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Abstract:

Adding polymers to methylammonium lead iodide perovskite solar cell active layers has been
previously shown to increase their chemical stability, but stabilization mechanisms in these
hybrid materials are poorly understood. We report here on a structural and spectroscopic analysis
in a number of perovskite-polymer hybrid materials and compare their stability. We observed
that perovskite crystallite sizes decrease with the addition of polymers (polyethylene glycol,
polyethyleneimine, poly(acrylic acid) and polyvinylpyrrolidone), and through the use of
nanomechanical AFM showed phase contrast in the perovskite-polymer mixture. NMR and
single-crystal growth experiments reveal that acid-base interactions, as well as facet-dependent
interfacial interactions between perovskite and polymer, contribute to differences in stabilities of
these hybrid materials. The polymers investigated tend to suppress the formation of a hydrate
crystal phase that accelerates the degradation reaction, and we report that adding poly(acrylic
acid) increases significantly the stability of perovskite films under humid air and ambient
illumination. Under these controlled degradation conditions, perovskite-poly(acrylic acid) hybrid
solar cells maintain stable efficiency for the first 3 days and then slowly degrade over the next 6
days under humid air and illumination, whereas control perovskite solar cells degrade entirely
within the first 2 days. These results highlight the importance of choosing suitable functional

groups in the polymer phase of perovskite hybrid solar cells to prolong their device lifetime.
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Introduction

Methylammonium lead iodide (MAPbI;) forms perovskite crystals via solution
processing with promising optoelectronic properties for photovoltaics including high carrier
mobility,!? high absorption coefficient in the visible and near-infrared spectrum,’ and balanced
ambipolar transport.*> Perovskite solar cells (PSCs) have shown impressive gains in power
conversion efficiency over the past 6 years, from their first demonstration as sensitizers in 3.8%
efficient dye sensitized solar cells® to a champion efficiency of >22% 7 through the use of cation
(formamidinium and cesium) and anion (chloride, bromide) alloys in the active layer in addition
to many incremental device engineering improvements. Developments such as mesoporous
scaffolds,® two-step active layer processing,” planar heterojunctions,'® organic charge transport
layers,!! and compositional tuning!? have all played a role in the improvements of these devices.
However, the chemical instability of perovskite active layers has been a significant hindrance to

the widespread commercialization of this technology.

MAPDI; solar cells are known to degrade in the presence of humidity, light, or oxygen,
and many different decomposition mechanisms have been proposed and studied.!3!415.1617 One
proposed decomposition mechanism is the formation of hydroiodic acid and gaseous
methylamine through an acid-base reaction when water is added to methylammonium iodide
(MAI).'* The first step in this degradation pathway can be the formation of a solvate phase with
atmospheric humidity.'* N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and
water can all form solvates with the perovskite, a fact that has been used to beneficially control
crystal growth and formation of thin films.'>!® The solvate that MAPbI; forms with water,
(MA™),(Pbl3)-(H,0),, is an important species in the degradation process of the active layer since

it forms reversibly and spontaneously at room temperature in a high humidity environment.'® A
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recent study has also shown that even under dry conditions, the combination of oxygen and light
also degrades the perovskite rapidly.!” The proposed mechanism for this degradation pathway is
the formation of superoxide O; when O, reacts with photo-generated electrons in the perovskite
layer.!” O; then degrades the perovskite structure to methylamine, Pbl,, water, and I,. Because
of these proposed degradation mechanisms, and likely many others that have yet to be identified,
non-encapsulated PSC devices are only stable for hours, and even encapsulated devices are only

stable on the timescale of days in conditions relevant to stable outdoor operation.'®!°

Recent studies have shown that either small molecules?®2!?2 or polymers?3-24.23.26,27.28,29
can be added to the active layer to improve the active layer morphology and stability of PSCs. In
the case of organic surface modifiers,? in one study only ~3 mol% of the MAI was replaced with
alkylammonium phosphonate in the precursor solution. They propose that this zwitterionic
molecule bonds to grain boundaries of the MAPbI; crystals, and that hydrogen bonding
interactions between the phosphonic acid and MAI are important in stabilizing the MAPbI;.
Indeed, other ammonium iodide species, such as phenylethylammonium iodide, have been
shown to contribute to stability of the MAPbI; perovskite even at very low concentrations by
forming quasi-two-dimensional (2D) layers within MAPbI; crystals’®. These bulky cations
replace methylammonium in the lattice and enhance stability by forming more robust capping
layers at grain boundaries.>® With higher amounts of cation substitution, perovskite crystals can
form Ruddlesden-Popper or pure n=1 2D phases with better stability at the cost of some
optoelectronic performance.3!-32-333% Thus, these reports support the idea that molecular species
with ammonium functionality can substitute into the crystal lattice to stabilize the overall
structure while maintaining a single phase. Polymers have been known to increase the stability of

