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ABSTRACT: Methylammonium lead iodide (CH;NH,Pbl;, MAPI) is a high-performance 90% RH STABILIZING

solar cell material but lacks stability in the presence of humidity. Addition of a few percent ,
bismuth (Bi) as a trivalent cation substitute for Pb (i.e., MAP(Bi)I) leads to enhanced m E
stability under high (90%) relative humidity (RH). At moderate humidity (60% RH),

however, MAP(Bi)I degrades more rapidly than MAPL Bi incorporation into MAPI either n n m m

stabilizes or destabilizes the two hydration products, MAPI-H,O and Pbl,, depending on the
amount of humidity in the environment.
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H INTRODUCTION cesium (Cs"),"®*”*® and I" has been replaced with Br~,*

Methylammonium lead iodide (CH,NH,PbL,, MAPI) is a Cl_,zo thiocyanate,29’30 or selenide,31 for enhanced stability.
4 1
hybrid organic—inorganic perovskite (HOIP) and a promising Therfe }.1ave alsohbe.en numerous  reports detailing the
semiconductor for photovoltaic devices (PVs),"” light-emitting substitution of Pb™" with other species, but most of these do
diodes (LEDs),>™ lasers,”* photocatalytic systems,® and  ray not mention the resulting stability of the materials. The
detectors.” However, MAPI is highly susceptible to degrada- addition of In** has been shox;)vzn to stabilize CH3NH3PbI32_xCIx
tion under humidity,”” with the reversible formation of PVs stored. on a ben.chtop,‘ and the f‘fldition of Sr” to
monohydrate and dihydrate species and a final irreversible CsPbL,Br significantly improved the stability of encapsulated

degradation into Pbl, via the following reaction pathway®'*~"* PVs stored at <50% RH in the dark.”® Improved benchtop
stability of PVs has been reported for CH3;NH;Pb¢sSnosl5

CH3NH3PbIS(s) + Hzo(g) = CHSNH3Pb13'H20(s) (1) devi%ie%sg with added CuBr and MAPI devices with added
Co.”">
4CH3NH3Pb13-H20(S) The additions of Bi,'”?"*® Sr>” and Eu’® have also been
shown to stabilize the cubic perovskite a-phase of
= (CH;NH,),Pbl;-2H, 0 + 3Pbl,() + 2H, 0y CsPbl,'”*°™*® and FAPbI,*' at room temperature. The
(2) equilibrium phase of these materials at room temperature is
the orthorhombic nonperovskite 5-phase. It has been proposed
(CH3NH3)4Pb16‘2H20(5) that these additives enhance the stability of the cubic
perovskite phase by either modifying the tolerance factor,'”*°
increasing microstrain due to a reduced crystal size,”® or by
providing resistance to degradation in the presence of water
vapor,”' since water vapor catalyzes the a@-to-8 phase
transition.”” Lehner et al.*’ suggested that A;Bi,I, (A = K,
Rb, Cs) compounds, in general, are more durable than their
lead perovskite analogues and have observed unchanging X-ray
diffraction (XRD) patterns from samples stored for months in
air (although the storage conditions were not specified, i.e.,
humidity level, lighting conditions, and no direct comparison

— 4CH;NH, ) + 4HIy + Pbl, ) + 2H,0y, 3)

The resulting degradation product of Pbl, is the only
remaining solid material. It is certainly possible to stabilize
MAPI up to several months by encapsulation in hydrophobic
fluoropolymers or glass;'*'® yet, higher intrinsic stability would
greatly help reach commercial viability."”

The intrinsic stability of MAPI can be improved to some
extent by replacing MA*, Pb**, or I with other chemical
species, either by bringing the Goldschmidt tolerance factor

