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ABSTRACT: The incorporation of monovalent silver (Ag)
cations into methylammonium lead bromide (CH3NH3PbBr3)
perovskite films leads to a strongly preferred (001) crystallo-
graphic orientation on a wide variety of substrates, ranging from
glass to mesoporous TiO2.CH3NH3PbBr3 films deposited without
Ag+ exhibit only a weakly preferred (011) orientation.
Compositional maps and depth profiles from time-of-flight
secondary ion mass spectrometry (TOF-SIMS) reveal Ag
segregated to grain boundaries and interfaces. In photovoltaic
devices (PVs), addition of Ag to MAPBr films resulted in poorer

device performance, most likely because of the observed Ag+
segregation in the films.

KEYWORDS: perovskite, methylammonium lead bromide (MAPBr), crystallographic texture, silver doping, surface
segregation, perovskite photovoltaics, photoluminescence

diodes (LEDs), photodetectors, and photovoltaics (PVs).“
. INTRODUCTION The cr.ystallographic orientaFion, or texture, of the films is

often important, and device performance has been
Methylammonium lead bromide (CH;NH3PbBr3, MAPBr)  improved by using crystallographically oriented perovskite
is a lead halide perovskite with a wide band gap (2.3 eV).  films.  The charge carrier mobility, photoconductivity,
It can be deposited on substrates from solution to fabricate  trap state density, and degradation rates all depend on the
a variety of optoelectronic devices, including light-emitting ~ crystal orientation of the film.x‘”’”Recently, the addition
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of Ag to methylammonium lead iodide (CH3NH:Pbls,

MAPI) has generated crystallographically oriented films. In
that case, there was also a “dedoping” effect that enhanced

PV performance.sln this article, we show that the inclusion

of Ag In wider band gap MAPBr leads to (001)-oriented
films on a wide variety of substrates but does not improve
PV performance.

The crystallographic orientation of other perovskites has
also been manipulated. In Ruddleston—Popper phases,
where optoelectronic performance is strongly correlated to
the orientation of the 2D inorganic layers with respect to
the substrate, crystal orientation has been manipulated by
either increasing the number of 3D layers between organic

spacer ions, controlling the annealing process, " or

changing precursor stoichiometry.m'r Crystal texture has
been controlled by arresting crystal nucleation with

chlorine or acetate
6.7.20

saltsf'wrecrystallizati()n in methylamine vapor,

alloying or ion exchange,z'zm adjusting precursor

stoichiom
13,24-26

etry,seeding with nanoparticles,ﬂ Or vapor phase epitaxy
(VPE) on single crystal substrates of SrTiOs or NaCl.
Our method of inducing (001) crystal orientation involves

the simple addition of Ag to the precursor solution and
does not appreciably impact thermal processing time or
temperature. Additionally, it does not require the use of the
expensive, atomically smooth single crystals needed for
VPE.

. EXPERIMENTAL SECTION

Materials. Lead bromide (>99.999% (metals basis) Puratonic,
Alfa Aesar), silver bromide (99.998% (metals basis) Premion,
Alfa Aesar), methylammonium bromide (CH3NH3Br, Greatcell
Solar), dimethylformamide (HCON(CHz3)2, 99.8%, anhydrous,
Sigma), dimethyl sulfoxide ((CH3)2SO, 299.9%, anhydrous,
Sigma), chlorobenzene (CsHsCl, 99.8%, anhydrous, Sigma), zinc
purum powder
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(99%, Sigma), hydrochloric acid (Reagent grade, 37%, Fisher
Chemical), titanium diisopropoxide bis(acetylacetanoate) (TAA,
Ci6H3206Ti, 75 wt % in isopropanol, Sigma), 1-butanol (C4HeOH,
99.8%, anhydrous, Sigma), 30 NR-D nanoparticulate titanium
dioxide paste (TiO2, Greatcell Solar), ethanol (200 proof, Fisher
Chemical), spiro-OMeTAD ((NZ,NZ,NZ, ,NZI ,N7,N7,N7, N

7

-octakis(4-methoxyphenyl)-9,9 *  -spirobi[9H-fluorene]-2,2 *
,7,7" -tetramine, Merck), lithium bis(trifluoromethane)sulfonimide
(LiTFSI, LiC2FsNO4S2, 99.95%, Sigma), acetonitrile (C2H3N,
99.8%, anhydrous, Sigma), 4tert-butylpyridine (CoHisN, 96%,
Sigma), and titanium tetrachloride (TiCl4, 99.9%, Sigma) were
used as received without further purification. Gold for evaporation
(99.99%, 0.5 mm diameter wire) was purchased from Kurt J.
Lesker.

