the effects of Ag doping on the resistance to
moisture and heat of the associated OHP solar cells. In general,
the water contact angle (6¢) of the OHP film decreases as H,0O-
induced degradation of OHP films proceeds.”* We fabricated
OHP films with [Ag]=0, 0.1, or 0.3 and measured their 6. (Fig-
ure 2a). The measurements were completed in 1 s after apply-
ing the drop of water. The measured 6. were 53.5° at [Ag]=0,
60.3° at [Ag]=0.1, and 63.6° at [Ag]=0.3. The increase in 6. of
the OHP films was contributed by retarded hydration, which
indicated that Ag doping improved the resistance of the OHP
films to H,O-induced decomposition. Therefore, Ag doping
was also expected to slow the moisture-induced degradation
of the PCEs of the associated OHP solar cells (Figure 2b).

We confirmed that Ag doping does indeed improve the
moisture stability of OHP solar cells. We stored OHP solar cells
with [Ag]=0, 0.1, or 0.3 in ambient air with 65% relative hu-
midity at room temperature and measured the PCEs of the
cells as a function of the storage time. After storage for
1000 h, the retained percentage of initial PCE was 29 % for pris-
tine solar cells with [Ag]=0, 58% for cells with [Ag]=0.1, and
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Figure 2. (a) Contact angles (6.) of a water drop on OHP films containing Ag concentrations ([Ag], mol%) 0, 0.1 or 0.3. 6. was measured within 1 s after water
was dropped on the OHP films. Normalized power-conversion efficiencies of OHP solar cells containing [Ag]=0, 0.1 or 0.3 as a function of (b) storing time at
room temperature in ambient air with RH=65%, and (c) thermal annealing time at 100°C in a N-filled glove box.
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70% for cells with [Ag]=0.3. Note that the stabilization in-
creased as the dopant concentration increased.

Ag doping also improved the thermal stability of OHP solar
cells (Figure 2 c). We measured the PCEs of OHP solar cells con-
taining [Ag] =0, 0.1, or 0.3 as a function of time during thermal
annealing at 100°C in a Nyfilled glove box. The overall trend
pf the PCEs was analogous to that found for moisture-induced
degradation. Interestingly, the cells with [Ag]=0.3 showed in-
creases in PCE during the early stage of thermal annealing
(/50 h). This result can be caused by diffusion of spiro-
MeOTAD into the perovskite layer. The diffusion of spiro-
MeOTAD passivates trap states at perovskite grain boundaries
and increases carrier-extraction efficiency, and this change
leads to an increase in PCE of the associated solar cell.* For
the cells with [Ag]=0.1, the PCE decay showed a small plateau
at the early stage of thermal annealing (=25 h); which could
be owing to the same cause. OHP solar cells were subjected to
thermal annealing at 100 °C for 400 h; the resulting PCEs (com-
pared with the initial) were 24%, 58%, and 76 % in cells con-
taining [Ag]=0, [Ag]=0.1, and [Ag]=0.3, respectively. This
result indicated that the addition of Ag improved both the
thermal stability and the moisture stability of the associated
OHP solar cells.

We demonstrated that the increase in the concentration of
Ag dopant improves the stability of OHP solar cells against
moisture and heat. However, excessive Ag doping decreases
the PCE of the resulting solar cells. These results imply that the
dopant concentration should be optimized to obtain OHP
solar cells that are both highly stable and efficient. In this
study, we claim that [Ag]=0.1 is the optimal concentration to
improve the stability of OHP solar cells without the loss of PCE.

We studied the effects of Ag doping on the crystal morphol-
ogies of the OHP films to determine the origin of these im-
provements. We fabricated OHP films containing [Ag]=0, 0.1,
0.2, 0.3, 0.5, 1, or 2; their SEM images are shown in Figure S4.
The average grain sizes G of the OHP films were determined
from the SEM images by using the ASTM E112 intercept proce-
dure (Table ST and Supplementary Note 1). As [Ag] increased,
G of the OHP films gradually increased (Figure 3a) from
156 nm in the OHP film with [Ag]=0 to 398 nm in film with
[Ag]=2. Ag doping slows the dark-phase formation of the per-
ovskite; the slowing reduces the number of nuclei during the
perovskite crystallization and thereby increases the size of crys-
tal grains.*® In general, the grain boundary in an OHP is the
main pathway of H,O infiltration and is also vulnerable to
heat-induced ion migration. An increase in G results in a de-
crease in the surface area of the grain boundary, and thereby
reduces the area through which H,0 molecules can infiltrate.
Therefore, the increase in G owing to Ag doping improves the
moisture stability of the OHP films by reducing the H,0 infiltra-
tion area.