1819 . . 20-22
closer to one, improving the film morphology, or
strengthening hydrogen bonding between organic A site Received: December S, 2018
components and the halide moiety.'”>*™>* For example, Revised: ~ December 10, 2018
MA* has been replaced with formamidinium (FA*)*® or Published: December 14, 2018
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Figure 1. (a) Room-temperature UV—vis absorptance spectra of CH;NH;Pby o¢Bij 41 and CH;NH;Pbl, films with a similar thickness of 400 nm.
Inset: photographs of MAPI (left) and MAP(Bi)I (right) films on APTES-coated glass. (b) XRD of CH;NH;PbggsBigel; (MAP(Bi)I) and
CH;NH;Pbl, (MAPI) films alongside reference patterns taken from the Crystallography Open Database (COD) for tetragonal and cubic phase
MAPI films (COD #4124388 and #4335634, respectively), showing that both films are single-phase tetragonal MAPI films (PDF #01-083-7582)
with no noticeable peak shifts or secondary phases upon bismuth incorporation. (c) Bi 4f XPS of CH;NH;Pby, osBi 1, with peak positions of the
fitted Gaussian—Lorentzian function labeled. Data are represented by the hollow points, whereas fitted Gaussian—Lorentzian functions are shown
as the thin lines. These peaks are characteristic of Bi**, and peak integration gives a Bi/Pb molar ratio of 0.04:1. XPS data for the other elements are
provided in Supporting Information. (d) Tetragonal crystal structure of methylammonium lead iodide and projections of MAPI viewed down the
(e) (001) and (f) (100) directions. Methylammonium atoms are large green circles, iodide ions are moderately sized purple circles, and lead ions

are small orange circles.

between the stability of A;Bi,I; and MAPI was made). Another
recent paper reported PVs of FAggMA1,Pb(Iyg3Brg17)5
mixed with MA;Bi,Bry that demonstrated better thermal
stability and comparable humidity stability as single-phase
FA().83M1'§0.17Pb(IoAssBro.n)s-41

Inspired by this previous work, we explored the addition of
Bi as a route for stabilizing MAPI in the presence of humidity.
We find that partial substitution of Pb** with Bi** can either
stabilize or destabilize MAPI, depending on the relative
humidity (RH). Under high relative humidity (RH = 90%),
the addition of a few percent of Bi*" significantly reduces the
rate of degradation of MAPIL However, under moderate
humidity (RH = 60%), added Bi** significantly increases the
rate of degradation. We propose that the added Bi** accelerates
and decelerates different reaction pathways involved in the
degradation of MAPI, which results in stabilization or
degradation of MAP(Bi)l depending on the amount of
moisture in the environment.

B EXPERIMENTAL DETAILS

Materials. Lead iodide (Pbl, 99.999% ultradry, Alfa
Aesar), bismuth iodide (Bil;, 99.998% ultradry, Alfa Aesar),
methylammonium iodide (CH;NH,;I, MAI, Dye-Sol), anhy-
drous diethyl ether ((CH;CH,),0, anhydrous >99.0%, BHT
inhibitor, Sigma), anhydrous dimethyl sulfoxide ((CH,),SO,
anhydrous 99.9%, Sigma), anhydrous dimethylformamide
(HCON(CHj;),, 99.8% Sigma), ethanol (CH,CH,OH, 200
proof, Fisher Scientific), glycerol (HOCH,CH(OH)CH,OH,
98%, Fisher Scientific), and (3-aminopropyl)triethyoxysilane
(H,N(CH,);Si(OC,H;);, >98%, Sigma) were all used as
received.

Preparation of MAPI and MAP(Bi)l. Glass substrates (1”
X 1”, Cardinal Glass) were sonicated in ethanol for 30 min and
immersed in (3-aminopropyl)triethoxysilane (APTES) in
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ethanol (1:9 APTES/ethanol vol ratio) for S min. A drop of
water was added to the APTES solution to promote APTES
grafting. The substrates were rinsed with IPA and heated at
100 °C in ambient air for 10 min.

Smooth perovskite films were deposited on glass substrates
using a modification of the procedure developed by Park et
al.*> A MAPI precursor solution was dissolved by adding 273
mg of Pbl,, 95 mg of MAI, and 120 mL of dimethyl sulfoxide
(DMSO) to 480 mL of dimethylformamide (DMF) and
stirring at room temperature for 2 h. The resultant solution
had a 1:1 molar ratio of Pbl,/MAL Likewise, 356 mg of Bil;,
95 mg of MAI and 120 mL of DMSO were dissolved in 480
mL of DMF in a separate vial, forming a 1:1 molar ratio Bil;/
MAL After 2 h of stirring, to generate the MAP(Bi)I precursor
solution, the lead-based solution was mixed with the bismuth-
based solution in a 19:1 ratio by volume (S mol % Bi on a
metal basis), forming a solution with a 0.95:0.05:1 Pbl,/Bil,/
MAI mole ratio.