Silicon substrates (University Wafer, 8-10 Q-cm, polished (100)
surface), tin-doped indium oxide (ITO)-coated glass (Thin Film
Devices, 100 Q/sq, >90% transparency), and fluorine-doped tin oxide
(FTO)-coated glass (Hartford Glass) were used as received.
Immediately prior to deposition of the perovskite films, substrates were
rinsed with ethanol, placed in a Jelight Co. Inc. Model 42 UV-ozone
cleaner for 1 h, and immediately transferred into a nitrogen-filled
glovebox for perovskite deposition.

Deposition of CH3NH3PbBr3 (MAPBr) Films. First, 514 mg of PbBr2 and
157 of mg CH3NH3Br (MABr) were dissolved in 0.8 mL of DMF and 0.2 mL of
DMSO by stirring for 2 h at room temperature to obtain reactant concentrations
of 1.4 M of each PbBr2 and MABE. In a separate vial, 263 mg of AgBr and 157
mg of MABr were dissolved in 0.8 mL of DMF and 0.2 mL of DMSO in a
similar manner, resulting in solution concentrations of 1.4 M AgBr and MABTr.
(Note: we observed that AgBr does not dissolve in DMF/ DMSO without the
parallel dissolution of equimolar MABr.) The precursor solution was then
prepared by mixing these AgBr and PbBr2 solutions to achieve the desired
Ag:Pb mole ratio (e.g., 1:9 AgBr:PbBr2 for “10% Ag” samples) and deposited on
the desired substrate by using a Laurel spin-coater in a nitrogen glovebox (<10
ppm of 02, <10 ppm of H20). Films were spun by using a two-step program
(1000 rpm for 10 s and 4000 rpm for 30 s) with 50 pLof precursor solution
spread evenly across the substrate. After 15 s into the second step, 100 pL of
chlorobenzene was pipetted onto the center of the substrate to induce
crystallization of the film. The films were then annealed at 100 °C for 1 h on a
hot plate in a nitrogen glovebox while continuously purging the box with
nitrogen to avoid solvent vapor accumulation.

PV Device Fabrication and Testing. Photovoltaic devices
(PVs) were fabricated by using established procedures in the

literature.30 FTO-coated glass was rinsed with dilute dish
soap, DI water, and ethanol and then patterned by chemically
etching the FTO from unwanted areas with zinc powder and
concentrated hydrochloric acid. After the acid was neutralized with
water, the patterned substrates were rinsed with DI water,
sonicated in ethanol for 30 min, and treated with UV-ozone plasma
for 1 h. A compact TiO2 layer was deposited by mixing 72.5 yL of
titanium diisopropoxide bis(acetylacetanoate) in 1 mL of 1-butanol
and then spin-coating this solution at 700 rpm for 10 s, 1000 rpm
for 10 s, and 2000 rpm for 30

s. The film was dried by heating at 125 °C for 10 min, and then the
30 NR-D TiO2 nanoparticulate paste dissolved at a concentration of 100
mg/mL in ethanol was deposited by using the same three-step
spin-coating process used for TAA. The substrates were then
heated at 550 °C for 1 h in air, which formed a mesoporous TiO2
substrate. Immediately before solar cell fabrication, the TiO:2 films
were immersed in aqueous 20 uM TiCl4 for 10 min at 90 °C. The
substrates were then rinsed with water and ethanol, cooled, and
then annealed at 500 °C for 30 min in air. After the substrates were
exposed to UV-ozone for 1 h, MAPBr was deposited by using the
previously described spin-coating procedure. Spiro-OMeTAD was
then deposited by spin-coating a solution of 72 mg/mL
spiro-OMeTAD dissolved in 1 mL of chlorobenzene with 7.5
ML/mL of tert-butylpyridine and 24 pL/mL of lithium
tetrafluorosulfonimide stock solution (170 mg of LiTFSI salt in 1

mL of acetonitrile) at 5000 rpm for 30 s. Spiro-coated MAPBr films
were then left to sit overnight in a dry air desiccator before gold (~60
nm) was thermally evaporated at a rate of 2 A/s and at a base pressure