The increase in G was also correlated with the improved
thermal stability of the OHP solar cells. Compared with atoms
inside grains, atoms located at grain boundaries are involved
in fewer chemical bonds and are more likely to migrate in re-
sponse to thermal energy. The increase in G owing to Ag
doping reduces the overall interfacial area of the grain boun-
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Figure 3. (a) Average grain size of OHP films as a function of Ag concentra-
tion. TEM images of OHP films (b) without Ag, and (c) with [Ag]=0.3. Scale
bar: 2 nm.

dary and, as a result, improves the thermal stability of the asso-
ciated OHP solar cells.

The crystal morphology near the OHP grain boundaries was
investigated by using TEM. OHP films have an approximately
5-nm-thick amorphous IGF composed of unreacted OHP pre-
cursors, impurities, and other components.”® The IGF allows
quick infiltration of H,O into the OHP films. TEM images were
obtained of regions near the grain boundaries of OHP films
without Ag and with Ag doping (Figures 3b,c; fast Fourier
transformation patterns Figure S5). The pristine OHP film had a
2- to 3-nm-thick IGF between grains (Figure 3b), whereas the
OHP film with Ag had almost no IGF (Figure 3¢ and Figure S6).
Ag doping was presumed to tune the composition of the per-
ovskite films (not the composition of the OHP precursor) so
that it was more stoichiometric, which means that unreacted
OHP precursor was removed. This result was consistent with
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the decrease in the XRD peak intensities of Pbl, as the Ag con-
centration increased (Figure S7). Therefore, Ag doping of OHP
films prevents the formation of the IGF and thus suppresses
H,O infiltration into the films. This effect hinders moisture-in-
duced degradation of OHP films.

We conducted a quantum mechanical simulation with DFT
to calculate the energies of the hydration reaction at the OHP
surface and of the vacancy formation caused by temperature-
induced ion migration. A 2x1 OHP slab with three (001)-plane
layers was used to calculate the surface hydration reaction
energy, and a 2x2x2 cubic OHP supercell was built to calcu-
late the vacancy formation energy E; (Figure S8).

The simulations were used to calculate the hydration reac-
tion energies, the distance from O atoms to Pb atoms, and the
net charge of H,0 on the hydrated pristine and Ag-doped OHP
structures; the intent was to investigate the moisture stabiliza-
tion effects of Ag doping. A Pb-I-terminated OHP slab, which
is dominant in Pbl,-excessive systems,”®*” was constructed.
H,O forms a chemical bond with Pb at the crystal surface to
produce the OHP hydrate.®® The hydration reaction energy
was —0.32 eV for pristine OHP, and —0.2 eV for Ag-doped OHP
(Figure 4a). For the pristine structure, the calculated O—Pb dis-
tance was 2.720 A and the net charge of H,0 was 0.4e, where-
as for the Ag-doped structure the calculated O—Pb distance
was 2.765 A and the net charge was 0.1e (Table 2). The in-
creased O—Pb distance and the reduced net charge of H,0

(@)
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Figure 4. Diagram of (a) hydration and (b) the FA* and I” vacancy formation
of pristine and Ag-doped OHP. The heat of formations was obtained by DFT
calculations.

Table 2. Calculated hydration energy (E,q), distance between the O and
Pb atoms, net charges of H,0, and decomposition enthalpy of pristine
and Ag-doped perovskites.

Perovskite Enya Distance [A] Net charges Decomposition
[eV] O—Pb H,0 [e] enthalpy [eV]

pristine —0.32 2.720 0.40 1.31

Ag-doped —0.20 2.765 0.10 1.38

ChemSusChem 2020, 13,1-9
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molecules of the Ag-doped perovskite indicate that the inter-
action between H,O and the perovskite surface was weakened,
so the energy barrier to hydration increased. These results indi-
cated that the hydration reaction was less favorable in Ag-
doped OHP than in pristine OHP; this difference explains the
improved moisture stability of the associated OHP solar cells.

Activation energies for ion migration in OHP are lower for
organic ions and halogen ions than for Pb?"; therefore, organic
ions and halogen ions are more likely to migrate than Pb?*.B%
To obtain the Ey of temperature-induced ion migration, a FA™
and I~ were removed from the supercell to satisfy the ionic
compensation of the charged point defects (Figure 4b).”*% E,,
were calculated for several possible FA* and I~ vacancy sites in
the supercell structure and the one with the lowest energy
was chosen. The obtained E for FA* and I~ vacancies in pris-
tine OHP was 2.17 eV. To investigate the E, of Ag-doped OHP,
one Pb** ion was replaced with a Ag™ ion, and one I~ ion was
removed to ensure charge neutrality. For Ag-doped OHP, the
calculated Ey for FA* and |- vacancies was 2.68 eV. This in-
crease in E for the Ag-doped OHP over that of the pristine
OHP indicated that vacancy formation was suppressed in Ag-
doped OHP, and suggested that Ag doping hindered tempera-
ture-induced ion migration by increasing the E,; and this in-
crease improved the thermal stability of the associated OHP
films. The increased barrier for ion vacancy formation was at-
tributed to the relaxation of lattice stress in the crystal by the
incorporation of the small Ag ion in the OHP.6'-%"]