Spin-coating was performed on glass slides coated with
APTES in a nitrogen glovebox with O, < 5 ppm. Respective
precursor solution (S0 uL) was spread evenly over the
substrate, and then the substrate was spun at 5000 rpm for 30
s, with a ramp rate of 2500 rpm/s. About 12—15 s into the
spin-coating process, ~500 uL of diethyl ether was dropped
onto the substrate, creating smooth, clear, uniform films. Films
were immediately annealed at 60 °C for 1 min, then at 100 °C
for 2 min. The resulting films were smooth and semi-
transparent.

Exposure of MAPI and MAP(Bi)l Perovskite Films to
Humidity. Perovskite films were aged in a home-built
humidity chamber. Humidity was controlled by mixing water
and glycerol in the appropriate ratios and waiting ~48 h for the
mixture to equilibrate with the sealed atmosphere.'”* For
90% RH, 28 mL of DI H,O was mixed with 12 mL of glycerol.
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Figure 2. (A—C) Photographs of MAPI and MAP(Bi)I films (A) before and after exposure to 90% RH air under indoor lighting (2 mW/cm?) for
(B) 24 h and (C) 72 h. (d, e) UV—vis absorptance spectra of (d) MAPI and (e) MAP(Bi)I thin films after exposure to air at 90% RH under
controlled indoor lighting. (f) Extent of transformation of the (00, O) MAPI and (red box solid, red circle solid) MAP(Bi)I films as a function of
exposure time to 90% RH. The solid lines are the best fits of eq 4 to the MAPI (black line) and MAP(Bi)I (red line) data, with n = 3.9, k = 1.87 X
107 h™? (+* = 0.88) and and n = 4.0, k = 2.17 X 1077 h™*® (+* = 0.85), respectively.
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Figure 3. (A—C) Photographs of MAPI and MAP(Bi)I films (A) before and after exposure to air at 60% RH under indoor lighting (2 mW/cm?*)
for (B) 8 days, and (C) 14 days. The top row of films in photographs corresponds to MAPI films, whereas the bottom row corresponds to
MAP(Bi)I. (D, E) UV—vis absorptance profiles of (D) MAPI and (E) MAP(Bi)I thin films after different aging times at 60% RH in indoor lighting,
(F) Plot of the extent of transformation of the ((J, O) MAPI and (red box solid, red circle solid) MAP(Bi)I films. The solid lines are the best fits of
eq 4 to the MAPI (black line) and MAP(Bi)I (red line) data, with n = 2.3, k = 3.94 X 107 day™>* (+* = 0.81) and n = 2.1, k = 2.15 X 107> day™>!

(* = 0.91), respectively.

For 60% RH, 13.4 mL of DI H,0O was added to 26.6 mL of
glycerol. MAPI and MAP(Bi)I films were exposed to humidity
under controlled indoor lighting with ~2 mW/ cm? total light
intensity, as measured by a Newport Optical model 1916-C
meter with an 818P-020-12 high power detector. The intensity
spectrum of the light source (GE, Starcoat TS EcoLux High
Efficiency & High Output Bulbs, 46705, 3500 K operating
temperature) is provided by the manufacturer in their
specification sheet.*

Materials Characterization. X-ray diffraction (XRD) was
carried out using a Rigaku R-Axis Spider X-Ray Diffractometer
with an image plate detector and Cu Ka radiation source (1 =
0.154 nm). Samples were probed directly on prepared glass
substrates using a flat substrate holder. Scans were performed
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for 10 min at 5°/s sample rotation under 40 kV and 40 mA
radiation.