MAPDI; active layers without substitution into the crystal lattice.?3-?42326 Adding polymers to the
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spin-coating solution increases the viscosity of the solution, which in turn increases the
thickness, slows the drying rates, and changes the crystallization pathways of the perovskite
active layer.?”-?° This could be considered analogous to some small molecule additives to organic
and perovskite photovoltaics, where additives such as 1,8-diiodooctane and chloronaphthalene
are added to the spin-coating solution to control crystallization of the active layer.3521-22
However, in contrast to these small molecule additives, polymers remain in the active layer after
annealing to form a two-phase hybrid film. When 3—-6 wt% of polymer is added to the perovskite
precursor solution, it can comprise up to 25 vol% of the active layer when accounting for density
differences between the perovskite (4.1 g/cm?®)3¢ and typical polymer phases (~1.2 g/cm?).
Because of the significant volume fraction of polymer present in these films, phase separation
between the perovskite and polymer occurs, and examining the morphology of these perovskite-
polymer hybrid films as two-phase systems is critical to understanding their properties. Previous
studies?32423-26 have investigated the use of uncharged polymers such as polyethylene glycol
(PEQG), poly(methyl methacrylate), polydimethylsiloxane-urea, and polyvinylpyrrolidone (PVP)
to improve the stability of PSCs. Each of these studies demonstrated improved device stability
with added polymer compared to control MAPbI; devices under controlled humidity conditions
without illumination. The extent of added stability claimed in these studies has yet to be

systematically analyzed because the exact device and degradation conditions do vary. 3’

Polyvinylpyrrolidone (PVP), poly(acrylic acid) (PAA), and polyethyleneimine (PEI)
were investigated recently as grain boundary modifiers in PSCs.*® These polymers were added to
the perovskite precursor solution in a 1:1000 polymer:MAI ratio which is significantly less
polymer than that used in previous studies on polymer hybrids. They proposed that PVP interacts

with MAPDI; to passivate the grain boundaries, which increases efficiency and enhances stability
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in encapsulated devices stored inside of a glovebox. While their study highlighted the utility of
polymers in improving device efficiency through grain boundary engineering, the link between

polymer functionality and degradation pathways in operating conditions remains unexplored.

In this work we investigate the microstructural changes induced by the introduction of
four polymers, PEG, polyethyleneimine (PEI), PVP, and PAA in the active layer and the
mechanism by which the stability is improved by these polymers. We then investigate the effect
of polymer inclusion on the stability and performance of PSCs under humid air and ambient
light. Understanding how polymers interact with perovskite phases and how the perovskite-
polymer hybrid films form is critical to gain an understanding of how macromolecules improve
the stability of PSCs. This mechanistic understanding is also important in finding possible
strategies to minimize the negative impact polymeric phases have on their optoelectronic

properties.
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Experimental Section

Chemicals Lead iodide (Pbl,-99% perovskite grade) was purchased from Tokyo Chemical Inc.
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was purchased from

Heraeus. All other chemicals were used as received from Sigma-Aldrich.

Methylammonium iodide synthesis As described in the literature,*® methylamine solution (40%
in methanol) was reacted with hydroiodic acid (57% in water) in a round bottom flask stirring in
an ice bath. The solvent was removed with rotary evaporation at 60°C, and then the MAI was
dissolved in ethanol. MAI was precipitated from solution with diethyl ether. The MAI powder

was then dried in a vacuum oven at 60°C overnight.

Characterization Tapping mode atomic force microscopy (AFM) measurements were carried
out using a Bruker ICON system. Nanomechanical AFM measurements were utilized a Veeco
Bioscope Catalyst AFM with a ScanAsyst-Air silicon nitride AFM probe with a stiffness of 0.4
N/m, and a nominal tip radius of 5 nm. 0.3—1.2 nN of force was applied to the sample to measure
mechanical behavior, and our data was analyzed with Bruker Nanoscope Analysis software.
Force-loading curves were modeled using the Derjaguin, Muller and Toporov (DMT) model*° to
calculate the local elastic modulus. Profilometry measurements to determine film thickness were
performed on a Veeco Dektak 150 surface profiler. X-ray diffraction (XRD) experiments were
conducted on a Scintag XDS2000 using Cu Ka radiation at 40 kV and 20 mA of current, and
scanning electron microscopy (SEM) was performed using a Hitachi SU8030. Transmission
electron microscopy (TEM) experiments were performed using a Hitachi HT-7700 at 120 kV
accelerating voltage (the thickness of samples cast on TEM grids had to be thinner than typical
PSC film thicknesses (~150 nm) in order to see contrast). We prepared TEM samples by drop

casting 10 uL of solution onto a lacey carbon grid and wicking away the excess solution.
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Samples were then annealed for 10 minutes at 120°C and 10 minutes at 100°C. 'H nuclear
magnetic resonance (NMR) spectroscopy was performed using an Agilent DD2 500 MHz
instrument. For sample preparation, dimethylsulfoxide-ds was dried with 4 A molecular sieves
overnight, and the polymer, MAI, and Pbl, were dissolved in a total solid concentration of 200
mg/mL. The mass ratio of the perovskite precursors to polymer was kept at 15:1. Fourier
transform infrared (FT-IR) spectroscopy was carried out using a Thermo Nicolet Nexus 870

spectrometer in transmission mode with perovskite films ground into a KBr pellet.