Decomposition enthalpy can be used to explain the im-
proved stability of the Ag-doped perovskite.*® The calculated
decomposition enthalpy was higher in the doped perovskite
(1.38 eV/atom) than in the pristine perovskite (1.31 eV/atom)
(Table 2); this difference indicated that the Ag doping increases
the thermal stability of the perovskite.

The addition of Ag to an OHP is heterovalent doping; the
presence of the Ag dopant in the OHP crystal might induce
the formation of vacancies that result in trap states, or might
reduce ion migration barriers. In fact, in OHPs, Ag has a lower
coordination number than Pb."® To investigate the influences
of Ag doping on the trap density and ion migration in the
OHP films, the trap-filled-limit voltages V;; and capacitance-
frequency (C--f) plots were obtained for OHP solar cells with
[Ag]=0, 0.1, or 0.3 (Figures 5a,b and Figure S10).

The Vi values of electron-only and hole-only devices with
the various Ag concentrations were determined in each case
at the kink point, at which the increase in the dark current as a
function of voltage in a log-log scale changes from a slope of
1 to a slope >3. Electron-only devices had Vi =0.45V at
[Ag]=0, and 0.27 V at both [Ag]l=0.1 and [Ag]=0.3 (Fig-
ure 5a); hole-only devices had V;; =0.27 V at [Ag]=0, 0.23V
at [Ag]=0.1, and 0.22 V at [Ag]=0.3 (Figure 5b). The trap den-
sity is proportional to Vi, so these decreases in Vi with in-
crease in [Ag] revealed that Ag doping of the OHP films re-
duced their trap densities; this result was consistent with the
increase in Vyc of a device with [Ag]=0.1."" We conclude that
the reduction in the total area of the OHP grain boundaries
owing to Ag doping yielded a reduction in the trap density,
and we presume that this phenomenon overwhelms the ef-
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Figure 5. Current-voltage curves of (a) electron-only and (b) hole-only devices containing Ag concentrations ([Ag], mol%) =0, 0.1 or 0.3 in darkness (fitting
lines of (b) in Figure S9). (c) C¢/Cy values of OHP solar cells containing [Ag]=0, 0.1 or 0.3. C;: capacitance at 10°; Cg: capacitance at 10° Hz.

fects of the traps that form as a result of the heterovalent Ag
doping.

C-f plots were obtained for the OHP devices with [Ag]=0,
0.10r 0.3 to determine whether disruption of the coordination
by heterovalent Ag doping stimulated ion migration in the
OHP crystal (Figure S10). Capacitances in the low-frequency
region (<10°Hz) were attributed to electrode polarization
caused by ion migration, whereas capacitances in the high-fre-
quency region (10*-10° Hz) were attributed to bulk properties
including organic cation and Pbl, octahedral reorientation in
the OHP.%®% The ion migration discussed here was not identi-
cal to that discussed above in the context of our DFT calcula-
tions: the degree of ion migration obtained from C-f plots was
caused by more phenomena than that discussed in the DFT
simulations, which considered only the vacancy formation
caused by FA™ and I~ migration.

To quantify the degree of ion migration in the OHP films,
the capacitance C; owing to the electron polarization at 10° Hz
Ce was divided by the capacitance C; that is a result of the
bulk properties at 10* Hz (Figure 5¢). An increase in [Ag] re-
duced the C¢/G; ratio; this change indicated that ion migration
was reduced by the addition of Ag. We presume that the re-
duced ion migration resulted from the increased grain size of
the Ag-doped OHP films. Results for both Vi and C-f con-
firmed that Ag doping reduced both the trap density and ion
migration in the OHP films.

Conclusions

A simple and effective method was developed to suppress the
degradation of OHP films by moisture and heat. By investigat-
ing the morphological and thermodynamic mechanisms, we
systematically studied the stabilization of OHP by Ag doping.
Ag in the OHP precursor dopes the B sites in the OHP crystals.
Ag doping also increases the grain sizes of OHP films, and re-
duces the size of the amorphous IGF at OHP grain boundaries.
The increased grain size reduces the level of heat-induced ion
migration and the size of the grain interface through which
H,O molecules infiltrate; the elimination of the IGF suppresses
the hydration of the OHP crystal. Ag doping also increases the
barriers to hydration and heat-induced ion migration. These ef-

ChemSusChem 2020, 13, 1-9 www.chemsuschem.org

fects of Ag doping improve the moisture and thermal stability
of OHP films in the associated solar cells. Doping of OHP films
with an optimized amount of Ag can be used to obtain both
highly stable and efficient OHP solar cells.