X-ray photoelectron spectroscopy (XPS) samples were
prepared by depositing perovskite films onto a treated
fluorinated tin oxide (FTO) glass substrate. The samples
were loaded onto the sample holder with copper tape and
grounded with conductive carbon tape to minimize charging of
the film. Samples were exposed to ultrahigh vacuum for less
than S h before spectra were taken to eliminate off-gassing of
volatile methylamine moieties. XPS spectra were obtained with
a Kratos photoelectron spectrophotometer using a mono-
chromatic Al Ka X-ray source and a 180° hemispherical
analyzer. The spectra were processed with CasaXPS software.
Charging was corrected by shifting the spectra such that the C
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s peaks are at the expected binding energy of adventitious
carbon (284.8 eV). Peak fitting was performed using a Shirley
background subtraction and the Gaussian—Lorentzian profile.
For composition estimates, each fit peak was integrated and
divided by the corresponding relative sensitivity factor in the
Kratos library.

Scanning electron microscopy (SEM) images were acquired
with a Hitachi S550 SEM/STEM operated at 20 keV in SEM
mode. Samples were imaged on FTO glass slides, prepared as
described above. Charging was minimized by grounding the
sample with conductive carbon tape.

UV—vis—NIR absorptance and absorbance spectroscopy
was performed on perovskite films on glass substrates in an
Agilent Cary 5000 UV—vis—NIR spectrophotometer. Absorp-
tance was measured by placing samples in an Agilent Diffuse
Reflectance Accessory (DRA)-2500 series with a PbS NIR
detector and a R928 photomultiplier tube for visible range
detection. Spectra were collected in transflectance mode using
a center mount holder. Baselines were taken by placing a piece
of cleaned glass in the center mount for the 100% T baseline
and by blocking the beam at the transmission port of the DRA
with aluminum foil for the 0% T baseline. The absorptance, A,
is related to the reflectance, R, and the transmittance T, of the
film: A =1 — R — T. The absorptance, 4, is related to the

absorbance A, of the sample as A = 1 — 10774

B RESULTS AND DISCUSSION

MAPI films were deposited on 3-aminopropyltriethoxysilane
(APTES)-treated glass by spin-coating a solution of CH;NH,I
and Pbl, in a mixture of DMF and DMSO.* Bi** was
incorporated into the films by adding S mol % Bil; to the
solution of CH;NH;I and Pbl,. The MAPI and MAP(Bi)I
films have similar color, as observed in the photograph in the
inset of Figure la. Figure 1a compares the UV—vis absorptance
spectra of the two films. MAPI exhibits the expected
absorption edge at 800 nm (1.5 eV) and absorption plateaus
at 580 and 745 nm.'” The MAP(Bi)I film also exhibits two
absorption plateaus near 580 and 745 nm, with a slightly red-
shifted absorption edge. A similar red shift has been reported
in previous studies on hybrid organic—inorganic perovskites
doped with Bi** and has been attributed to the introduction of
shallow trap states that increase the Urbach energy of the
material.**~>! The films in Figure la have similar thickness,
indicating that the absorption coefficients of the MAPI and
MAP(Bi)I are similar, consistent with the expected nature of
bismuth doping in hybrid organic—inorganic perovskites.**™>"

X-ray diffraction (XRD) data in Figure 1b show that the
MAPI and MAP(Bi)I films have tetragonal crystal structure,
which is the expected room-temperature phase of MAPL'%***°
There is no indication of additional phases in either of the
MAPI or MAP(Bi)I films, and the diffraction patterns have
similar peak positions, consistent with other studies of
aliovalent doping with Bi******%* and other B-site substitu-
tions.””>»>> X-ray photoelectron spectroscopy (XPS) also
confirmed the presence of Bi in the MAP(Bi)I films. Figure 1c
shows XPS from the Bi 4f;/, spectral region. These peaks with
binding energies between 157 and 161 eV indicate that Bi has
a +3 oxidation state,”® and the Bi 4f to Pb 4f XPS peak ratios
show that the Bi/Pb mole ratio in the MAP(Bi)I film is 0.04
(see Supporting Information for XPS of the MAPI films and
the Pb 4f, I 3d, and N 1s regions).
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Figure 4. UV—vis absorptance spectroscopy of (a) MAPI and (b)
MAP(Bi)I films after exposure to 60% RH for 14 and 12 days,
respectively, and 90% RH for 36 h and 3 days, respectively. (c) XRD
of the degradation products of MAPI and MAP(Bi)I films exposed to
90% RH. Reference patterns for tetragonal MAPI (COD #4124388,
PDF #01-083-7582), Pbl, (COD #1010062, PDF #00-007-0235),
and MAPI monohydrate (COD #711740S) are provided for
comparison.