of 5x 10" Torr.
PV device testing was performed by using light from a Xe lamp passed

through an AM 1.5 filter with 100 mW em intensity, with intensity
calibration performed on a Hamamatsu silicon diode. Current—voltage (J-V)
profiles were obtained without light or voltage prebiasing by using a Keithley
2400 general purpose source meter swept at a constant rate of ~100 mV/s.
External quantum efficiency (EQE) measurements were taken with a
commercial solar cell spectral response measurement system (model QEX10,
PV Measurements, Inc.) using a Xe arc lap source and a dual-grating
monochromator with respective color filters. The EQE measurements were
calibrated with a NIST certified silicon photodiode (SN: 98599).

Materials Characterization. Grazing incidence wide-angle X-ray scattering
(GIWAXS) was performed on samples under vacuum by using a SAXSLAB
Ganesha SAXS-WAXS system with monochromatic Cu Ka X-rays (A = 1.54
A) with a 5° incident beam angle. Scattered X-rays were captured for 10 min
with a 487 x 619 pixel Pilatus3 R 300k (pixel size of 172 x 172 pmj)
detector and a sample-to-detector distance of 131 mm. Ewald sphere
correction and linear integration (azimuth angle and 20) were processed with
Fit2D software (version: 12_077_i686_WXP). Azimuth integration of the
(001) peak was performed between q = 10.2 nm and q=11.6 nm'l(14.3°
to 16.4° 20) with 180 azimuth bins.

A Kratos Axis Ultra DLD X-ray photoelectron spectrometer (XPS) equipped
with a monochromatic aluminum X-ray source was used to carry out X-ray
photoelectron spectroscopy (XPS) measurements. Exposure of the samples to
air was avoided by using a patented transfer system developed at the Texas
Materials Institute (TMI) at the University of Texas at Austin.31 Samples
were loaded and sealed into the pressure-to-vacuum (P2V) transfer chamber in
a nitrogen glovebox. The P2V chamber was then taken to the XPS instrument
and evacuated before samples were transferred to the analysis chamber as
described by Celio.” XPS data were analyzed by using CasaXPS software,
correcting for sample charging by normalizing the C Is signal from
adventitious carbon to a binding energy of 284.8 eV. Peak fitting was
performed by using Shirley, Tougaard, or Linear backgrounds, depending on
the shape of the background in the specific region of fitting,32 and a
Gaussian—Lorentzian peak shape. Compositional data were obtained by
integrating the peaks with corrected intensities based on the relative sensitivity
factor provided by the Kratos library.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) data
were acquired by using an ION-TOF GmbH 2010 TOFE.SIMS 5
instrument with a pulsed BiianaIYSis beam (20 ns pulse width, 30
keV ion energy, and ~3.5 pA measured sample current) and a Oz

sputtering beam (1 keV and 41.3 nA measured sample current
current) at ~10° TOIT base pressure. During depth profiling the
analysis beam was raster-scanned over a 0.1 x 0.1 mm’ar'€a centered
within the 0.3 x 0.3 mm’ sputtered area of the sputtering beam.
Analysis was performed in interlaced mode as described by Wang et

al. and in positive mode; i.e., all secondary ions detected were
positively charged fragments. To alleviate electrical charging of the
sample, an electron beam with a constant energy of 21 eV was
directed at the sample during analysis. All depth profiles were
acquired in high current bunched mode. For TOF-SIMS mapping with
high lateral resolution, the analysis beam was set in the burst
alignment mode using seven bursts. Before data acquisition, a very
thin layer of sample was removed from the surface using 30 s of Oz’

+

sputter. The Oz sputtering rate was calculated to be ~0.2 nm s 'based on
the depth profile of the InSnO secondary ion fragment and sample
thickness from cross-section SEM. To avoid peak overlap of Ag and



SiBr 10n fragments, ITO-coated borosilicate glass was used as a
substrate for TOF-SIMS measurements.

Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) data were obtained with a Hitachi S550 SEM/
STEM operated at 30 kV and 10 yA with a Bruker AXS XFlash
Detector 4010. The MAPBr films were spin-coated on silicon
substrates (University Wafer, 8=10 Q-cm, polished (100) surface).

o e Z <@Q o >Sm T T T > 0nor OWON-=OT O 30D NOL-TANO=" O=

XX XX

XXX

XXX | XXX


http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298
http://dx.doi.org/10.1021/acsaem.9b01298

S T P
(002)

=)

P RN b

5% Ag - 10% Ag
e e i
5 10 5 10
) -1
G H | Lk
" 0 L
M 0.5% Ag M 1% g
o ]
> = " z
@ ‘@ T 2l '.
= cr [} []
2l £ . Et s
< S~ Rl .~
JiTe TR .
" am
. . . -~ .
O 30 60 9 120 150 18 O 30 60 90 120 150 180 O 30 60 90 120 150 180
J Azimuth (Degrees) K Azimuth (Degrees) L Azimuth (Degrees)
. 2% Ag C 5% Ag ‘ 10% Ag
j = . 1
n | -
[ B r
£ » % ” £
c = [ [=
2 o] £ 0 8 .
E = £ L E ]
' M
= | = % am
. ; - ] ] - " u
T T R IR, W .
O 30 60 9 120 150 180 O 30 B0 90 120 150 180 O 30 60 90 120 150 180

Azimuth (Degrees)

Azimuth (Degrees)

Azimuth (Degrees)

Figure 1. (A-F) GIWAXS of MAPB films on silicon substrates with varying amounts of Ag . The Ag concentration corresponds to the

molar percentage of Ag’ added to the precursor solution with respect to [th]. The indexing in (F) corresponds to cubic MAPBr (PDF
#01-084-9476) with a [100] beam direction. Additional diffraction spots are observed in (F), which are enclosed in rectangles. (G—L)

Diffraction intensity of the

(001) ring (10.3 nm'< q < 11.6 nm ' Or 14.3° <26 < 16.4°) from the GIWAXS patterns in (A—F) is plotted as a function of azimuthal

angle ¢. The (001) peaks at 45° and 135° in (G) indicate that MAPBr without added Ag’ exhibits some preferential (011) orientation.
Silver addition leads to a significant sharpening of the (001) signal at 90°, indicating that the film is oriented with (001) planes parallel to

the substrate.

SEM images and compositional profiles of the cross-sectioned
films were obtained by using a JEOL-7610F SEM equipped with a
1040 Oxford Instruments EDX detector.

Photoluminescence (PL) was measured on a Fluorolog-3
spectrophotometer (Horiba Jobin Yvon) using an excitation wave-
length of 400 nm and a slit size of 5 for both excitation and
emission. TRPL measurements were performed in a homemade
time-correlated single photon counting (TCSPC) setup equipped
with a picosecond pulse laser diode (fwhm = 100 ps, A = 446 nm,
repetition rate 1 MHz). A 10x (0.28 numerical aperture)
objective focused the light to the sample, and the same objective
collected PL signal. The collected PL was directed through a

band-pass filter, a spectrograph, and an avalanche photodiode
(APD, SPCM-AQRH-14). The measured instrument response
function was 600 ps, much lower than measured lifetimes.

. RESULTS AND DISCUSSION

Figure 1 shows grazing incidence wide-angle X-ray
scattering (GIWAXS) from MAPBr films deposited on
silicon substrates by room temperature spin-coating
with increasing amounts of AgBr in the precursor



solution. Molar ratios of [Ag‘]/ [Pbp] ranged from
0.5% to 10%, and the films were annealed at 100 °C
after deposition.u All patterns index to cubic MAPBr
with a lattice constant of 592 A. Substitutional

2
replacement of Pb |

c DOI.
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Figure 2. GIWAXS of MAPBr films deposited with 10 mol % Ag’ In the precursor solution on (A) glass, (B) ITO-coated glass, and (C)
FTO glass coated with a compact and mesoporous TiOz2 layer. The films exhibit a (001) crystal orientation. The diffraction spots outlined
with rectangles correspond to an impurity phase. Additional GIWAXS data of MAPBr films on these substrates with different Ag’

concentrations are provided as Supporting Information.

Ag (mol %) in soln XPS EDS XPS EDS XPS
0 0 below LOD. 26+02 3.1+£0.6 094 +0.14

0.5 32+05 below LODa 26+02 30+0.5 0.99+0.13

1 82+0.5 below LOD. 26+03 3206 0.96 £ 0.12

2 88+0.5 4+7 27+02 3714 1.1 £0.12

5 10.3+£0.6 12+8 29+02 33+£0.1 1.3+£0.14

10 8.7+0.5 189 29+02 35+£03 1.5£0.20

aThe limit of detection (LOD) for EDS is ~3 at. %.