Steady-state photoluminescence (PL) spectra were collected on a Horiba Nanolog
fluorimeter with an excitation wavelength of 525 nm. The PL spectra were collected using front-
face detection and corrected for CCD-detector spectral response functions and monochromator
wavelength dependence. Time-resolved photoluminescence (TR-PL) data were collected using a
Hamamatsu C4334 Streakscope streak camera system with a 525 nm excitation wavelength.
Data were collected with 5 to 500 ns windows with an instrument response function of ~2% of
the experimental window. Excitation pulses were generated with a commercial direct-diode-
pumped 100 kHz Amplifier (Spirit 1040, Spectra-Physics) that produced a fundamental beam of
1040 nm. The 1040 nm fundamental beam pumped a non-collinear optical parametric amplifier
(Spirit-NOPA, Spectra-Physics), which delivered tunable, high-repetition-rate pulses at 525 nm
(0.15 nl/pulse).

Substrate preparation Patterned ITO substrates (Thin Film Devices, 20 ohms/square) were
cleaned by sequential sonication in hexane, soapy water, milli-q water, and a 1:1:1 mixture of
ispropanol, acetone, and methanol. After drying, clean substrates were treated for 20 minutes in a
UV-ozone cleaner (Bioforce Nanosciences). Poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate (PEDOT:PSS) was filtered through a 0.45 pm nylon filter before spin-coating at 5000
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RPM with a 1000 RPM/second ramp rate for 60 seconds. PEDOT:PSS films were then annealed

at 150°C for 20 minutes in the glovebox.

Single Crystal growth Single crystals were grown via vapor diffusion from 20 wt% solutions of
MAPDI; in vy-butyrolactone (GBL) using dichloromethane as the volatile nonsolvent for
crystallization. Polymers were added to the crystallization solution before crystallization at a

concentration of 20 mg/mL in GBL.

Device fabrication Devices were fabricated in a nitrogen-filled glovebox. The spin coating
procedure for the active layer follows a slightly modified procedure from that outlined by Jeon et
al.’> For control devices, MAPbI; solutions were dissolved in a solvent mixture of 70% vy-
butyrolactone (GBL) 30% dimethyl sulfoxide (DMSO) overnight under stirring and heating at
65°C. The active layer was spin-cast onto PEDOT:PSS-coated ITO substrates for 10 seconds at
1000 RPM and 15 seconds at 5000 RPM, and then 700 pL of toluene was cast on the spinning
substrate and spun for 5 seconds at SOOORPM. For experimental devices, MAPbI; solutions with
polymer additives were dissolved in mixtures of 80% dimethylformamide (DMF) and 20%
DMSO.#! The active layer was then spin-cast for 10 seconds at 1000 RPM and 20 seconds at
4000 RPM , and then 150 pL of chlorobenzene was drop cast on the spinning substrate and spun
for 40 seconds at 4000RPM. The spin-cast layers were annealed at 120°C for 10 minutes
followed by 10 minutes at 100°C. The over-layer solution was a 16 mg/mL solution of PCBM
spin-cast at 2000 RPM. This solution was dissolved with stirring and heating at 65°C overnight
before spin-coating the solution (filtered through a 0.2 pum PTFE filter). Bathocuproine (BCP)
was dissolved at 0.5 mg/mL in ethanol and spin cast onto a 5000 RPM substrate. 50 nm gold

contacts were thermally evaporated onto the substrates at a pressure of <10 mbar using a
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shadow mask to define 4 mm? devices. Finally, devices were tested in air on a Newport solar

simulator with a Keithley 2400 sourcemeter.

Long term stability testing Polymers and perovskite-polymer blends were tested for long term
stability using saturated salt solutions inside sealed bell jars. Lithium chloride (11% relative
humidity (RH)), potassium acetate (23% RH), potassium carbonate (43% RH), calcium nitrate
(55% RH), sodium chloride (75% RH), and potassium chloride (85% RH) were the salts used to
control the relative humidity of each chamber. For film degradation testing, perovskite films
were analyzed with X-ray diffraction on a Scintag XDS2000 XRD with a copper Ka source, UV-
Vis absorption spectroscopy on a Perkin Elmer LAMBDA 1050 spectrophotometer, and X-ray
Photoelectron Spectroscopy (XPS) on a Thermo Scientific ESCALAB 250Xi at regular intervals.
For film degradation testing under 43% RH, we prepared the perovskite polymer hybrid films
with greater thickness (310nm) than the control (170 nm) in order to obtain higher signal
intensity for the polymer perovskite hybrid films in XRD. Under 85% RH, we matched the
thickness of all 4 films to that of the control (170nm). Because different polymers changed the
viscosity of the spin-coating solution, we had to optimize our perovskite and polymer
concentrations to compare films with similar polymer content and thickness. Solar cells were
degraded under 43% RH and fluorescent indoor lighting by placing them ~30 cm from a
fluorescent lamp with 4100 K color temperature. We estimated the intensity of this illumination
to be 0.5% as intense as incident solar illumination by using a photodiode to compare the

intensity of our solar simulator illumination to the conditions under the fluorescent lamp.