The stability of MAPI and MAP(Bi)I films in the presence
of humidity was tested in by monitoring their optical
properties over time. Figures 2 and 3 show photographs and
optical absorptance spectra of MAPI and MAP(Bi)I films
exposed to air for several days at 90 and 60% RH. The
humidity was carefully controlled in these experiments using a
closed container with appropriate mixtures of water and
glycerol."” Degraded MAPI films look yellow, with absorptance
that decreases between 525 and 800 nm.”'® MAPI has an
absorption onset at 1.55 eV (800 nm),'® whereas the
degradation products, Pbl, and MAPI monohydrate, have
absorption edges at 2.3 eV (540 nm) and 3.1 eV (400 nm),
respectively.”' !>’ Figures 2d,e and 3d,e show the
absorptance spectra of MAPI and MAP(Bi)I films changing
over time when exposed to air at 90 and 60% RH. The MAPI
film has become completely transparent between 525 and 800
nm after only 1 day of exposure to air at 90% RH. MAPI is
significantly more stable in 60% RH, and it takes about 12 days
for the film to go clear in this wavelength range. Note that
these degradation rates are relatively fast because the films
were stored under room light, which has been shown to
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Figure S. UV—vis absorptance spectra of (A) MAPI and (B) MAP(Bi)I films on glass after 1 cycle of degradation at 90% RH, followed by
dehydration with heating at 100 °C in 50% RH air for 2 min. (C) Ratios of the absorptance of MAPI and MAP(Bi)I films before and after exposure
to humidity and dehydration 6(1), calculated using eq S. (D) XRD of MAPI and MAP(Bi)I films after degrading the MAPI and MAP(Bi)I films to
the clear state with exposure to 90% RH air and then dehydration by heating at 100 °C in 50% RH air for 2 min. Peaks matching tetragonal phase
of MAPI (COD #4124388, PDF #01-083-7582) are designated with vertical gray lines, whereas dashed yellow lines designate degradation

byproduct Pbl, (COD #1010062, PDF #00-007-0235).

accelerate degradation processes compared to films stored in
the dark.'”**~=°" At high humidity (90% RH), the MAP(Bi)I
film is significantly more stable than the MAPI film, and it
takes 3 days for the film to go clear. In contrast, the MAP(Bi)I
film is less stable than the MAPI film at lower humidity of 60%
RH, changing from the black tetragonal phase to the yellow
degradation product of Pbl, in only 8 days.

The data in Figures 2 and 3 show that inclusion of bismuth
stabilizes MAPI under high humidity (90% RH), while
resulting in faster degradation at lower humidity (60% RH).
We analyzed the data using an Avrami equation,””"’

y=1— exp(—kt") (4)

where k is a rate constant, n is the Avrami exponent, and y is
volume fraction converted to degradation product or extent of
transformation. The extent of transformation, y, is calculated
from the logarithmic absorptance at 600 nm, where y = [log(1
— Agoonm(t))/10g (1 — Agoonm(0))]. The fits of the Avrami
equation (eq 4) to the data in Figures 2f and 3f give Avrami
coefficient, n, that are similar for both MAPI and MAP(Bi)I,
which are close to 4 for the degradation under high humidity
(90% RH) and close to 2 under lower humidity (60% RH).
Values of n = 4 indicate that MAPI degradation occurs by
concurrent nucleation and isotropic growth of domains of
degradation product.”® Values of n = 2 indicate that the
degradation products form anisotropically, perhaps nucleating
and growing initially along grain boundaries.”> The distinct
difference in the values of n is consistent with two different
degradation pathways for the films at different humidity
conditions. The values of k for the MAPI and MAP(Bi)I films
are also significantly higher under lower humidity conditions.