Table 1. Elemental Composition of MAPBr Films Determined by EDS and XPS
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Figure 3. (A) Schematic of the TOF-SIMS measurement. (B) TOF-SIMS profiles of Ag secondary ion yield. (C—F) TOF-SIMS depth
profiles of Ag, CHsNH3PbBr, and InSnO secondary ion fragments in MAPBTr films deposited with (C) 0%, (D) 1%, (E) 2%, and (F) 10%

Ag In the precursor solution (see the Supporting Information for additional TOF-SIMS data).

with Ag+ does not change the lattice constant because of ~ oriented with (001) lattice planes parallel to the substrate. A

similar ionic radii of Pb + (1 19 pm) and Ag+ (1 15 pm). faint texture is also present thhe pure MAPBr

This constant lattice parameter confirms that Ag  films in Figures 1A,G, which corresponds to a different,
substitutes in the B-site and not the A-site, as MA has weakly preferred (011) crystal orientation.

o i “Wh ", , . MAPBT films were also deposited on glass, ITO-coated glass,
an ionic radius of 248 pm.- When [Ag]:[Pb’] ratios and FTO glass coated with mesoporous TiO:. Figure 2 shows
exceeded 2%, the GIWAXS data exhibited significant GIWAXS data for the films with 10% Ag+ There is a
texture. In Figures 1D-F and 1J-L, the enhanced '

i i ) . significant amount of texture, and all of the patterns show a
diffraction of the (001) and (011) rings at ¢ = 90° and ¢ (001) crystallographic orientation. The same impurity features
=45°, respectively, indicate that the films are predominantly  as in Figure 1F are also observed in these films with high Ag
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concentration.
Compositional profiles were obtained by using X-ray
photoelectron spectroscopy (XPS), energy-dispersive X-ray
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Figure 4. (A-F) Top-down SEM images of MAPBr films on silicon deposited with (A) 0%, (B) 0.5%, (C) 1%, (D) 2%, (E) 5%, and (F)
10% Ag’ added to the precursor solution. The crystal grain size increases with increasing Ag’, and pinholes are observed when the Ag’
concentration reaches 10% Agﬂ(G—I) EDS maps of (G) Pb, (H) Br, and (I) Ag corresponding to the region imaged by SEM in (J)
for a MAPBr film with 10% Ag:(K— N) TOF-SIMS mapping of a 2% Ag MAPBr thin film on ITO showing the (K) lead, (L)
methylamine, (M) silver, and (N) an overlay of the Ag and CH5N+SignaIS. The wavelike features are due to thickness variations in the

film.

spectroscopy (EDS), and time-of-flight secondary ion
mass spectroscopy (TOF-SIMS). The XPS and EDS data
are shown in Table 1.MAPBr films deposited without Ag
are stoichiometric. The addition of Ag led to higher Br:Pb
and N:Pb ratios, indicating that some unreacted CH3NH3Br

is present. The silver concentrations measured by XPS are
higher than those measured by EDS. XPS is

surface-sensitive, ~ While spatially
+
averaged composition. This means that Ag accumulates

at the interface. However, above 2% Ag, EDS and XPS
analyses become more consistent, indicating this surface

EDS provides a

segregation may be more subtle or disappear for higher Ag+

concentrations. To determine whether Ag still
accumulated at interfaces at higher concentrations,
TOF-SIMS, a more sensitive elemental analysis, was used
to map the composition in greater detail.

In TOF-SIMS, the concentrations of species in a film are
determined as a function of depth by sputtering the layers
and measuring the composition of the fragments, as

illustrated in Figure 3A." Figure 3B shows the Ag
secondary ion yield, and Figures 3C—-F show TOF-SIMS
profiles of three secondary ion fragments from MAPBr
films on ITO-coated glass substrates. In its absolute
amount, the secondary ion yield of a given fragment is
proportional to the concentration of the corresponding
element/molecule in the film. These ion fragments were
chosen due to their secondary ion yield and to what they
correspond with in the film: Ag corresponds to silver,

CH3NHsPbBr corresponds to MAPBr, and InSnO
corresponds to the ITO substrate. The uniform background
signal of the CH3NH3PbBr secondary ion yield is similar
for all of the samples, whereas the Ag secondary ion yield

increased with the amount of Ag+ added to the film. The
depth localization of the elements/molecules is inferred by
normalizing the secondary ion yields to the maximum yield
value of each species. The Ag concentration is highest at
the top and bottom interfaces of the MAPBr film. There is
also evidence of Ag penetration into the ITO layer.