10
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Results and Discussion

Active layer morphology

In accordance with previous work on the incorporation of neutral polymer (PEG and
PVP) into PSC active layers,?3?*?°> we observed using AFM, XRD, and SEM that introduction of
a polymer with an acidic functional group, PAA, changes the active layer morphology (Figure
1). All three characterization techniques show that mixing PAA into the active layer leads to a
decrease in crystallite size in thin films. The AFM data (figure 1 a,b) indicate a reduction in
crystallite size along with a reduced roughness in the films. Comparing the XRD patterns (figure
1 c,d) reveals a slight broadening of the crystalline peaks, consistent with a smaller crystallite
size. More importantly, the XRD data indicate that the crystal structure of the perovskite is
preserved upon the addition of polymer. This result suggests that PAA phase separates from the
perovskite without disrupting its crystal structure when a significant volume fraction (~20%) of
polymer is incorporated into the film. SEM images of the films (figure 1 e,f) show a smaller

domain size as well, consistent with our AFM data.

TEM can reveal nanoscale structural details in the perovskite-polymer hybrid films. The
MAPDI; crystals rapidly degrade to Pbl, under electron beam illumination, but these Pbl,
domains still show dark regions of contrast in the TEM. To our knowledge, only one of the
previous studies on a perovskite polymer hybrid (MAPbI;-PEG) included TEM data,? and so
here we compare several different hybrids under the same preparation conditions to observe
differences in crystal size and faceting. Figure 2 shows the differences in morphology that
different polymer additives cause in the perovskite grains. We observe a mostly faceted crystal
structure in the MAPbI; crystals in the absence of polymer, however, when we add PAA to the

precursor solutions the individual crystals exhibit a more rounded morphology. We hypothesize

11
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that change in perovskite grain faceting behavior in perovskite-polymer hybrid films is a
consequence of polymer adhering to the perovskite grains as they grow. When we increase the
concentration of polymer in these samples, the crystal size of the perovskites is decreased
significantly for both MAPbI;-PAA and MAPbI;-polyethyleneimine (PEI). As an extreme
example, at a 7:1 perovskite/polymer ratio by mass, PEI entirely prevents crystallization of
perovskite in the film. When polyethylene glycol (PEG) is added, the faceted grain shape is
mostly unaffected, however, as we have observed through XRD and AFM measurements, the
domain size is smaller than the control MAPbI;. These observations in MAPbI;-PEG hybrids
suggest that the interaction between PEG and the perovskite grains is different from that in PAA
or PEI hybrid films. Our TEM characterization shows that differences in polymer composition
can result in differences in perovskite grain faceting. These differences have the potential to
affect the interconnectivity of perovskite grains within the active layer of PV devices. More
rounded grains would tend to have less interfacial area to contact neighboring grains, and the
grain size in these hybrid films is small enough that interconnectivity of the grains through the

thickness of the film will affect device performance.

With respect to phase contrast, the polymer phase can be observed in some instances by
TEM, but it is often hard to visualize it compared to the higher-z MAPbI; phase. We have
included micrographs showing polymer domains within very thin hybrid perovskite—polymer
samples in the supporting information (SI figure 1). These micrographs clearly show narrow
polymer domains spanning the gap between much darker perovskite grains. However, TEM has
not consistently or easily shown phase contrast in these materials because the preparation method

for TEM samples (drop-casting) does not lead to samples with reproducible thickness.

12
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To overcome the limitations of TEM characterization, nanomechanical AFM can be used
to map the local modulus and adhesion forces in perovskite-polymer hybrid films to demonstrate
phase separation because the elastic modulus of perovskite (~14 GPa)*? is significantly higher
than that of the polymers studied (figure 3). With nanomechanical AFM, we observed that
MAPDI; perovskite films have a faceted grain structure, while the MAPbI;-PAA hybrid films
have smaller grains with softer structures present at the grain boundaries. In the control sample,
the MAPDI; has a stepped structure on many of the grain surfaces, and the AFM tip adheres to a
varying degree to these surfaces. This adhesion contrast is likely due to surface charges at the
stepped surface of the crystal interacting with the silicon nitride AFM cantilever. To compare the
mechanical properties at the grain boundaries, we have included line scans over these regions as
a Supporting Information figure (SI figure 2). The grain boundaries in the MAPDbI; control
sample are softer than the crystal faces, but they do not show an increase in adhesion compared
to the bulk of the crystal. In contrast, the micrographs of the MAPbI;-PAA hybrid film indicate
that the grain boundary regions appear softer and adhere to the tip significantly more than the
surrounding grains (figure 3 d-f). This morphology indicates that perovskite grains nucleate and
grow while the PAA polymer fills space in between the grains of the material. When we
examined neat polymer films (without MAPDI;) using this technique, we observed significantly
more adhesion to the AFM tip than the perovskite films (SI figure 3). Thus, we conclude that the
local increase in adhesion to the AFM tip combined with the observed decrease in modulus

relative to the surrounding area indicates that polymer is present at the grain boundaries.

This result for MAPbI;-PAA films can be compared with those for MAPbI;-PEG and
MAPDBI;-PVP films (SI figure 4). The MAPbI;-PEG sample shows more faceted grains than the

MAPDI;-PAA sample, but the phase separation between the perovskite and polymer is similar to

13
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what we observed for the MAPbI;-PAA sample. The grain boundary regions adhere to the AFM
tip strongly which indicates that the perovskite and PEG are phase-separated. The MAPbI;-PVP
sample is interesting in that we see what appears to be a three-phase mixture in the nanoscale
morphology. We see larger, rectangular-shaped grains that have preferential faceting, and we see
smaller rounded grains mixed intimately with the polymer phase. This morphology indicates that
the spun-coat film undergoes initial phase separation between perovskite-rich phase and PVP-
rich phase, followed by crystallization of perovskite in both phases which in turn leads to larger
crystals in the perovskite-rich phase and small, PVP-embedded crystals in the PVP-rich phase.
These results demonstrate that the microstructure of the perovskite-polymer hybrid film very

much depends on the nature of the polymer used.