The characteristic times for the films to degrade, 7 = §/1/k,
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are 16.3 and 46.3 h at RH = 90% and 11.1 and 6.2 days at RH
= 60% for the MAPI and MAP(Bi)I films, respectively. To our
knowledge, this is the first example of a humidity-specific
stability enhancement from compositional engineering in
HOIP materials. These values may vary with light
exposure,”*~*"** which could be of interest for future work.
Previously observed enhancements in MAPI stability under
humidity with various additives have been attributed to the
formation of a layered perovskite structure””*’ or an improved
film morphology.”” These effects reduce the penetration of
water vapor into the film and provide enhanced stability under
a wide range of humidity. Since Bi addition only stabilizes
MAPI at high humidity and actually reduces the stability at
lower humidity, it probably does not reduce the rate of water
vapor penetration into the film, as in these other cases, but
provides enhanced stability for a different reason. Furthermore,
the addition of Bi to the MAPI films did not have any obvious
effect on the morphology of the film (see Supporting
Information for SEM images).

The degradation of MAPI under humid conditions begins by
hydration to CH;NH;PbI;-H,O. Above ~75% RH, this
monohydrate species is stable and can be detected
spectroscopically.'®~' %> At lower humidity, it spontaneously
decomposes, either to (1) CH;NH;Pbl; and water vapor
(reversion to pristine tetragonal MAPI phase) or to (2) a
dihydrate and Pbl, (leading to further degradation).”'*'*"
The absorptance spectra of the MAPI and MAP(Bi)I films in
Figure 4a,b all have an absorption onset at 525 nm that is
characteristic of Pbl,. The films exposed to high humidity
(90% RH) show the additional onset of an absorption feature
at 430 nm, which is consistent with MAPI monohydrate.'>*”
XRD (Figure 4c) also shows peaks that correspond to MAPI
monohydrate. These observations indicate that degradation at
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90% RH occurs by the reaction pathway shown in eq 1
(monohydrate formation), whereas at 60% RH, the degrada-
tion pathway follows eq 2 (dihydrate formation).

To determine the reversibility of the MAPI and MAP(Bi)I
degradation reaction and gain insight about the role of Bi in
stabilizing the films at high humidity, films were degraded to
their clear state by exposure to 0% RH and then heated at 100
°C in air at 50% RH for 2 min to regenerate the dark state.
This dehydration step at moderate humidity can also result in
further decomposition of the monohydrate to MAPI and Pbl,,
as in eq 2. The Pbl, generated in the dehydration step provides
a signature of the relative rate of the reaction in eq 2 for the
MAPI and MAP(Bi)I films.®* This is determined from the ratio
of the absorptance of the film before exposure to humidity
Ay(A), after exposure Aaged(/l) , and after dehydration Ayepyq(4)

Adehyd(/l) - Aaged(/l)
AO(j') - Aaged(ﬂ') (5)

Higher values of 6(1) between 525 and 800 nm indicate a
higher degree of reversion to tetragonal perovskite, and a
sharper increase of 6(1) at 525 nm indicates that more Pbl,
has formed during the heating step at 50% RH. Figure Sab
shows the absorptance spectra of the MAPI and MAP(Bi)I
films, and Figure Sc shows the corresponding values of (4).
The MAP(Bi)I films have more Pbl, after dehydration than
the MAPI films. The XRD of the MAPI and MAP(Bi)I films
after the heating step, shown in Figure 5d, also shows that
more Pbl, has formed in the film with Bi. This indicates that
the rate of reaction for eq 2 is faster when Bi is present in the
film. It also explains why MAP(Bi)I is less stable than MAPI
when exposed to lower humidity conditions, even though the
rate of the reaction in eq 1 is reduced with addition of Bi and
leads to slower degradation under high humidity (90% RH).

0(2) =

B CONCLUSIONS

In conclusion, the incorporation of Bi into MAPI slows the
degradation of the film at high humidity (90% RH). At lower
humidity (60% RH), the added Bi enhances the rate of
degradation of the film. This is the result of two different
degradation pathways, which are either slowed (i.e, eq 1) or
enhanced (i.e., eq 2) by the addition of Bi. These results show
that partial substitution of Pb in HOIPs may be an effective
way to improve stability under humidity; however, more
generally, they show that the compositional engineering of
HOIPs may lead to differences in stabilization or destabiliza-
tion that depend on the actual environmental conditions, and
film stability should be tested over a range of environmental
conditions to determine the overall effect of the additive on the
stability of the material.
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