The composition on the surface of the films was also
mapped. Figures 4G—1 show EDS maps of Pb, Br, and Ag
in the region of the MAPBTr film imaged by SEM in Figure
4]. There are features concentrated with Ag. Figures 4K-N
show higher resolution compositional profiles obtained by
TOFSIMS. These maps show phase-segregated regions rich
in Ag. The spatial distributions of Pb, CHsN, and Ag
secondary ions are relatively uniform, except for bright
spots of Ag and wavelike features. The dark waves are
shadows in the TOFSIMS signal resulting from wrinkles or
thickness undulations.”" The maps of Pb and CHsN
secondary ion yields in Figures 4K,L indicate that the

Ag-Tich regions contain Pb~, but not CHsNHs. The

absence of CH:NH: In the Ag-TiCh regions is more
apparent in the overlay of Ag and CHsN secondary ion
yield maps in Figure 4N. We propose that these domains
composed of Ag, Pb, and Br are giving rise to the
additional diffraction spots at low q in the GIWAXS
patterns in Figures 1F and 2, although the diffraction spots



did not match any known silver-containing compounds in
the COD or ICDD diffraction databases. The difference in
the extent of silver-rich domains observed in EDS analysis
compared to a normal top-down SEM image seen in
Figures 41,J indicates that these AgPbBr domains are not
exclusive to film sensitivities at higher Ag compositions.
This explains converging EDS and XPS
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Figure 5. (A) PV device architecture and materials stack. (B—F) Histograms of (B) reverse scan PCE, (C) stabilized power output (SPO),
(D) short-circuit current (Jsc) of the reverse scan, (E) open-circuit voltage (Voc) of the reverse scan, and (F) fill factor of the reverse scan
of MAPBr PVs with different amounts of AgBr added to the precursor solution (J-V device responses are provided as Supporting

Information).

analysis in Table 1, as the convergence in measured

Ag concentration between the two analyses correlates

with the emergence of these secondary domains.
Photovoltaic devices (PVs) were fabricated with

Ag+-d0ped MAPBFr films by using the materials stack in

Figure 5A. As shown in Figures SB-F, the addition of Ag+

degraded device performance, decreasing the power
conversion efficiency (PCE), stabilized power output (SPO),
short-circuit current (Jsc), and open-circuit voltage (Voc).
This is not due to differences in film morphology, as the
MAPBr films look similar in top-down SEM images

(Figures 4A-F). In fact, films with more Ag+ have larger
crystal grain size and even smoother morphology €= most
likely due to the increased crystallographic orientation of

the films. Films deposited with more than 10% Ag in the
deposition solution did form pinholes near grain boundaries,
but the devices still functioned. The reduction in device
performancebecamesignificant once the Ag

concentration exceeded 2%, corresponding to the point
where the Ag—Pb—Br impurity emerged.

N
Photoluminescence (PL) measurements are taken on Ag -

doped MAPBr films on UV-ozone-treated glass to
determine the impact of silver doping on the luminescence
behavior of thin films. Results are shown in Figure 6. The
PL spectra and time-resolved photoluminescence (TRPL)
decay do not change dramatically as a function of silver
content, seen in Figures 6A and 6B, respectively. The only
noticeable change is in the static PL spectra in Figure 6A,
where the PL peak slightly blue-shifts and the shoulder in
the long wavelength range noticeably decreases above 5%

Ag+ incorporation. PL peak intensity is similar from
sample to sample, seen in Figure S9. The intensity goes up
as a function of Ag content but correlates more closely with
film thickness than with silver content. This red shoulder is
observed in thick films and single crystals. It has been
recently attributed to radiative recombination via indirect

Rashba transitions. Interestingly, in contrast to literature
observations of Ag-free MAPBr, this red shoulder
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disappears as the film thickness increases (see the
Supporting Information for cross-sectional SEM images).