Film stability and intermolecular interactions

In order to experimentally simulate to some extent operating conditions that would be
relevant to photovoltaic devices, we tested the stability of perovskite-polymer hybrid films under
illumination in a humid environment. At 100% RH in air, both perovskite and perovskite-
polymer hybrid films continuously absorb water from the atmosphere and degrade fully within
24 hours. However, at lower relative humidity levels, there are significant differences in the
degradation rates of the pure perovskite and perovskite polymer hybrid films. We tested
perovskite polymer hybrid film stability at 85% RH and 43% RH under ambient illumination
(see figure 4 and SI figure 5). We examined MAPDbI;, MAPDI;-PAA, MAPDI;-PEG, and
MAPDI;-PVP at a 15:1 mass ratio of perovskite: polymer in the precursor solution and
characterized their stability using XRD and XPS. At 43% relative humidity, the films degraded
to Pbl, slowly over the course of 3 weeks (SI figure 5). The control MAPDbI; degraded within 10

days, while MAPbI;-PEG and MAPbI;-PVP degraded within 16 days, and finally the MAPbI;-

14
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PAA maintained some of its perovskite phase for 3 weeks. The accompanying XPS
measurements showed no shift in the oxidation state of the Pb?*" over the course of the
experiment, only a gradual reduction in the strength of the nitrogen signal as methylamine
evaporated from the films. This contrasts with the results we found under 85% relative humidity
(Figure 4). The general trend in stability is the same between the two humidity conditions:
MAPDI;-PAA is more stable than MAPbI;-PEG and MAPbI;-PVP which in turn are both more
stable than the control MAPbI;. However, the XRD for the 85% RH samples shows that the
control MAPbI; film undergoes a phase transformation to a hydrate phase, and the presence of
polymers appears to suppress this hydrate phase formation. This hydrate phase shows peaks in
the XRD data at 26 = 8.5 and 10.5 degrees which match those recently reported for the hydrate
phase (MA™),(Pbls’)-(H,0),.1% This study!¢ proposed that the hydrogen bonding ability of the
solvent molecules, in this case water, affects the speed at which the hydrate phase is formed.
Here, we observed that when polymer is present on the surface of the grains, the water-based
hydrate phase (MA™),(Pbl;)-(H,O), is not formed. The evidence of degradation to a different
phase implies that the degradation proceeds through a different mechanism when polymer is
present at the crystal surface. The XPS spectra show that the Pb?" is reduced to Pb? at 85% RH in
the MAPDI;-PVP sample, which is a phase transition that is not observed for the other samples.
The reduction of Pb*" to Pb® also implies that the MAPbI;-PVP system follows a different
degradation pathway than the other MAPbIz-polymer systems. PVP acts as a surface stabilizer,
growth modifier, and reducing agent in the field of nanoparticle synthesis,** and thus, this XPS
data suggests that it is interacting with the surface of the MAPDI; crystals in a similar fashion

leading to a reduction of the Pb>" to Pb® during the degradation of the perovskite.
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To explain our observations of differences in stability between the perovskite control and
the various perovskite-polymer hybrid thin films, we focused on chemical differences among the
polymers used. Based on the previous hypothesis proposed for the MAPbI;-PEG hybrid,?? water
absorption experiments on the polymers were performed to investigate if there was any
correlation between absorption and stability. We found that while different polymers absorbed
significantly different amounts of water in humid conditions, these differences did not correlate
to our film stability observations (SI figure 6). Next, we performed FT-IR experiments to
characterize chemical interactions at the surface of MAPbI;-polymer powders (we have included
the FT-IR data in SI figure 7). We observed that in the case of PVP, the carbonyl stretch peak at
1633 cm’' became narrower in width with a slight shift to a lower wavenumber for PVP
suggesting proton-accepting hydrogen bond formation.>* The narrowing of the carbonyl peak
was also observed in PAA at 1710 cm’!, but a noticeable shift was not observed. Due to the
broad nature of the peaks and peak overlaps between perovskites and polymers in the range of
2500-3500 cm! where O-H stretching bands are typically observed, it was determined that different
techniques are necessary to further investigate the intermolecular interactions involved. Thus, to explain
the differences in stability between the various MAPbI;-polymer systems, we carried out a more
thorough investigation of chemical stability using NMR spectroscopy and single crystal growth

to better understand the mechanism for increased film stability.