Experimental Section
Materials

Pbl,, PbBr,, Csl, tin(ll) chloride dihydrate, bis(trifluoromethylsulfony-
llimide lithium salt, 4-tert-butylpyridine (TBP), and all solvents used
in this study were purchased from Sigma-Aldrich. Formadinium
iodide (FAI) and methylammonium bromide (MABr) were pur-
chased from GreatCell Solar. Spiro-MeOTAD was purchased from
MS Solution.

OHP solar cell fabrication

0.07wm of tin chloride dihydrate in ethanol was spin-coated onto
FTO glass at 3000 rpm for 30 s, followed by thermal annealing at
200°C for 1 h to prepare FTO/SnO, substrates. Pristine OHP precur-
sor solutions containing 1.1m Pbl,, 1M FAIl, 0.15m PbBr,, and
0.15mM MABr in 4:1 (v/v) dimethylformamide/dimethyl sulfoxide
(DMF/DMSO). MABr were kept on a hot plate at 60°C. An Agl-con-
centrated precursor solution was prepared (1.1m Pbl,, 1M FAl,
0.15M MABr, 0.15m PbBr,, and 0.1 M Agl in 4:1 (v/v) DMF/DMSO).
Then 5 vol.% of 1.5m Csl solution in DMSO was added to the pre-
cursors 1 h prior to the spin coating process. The pristine solution
and the concentrated solution were mixed together to prepare di-
luted Ag-doped precursor solutions before spin coating. The pre-
cursor solutions on the substrate were spin-coated at 1000 rpm for
5s, then at 6000 rpm for 20s. Then, 150 L chlorobenzene was
poured on the spinning substrate 12 s before the end of the spin-
ning. The OHP films were annealed at 100°C for 1 h. A solution of
43.5 mg of spiro-MeOTAD in 0.6 mL chlorobenzene was prepared
and doped with Li-TFSI and TBP. The molar ratio of the dopants for
spiro-MeOTAD was 0.5 for Li-TFSI and 3.3 for TBP. After the OHP
annealing, the spiro-MeOTAD solution was dropped on the sub-
strates and spin-coated at 4000 rpm for 30 s. The films were stored
in dried air overnight before electrode deposition. A 60-nm-thick
Au layer for electrodes was thermally deposited under vacuum
<10°® Torr.
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Solar cell measurements

J-V measurements were conducted in a N,-filled glove box under
AM 1.5G illumination with an intensity of 100 mWcm™2 by using a
Keithley 2400 and an Oriel 1 kW solar simulator referenced to a
Reference Cell PVM 132 calibrated at the US National Renewable
Energy Laboratory. A mask (area=0.0555 cm™?) was used for the
electrode deposition. J-V plots were measured in the backward di-
rection. C—f measurements were conducted in darkness by using a
MFIA Impedance Analyzer. Over 20 cells were tested at each exper-
imental condition.

Thin film characterization

The XRD patterns were obtained using a Rigaku D/Max-2500 dif-
fractometer. Contact angles were measured using a Femtofab
SmartDrop analyzer. SEM were obtained using a Hitachi S-4800;
TEM images were obtained using a JOEL JEM-2200FS. To prepare
the TEM specimens, each sample was processed using a dual
beam FIB (FEI Helios).

Computational methods

DFT calculations were performed at the level of GGA in the
Perdew-Burke-Ernzerhof parameterization as implemented in
CASTEP from Materials Studio 2018.” For all calculations, electron-
ion interactions were described by the on-the-fly generated ultra-
soft pseudopotentials with electrons from H1s; C and N2s, 2p;
Ag4s, 4p, 4d, 5s; 15s, 5p; and Pb5s, 5p, 5d, 6s, 6p shells included
in the calculations. Unless specified otherwise, 2x1 slabs with
vacuum thickness of 18 A and three OHP (001) layers, or 2x2x2
supercells of cubic structures were built and allowed to fully relax
(cell shape, volume, and ion positions) by geometric optimization.
An energy cutoff of 570 eV and 2x1x 1 k-point meshes for the 2x
1 slabs and 2x2x2 k-point meshes for the 2x2x2 supercells,
were used to achieve n energy of 1x107°eV/atom, force of
0.03 eVA~', and displacement convergence of 0.001 A. The decom-
position enthalpy was calculated by subtracting the energies of
the decomposed products Pbl, FAl, and Agl (only for the Ag-
doped perovskite) from the energy of the perovskite.
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