TRPL data taken at 540 nm, however, do not exhibit

L
systematic changes with increasing Ag content, seen in
Figure

Figure 6. (A) Steady-state PL spectra and (B) TRPL decay at 540
nm for Ag'—dOpCd MAPBE thin films. PL was excited at 400 nm
and TRPL data at 446 nm. Above 5% Ag Incorporation, a
subtle blue-shift in the PL peak is observed, and the red shoulder

of the MAPBr PL spectra reduces in intensity. No systematic
trend in PL lifetime is observed in (B), with the exception of the

5% Ag ﬁlm, which has a shorter lifetime, likely due to trap states
introduced with the introduction of Ag .

6B. The 5% Ag samples appear to have shorter lifetimes,
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which may be due to the introduction of trap states in the
material. Curves are fit to a biexponential function with the
equation I =
T -T2

Aiet Aceand the fitting parameters Ai, A2, Ti, and T2 are
shown in Table 2. Fitting curves are shown in the
Supporting Information. Calculated lifetimes in Table 2 are
slightly shorter
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Table 2. Fitting Parameters for Biexponential Fits of the PL
Decay at 540 nm (Plots of Fits Are Provided as Supporting
Information)

Ag (mol %) in soln A1 Ti (ns) A2T2(ns)

00.872.870.13 10.9
0.50.841.920.16 7.23
10.772.60 0.23 12.2
20.881.890.129.60
50.99 2.06 0.0090 15.5
100.94 2.65 0.059 13.8

yet overall consistent with other reports of PL lifetime in the
literature.

Others have also reported on the effects of silver in
perovskite optoelectronics. Silver doping has improved
some devices ~and increased the mobility of hybrid
organic— inorganic perovskite (HOIP) nanoparticle films.”
Yet, it has also degraded device performance when present
in the form of silver halide as a product of corrosion.”

N
Surface segregation of Ag Can negatively impact the
depletion region, increase surface recombination, and lead

to unwanted band offsets in the MAPBr film.”  Unreacted

47-49,55-57

CH3NH3Br can also harm PV performance.
On the basis of the TOF-SIMS results and the composi-

tional maps, we propose that segregation of Ag to the
interfaces of the MAPBr film€ or “surface doping” €
templates the (001) crystallographic orientation. This
surface doping mechanism is illustrated in Figure 7. This
mechanism is different than what occurs in MAPI films. In

oriented MAPI films, the addition of Ag+ Significantly
slows the crystallization rate, affecting nucleation and
growth and ultimately the orientation of the film. In the case
of MAPBET, there is no observed slowing of crystallization

when Ag+ 1s added. This is because the solvent—antisolvent
spin-coating process used here induces crystallization
within a few seconds of antisolvent exposure and does not
depend on precursor composition.M Anisotropy in the
interfacial energy of crystal surfaces tends to orient

58-61

crystallizing grains to minimize surface energy in a film,

and the interfacial energies of crystal planes can be
significantly modified by impurities or the adsorption of

small molecules.” Silver(I) has been shown to be
particularly active in this role in a wide variety of different
instances, ranging from superconductor materials like
(B1,Pb)2Sr2Ca2Cu3Ox ““and Y2BaCuOs to plasmonic gold

nanocrystals and nanorods.m'(’qugh concentrations of Ag at
the back interface of the MAPBr films observed in the
TOF-SIMS profiles might lower the (001) surface energy, or
MAPBEr crystallization could be initiating at the liquid—air
interface and proceeding toward the substrate, as in the

17.7 . +
“oriented crust” crystallization mechanism, = With Ag

templating (001)oriented growth at the liquid—air
interface. Either of these mechanisms would explain why
the crystallographic orientation was not affected by the
substrate.

N
In summary, we have identified a mechanism of Ag

surface doping that produces

crystallographically  oriented MAPBr films.  Silver
preferentially segregates to grain boundaries and interfaces
and induces a preferred orientation of (001) MAPBr crystal
planes parallel to the substrate. Although the PV

performance did not improve with Ag addition€ most
likely due to the formation of a separate phase composed of
silver, lead and bromide€=this report demonstrates more
broadly that surface segregation of dopants can change the
crystallographic orientation of a perovskite film.
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spheres represent methylammonium, green are lead, purple are
bromide, and gray are silver atoms. MAPBr exhibits a weakly

favored (011) orientation on the substrate. The addition of Ag at
low concentrations (0.5-2% Ag)) leads to a weakly preferred
(001) orientation, and higher Ag+COI’ICCI’ltI'aﬁOIls (>5% Ag)
leadtoa strongly preferred (001) crystal orientation.
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