To probe the interaction between the polymers and the perovskite precursors in solution,
we performed NMR experiments in an environment that simulates the casting solution. Figure 5
shows a series of NMR spectra of the MAPbI; precursor solution and MAPbI;-polymer
precursor solutions in DMSO-ds. The peak at 7.23 ppm, corresponding to the ammonium

protons, shifts downfield and sharpens upon addition of acidic polymers such as poly(glutamic

16
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acid) (PGA) or PAA, remains at the same position upon addition of neutral polymers such as
PEG or PVP, and shifts upfield upon addition of basic polymers such as polyethyleneimine.
Additionally, SI figure 8 shows a corresponding broadening and upfield shift of the carboxylic
acid protons on PAA when mixed with MAPDI; precursor solution. This trend points to acid-
base type interactions between MAI and the ionizable group of each polymer. We note that we
did not observe a strong interaction between methylammonium iodide and PEG, as claimed in a
previous study,? possibly due to our careful control of water levels in the sample preparation

such as vacuum oven drying and storage in a nitrogen-filled glovebox.

Acid-base interactions have previously been shown to have a significant impact on the
crystallization and stability of perovskite thin films. It has been shown that the formation of
perovskite hydrate phases is dependent on the hydrogen bond acceptor strength of the solvent!®
which is water in the case of atmospheric degradation. Our NMR data suggest that the hydrogen
bonding ability of the methylammonium cations in solution are affected by the presence of
polymers, and therefore we propose that these chemical interactions are important to the stability
of the perovskite phase. As an analogous example, MAPbI; films are particularly unstable on
ZnO surfaces because the basic ZnO surface deprotonates the methylammonium leading to rapid
degradation.** Acidic oxides such as TiO, are more compatible with the crystallization of
MAPDI;, and so the increased stability we observe with acid-functionalized polymers is
consistent with these previous studies. Therefore, based on our film stability experiments and
NMR observations, we propose that the proton-donating hydrogen bonding ability of the PAA to
the MAI, in contrast to PVP and PEG, competes with the ability of atmospheric water vapor to
bond to the MAI and form the perovskite hydrate phase (MA™),(Pbl;")-(H,0),, resulting in the

blocking of the perovskite degradation pathway and film stability.
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While NMR captures some of the interactions between these species in solution, there are
also chemical interactions between the surface of the crystal and the polymer species that affect
crystal formation and thin film morphology. To characterize these differences, we grew crystals
via solvent vapor diffusion of MAPbI; with PAA, PEG, and PVP dissolved in the crystallization
solution (Figure 6). When the crystals are grown with polymer present, the crystal growth rate is
slowed compared to the MAPDI; control leading to smaller crystal sizes. MAPDI; crystals
without polymer exhibit a mixture of (100)-type and (110)-type faceting. The MAPbI;-PEG
hybrid shows preference for (110)-type faceting leading to an elongated dodecahedron
morphology. MAPbI;-PAA and MAPDI;-PVP grow with mainly (100)-type faceting and appear
cuboid-shaped, although the MAPDbI;-PVP crystals are less faceted overall. The differences in
faceting between the various polymers are likely due to differences in polymer adhesion to and
interaction with the growing crystal faces. We hypothesize that neutral polymers such as PEG
would tend to adhere to more neutral crystal faces, while polymers with polar interactions with
the MAPDI; such as PAA and PVP would tend to adhere to more charged crystal faces. We have
included atomic models of the MAPbI; cut along the (100) and (110) planes (see SI Figure 9).
When the crystal is truncated along (110)-type planes, the resulting crystal face is either
positively charged (a higher concentration of Pb?>* and MA* compared to I) or entirely negatively
charged (I'). When the crystal is truncated along (100)-type planes, however, the growth is
significantly closer to being charge neutral because (100)-type crystal truncations have a mixture
of positively and negatively charged species. Thus, as the crystals grow, polymers with polar
interactions to the perovskite, PAA and PVP, would tend to adhere to charged crystal faces such
as (110)-type planes and slow those growth directions. Similarly, polymers lacking polar

interactions with the perovskite such as PEG would tend to adhere to more neutral crystal faces
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such as (100)-type planes while allowing the (110)-type planes to grow. If we re-examine the
morphology of our perovskite-polymer thin films considering our observations on the single
crystal growth we can explain more of the structural features present. First, we observe that in
the MAPbI;-PVP sample, one of the phases present in that film is a cuboid-like structure.
Second, we observed a higher amount of faceting on the MAPbI;-PEG samples in TEM which is
consistent with what we observe in the single crystal growth. These two observations indicate
that at least some of the chemical interactions we have observed in the single crystal growth and
NMR studies can be used to explain the thin film morphology. Overall, using both microscopy
and spectroscopic techniques, we have demonstrated that chemical interactions between the

perovskite precursors and polymers affect the hybrid film morphology and degradation pathway.

Photovoltaic performance and stability

The goal of adding polymers to the active layer of the perovskite solar cell is to increase
the stability of devices. We designed these devices so that the interlayers and contacts last longer
than the active layer under conditions known to lead to degradation. Typical hole transport
materials (HTMs), such as Spiro-OMeTAD and polytriarylamine, are not compatible with long
term device stability, since the additives used on these HTMs to increase hole mobility and
improve wetting properties (4-tert-butyl pyridine and lithium bis(trifluoromethane)sulfonamide)
tend to dissolve and oxidize the perovskite active layer.* Therefore, we designed our devices
with an ITO transparent contact, PEDOT:PSS hole transport layer, perovskite active layer, [6,6]-
phenyl-C61-butyric acid methyl ester (PCsBM) electron transport layer, bathocuproine (BCP)
exciton blocking layer, and gold counter electrode (SI figure 10). We chose gold as the counter
electrode material because as the active layer decomposes, the released iodine can react with a

silver or aluminum counter electrode in the presence of humidity, corroding the device contact.
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We then proceeded to optimize device performance for the control devices and for the perovskite

polymer hybrid devices.

Representative J-V curves for MAPbI; and perovskite-polymer hybrid solar cells are
included in the supporting information (SI figure 11). MAPbI;-PVP devices exhibit significantly
lower efficiency consistent with their smaller crystal size and the previous report on their
photovoltaic performance.”* MAPbI;-PEG devices exhibited high current values and a higher
amount of hysteresis than the other devices, and this behavior is also somewhat consistent with
the previous report on MAPbI;-PEG.?® Device stability tests were therefore performed on
MAPDbI; and MAPDI;-PAA because our data shows that MAPDbI;-PAA films have reasonable

efficiency, low hysteresis, and the highest stability in our film stability tests.

Optimized PSC and polymer hybrid PSC device performance and stability over time are
plotted in figure 7. We exposed the cells to a controlled air environment with 43% relative
humidity under ambient indoor illumination. The inclusion of PAA into the active layer reduces
the peak power conversion efficiency (PCE) of the solar cells from 13% in pure PSCs to 9% in
PAA hybrid PSCs, but increases their longevity significantly. The pure PSCs lose 50% of their
original PCE within 24 hours, and they degrade to significantly less than 1% efficiency within 2
days. The PAA hybrid PSCs, however, retain their initial PCE for 3 days and slowly degrade to
50% of their original efficiency over 8 days. The device stability results under illumination are
consistent with the film stability results that we obtained, showing that devices incorporating
PAA into the active layer increase their long-term stability under humidity and illumination. We
then compared MAPbDI; devices to 20:1 MAPDbI;-PAA devices aged in the dark at 43% relative
humidity for two weeks (SI figure 12). We find that the MAPbI; devices have an initial 6-day

period of stable PCE followed by a moderate decline in efficiency over the next 8 days. The 20:1
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MAPDI;-PAA devices degrade at a slower but steady rate starting from day 1, and so they

degrade in about the same amount of time as the MAPbI; devices.

The initial stability of the control devices can be explained by changes in the
stoichiometry of the perovskite grain boundaries. It has been reported that slight excesses of Pbl,
in the grain boundaries can be beneficial to the open circuit voltage and Jy.*® Thus, as the
devices start to degrade, the initially stoichiometric mixture becomes slightly Pbl, rich, which is
beneficial to the overall performance. Pbl, has been shown to passivate the surface of MAPbI;
grains which suppresses charge recombination.*’” However, as a bulk phase Pbl, has significantly
poorer charge transport properties than those of the perovskite.*® Therefore, as degradation
progresses, excess Pbl, accumulates further and rapidly reduces the efficiency of the devices.
When we consider that the grain boundaries of the MAPbI;-PAA films are coated with polymer
instead of Pbl,, it is likely that local changes in stoichiometry at the grain boundaries are not
possible. Instead, the MAPbI;-PAA devices degrade at a slower, but steady rate. It remains
surprising that the 20:1 MAPbI;-PAA devices degraded as quickly as the MAPDI; devices in
dark and humid conditions because our film stability experiments showed that the MAPbI; film
degrades more quickly than the MAPbI;-PAA film. However, those experiments characterize
only the bulk degradation rate and do not measure degradation at the interface between the
perovskite and surrounding layers. In PSCs, degradation of the interface of the active layer with
the transport layers is sufficient to degrade device performance. We observed that at the 14-day
time point under dark and humid conditions, both the control and PAA-hybrid PSCs still appear
to have a brown color. Thus, the interfaces of these films with their contact layers must have

degraded over time.
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To mitigate the negative effects of reduced grain size on device performance in
experimental devices, we took steps to increase the size of our perovskite grains. We have
increased grain size in these films by increasing annealing temperature to 120°C as well as
changing the spin-coating solvent mixture to a DMF/DMSO mixture for our experimental
devices (SI figure 13). One of the challenges associated with creating hybrid perovskite-polymer
devices is the reduction in short circuit current density (Js.) and fill factor (FF) for these devices.
Whereas the control MAPbI; devices had J~18 mA/cm? and FF= 0.75, even under our best-
optimized conditions, devices with PAA had J;~15 mA/cm? and FF= 0.65. The changes in
processing conditions that we used to increase grain size significantly improved the photovoltaic
performance of the MAPbI;-PAA hybrid PSCs, and these optimized devices demonstrated a

significant improvement in stability compared to the control under humidity and illumination.

To investigate the effect of a polymer phase in the active layer on carrier lifetime we
performed steady-state and time-resolved photoluminescence (TR-PL) experiments on our
perovskite-polymer hybrid films. The steady-state PL emission shows that MAPbI;, MAPbI;-
PAA and MAPDL;-PEG have emission maxima between 760 and 770 nm while MAPbI;-PVP
has a maximum near 730 nm (SI figure 14). In the TR-PL experiment, we observed that
MAPDI;-PAA and MAPDI;-PEG samples have a longer PL lifetime compared to the MAPDI;
control (SI figure 15). With respect to MAPbI; -PVP, there is a PL decay process comparable to
the MAPbI;-PAA and MAPbI;-PEG samples at ~730 nm (<10ns) and a much slower decay
process (42 ns) that can be observed at ~765 nm (SI figure 16). This red-shift in PL is unique to
the MAPDI;-PVP sample, and it may be a result of the two distinct perovskite phases we found in
the morphological study leading to different carrier decay processes. Carrier lifetime in these

films can be affected by crystallinity of the perovskite phase, and we observed that the MAPbI;-
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PVP film has the lowest crystallinity of the samples tested. Our TR-PL results are generally
consistent with the trend of higher PL lifetime in polymer-containing films than in the control
MAPbI; films observed in previous work on TR-PL in perovskite-polymer hybrids.’® In that
study, higher PL lifetime was attributed to a reduction in the nonradiative recombination rate in

the polymer-containing samples.38

From our TR-PL result, we therefore attribute the lower fill-factor in hybrid perovskite-
polymer devices to increased series resistance in the device rather than reduced carrier lifetime
because the PL lifetime is not decreased in the hybrid films. The added series resistance can be
attributed to smaller grain sizes necessitating charge transport across many more grain
boundaries through the thickness of the device. This effect can be somewhat mitigated by
making a thinner active layer. Adding less polymer to the system can also improve the initial
electronic performance, as demonstrated previously,®® but from our own observations, adding
less polymer to the active layer reduces the longevity added to the device. This trade-off between
performance and stability needs to be considered in the design of any future perovskite-polymer
hybrid solar cells. It remains to be seen if the device processing approaches shown in other work
to produce significantly larger grain sizes and high-performance devices®® can be combined with
our observation that the acidic functionality of PAA tends to increase film stability the most
under humid and illuminated conditions. Overall, the inclusion of PAA into PSCs tends to
greatly increase the stability of the device under illuminated conditions at the expense of a

modest amount of its starting efficiency.
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Conclusions

We have demonstrated that incorporation of PAA, PEG, and PVP into the active layer of
perovskite solar cells causes changes to the faceting of the perovskite grains and improves
stability by changing the degradation pathway. These changes in morphology and stability are
the result of acid-base interactions between the polymer functional groups and methylammonium
in the perovskite. Utilizing these observations, we have demonstrated significant improvements
in device stability under humid, illuminated conditions in MAPbI;-PAA hybrid PSCs. We
envision that this study provides insights into rationally designing polymer additives with
multiple functionalities such as ultraviolet protection, water vapor permeation barrier, or charge

transport, towards more reliable hybrid perovskite-organic solar cells.
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Figure 1. Comparison of perovskite grain structures with and without polymer additives. AFM
height a), b), phase c¢), d), XRD e), ), and SEM g), h) of MAPbI; perovskite and MAPbI;

perovskite mixed with poly(acrylic acid). All 3 techniques show a reduction in grain size without
showing contrast between polymer and perovskite domains.
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Figure 2. TEM images of drop-cast perovskite and perovskite/polymer hybrid films. Left
column samples have mass ratios of perovskite to polymer of 15:1, while right column samples
have 6:1. As we go down the columns, the crystal size gets smaller and the crystallization
becomes more disrupted by the presence of polymer.
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Figure 3. AFM height (a,d), log(DMT modulus) (b,e), and adhesion (c,f) micrographs of
MAPDI; (a-c) and 15:1 mass ratio MAPbI;-PAA (d-f).
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Figure 4. XRD (a-d) and XPS (e-h) of MAPbI; and MAPbI;-polymer hybrid films aged at
85%RH under illumination. The new peaks appearing in the XRD of the MAPbI; sample at 8.5
and 10.5 degrees correspond to (MA™),(Pbls’)-(H,0), hydrate phase formation. The new peaks
appearing in the XPS data for the MAPbI;-PVP sample correspond to Pb°.
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Figure 5. NMR spectra of the perovskite precursor solution and perovskite/polymer precursor
solutions in DMSO-d,. The peak at 7.23 ppm, corresponding to the ammonium protons, shifts
downfield and sharpens upon addition of acidic polymers such as polyglutamic acid or
polyacrylic acid, remains at the same position upon addition of neutral polymers such as
poly(ethylene oxide) or polyvinylpyrrolidone, and shifts upfield upon addition of basic polymers
such as polyethyleneimine.
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Figure 6. Single crystal growth of MAPbI; with various polymers added to the crystallization
solution. MAPbI; alone exhibits a mixture of (100)-type and (110)-type faceting. MAPbI;-PEG
shows preference for (110)-type faceting leading to an elongated dodecahedron morphology.
MAPDI;-PAA and MAPbI;-PVP grow mainly (100)-type faceting, although the MAPbI;-PVP
crystals are less faceted overall. (Scale bar: 50 pm)
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Figure 7. Perovskite solar cell stability over time under 43% relative humidity in air with
illumination. Error bars indicate standard deviation across n=7 devices.
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Chemical and morphological origins of the improved stability in various polymer-
perovskite hybrid thin films under ambient environmental conditions are investigated.



