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Abstract

Adding a large A-site cation, such as dimethylammonium (DMA), to the perovskite growth
solution has been shown to improve performance and long-term operational stability of halide
perovskite solar cells. To better understand the origins of these improvements, we explore the
changes in film structure, composition, and optical properties of a formamidinium (FA), Cs, Pb,
mixed halide perovskite following addition of DMA to the perovskite growth solution in the ratio
DMAo.iFA0.eCso.sPbOo.sBro.ab. Using time-of-flight secondary-ion mass spectrometry (TOF-SIMS)
we show that DMA is indeed incorporated into the perovskite, with a higher DMA concentration
at the surface. Using a combination of PL microscopy and photo-induced force microscopy-based
(PiFM) nanoinfrared (nanolR), we demonstrate that incorporating DMA into the film leads to
increased local heterogeneity in the local bandgap, and clustering of the local formamidinium
(CHsNz21 composition. In addition, using nano-X-ray diffraction, we demonstrate that DMA
incorporation also alters the local structural composition by changing the local d-spacing
distribution and grain size. Our results suggest that compositional variations in the organic
cations at the A-site drive the structural heterogeneity observed in case of DMA incorporated
films. Our results also suggest that while current-DMA-additive based approaches do have
benefits to operational stability and device performance, process optimization to achieve local
compositional and structural homogeneity could further boost both of these gains in

performance, bringing further gains to solar cells using DMA additives.
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Halide perovskite solar cells have demonstrated rapid improvements in power conversion
efficiencies (PCE), with the current single junction cell record being 25.5%, the Si/perovskite
tandem record at 29.5%, and the all-perovskite 2-terminal tandem at 24.3%.1 Nevertheless,
these efficiencies are still below the theoretical efficiency of (~32%) for a 1.5 eV single junction
perovskite cell, or (~43%) for an ideal perovskite tandem.2 Many of these limitations are due to
open circuit voltage losses in working cells,3-16 especially in wide-bandgap perovskites needed
for optimal tandem cells.2,7'8'12'17-20

As a result, researchers have tried many approaches to achieve stable, wide-bandgap
perovskites, including both tuning the X site2,1421 (particularly with Br incorporation), as well as
tuning the A-site,12,17,22-25 in the general ABXg structure of halide perovskites. Tuning the A-site
can indirectly alter the bandgap by changing the octahedral tilt and thus, the electronic orbital
overlap.12,17,22-24 For instance, Stoddard etal. reported the use of a large organic cation such as
guanidinium (GA) to increase the bandgap.i7 Rajagopal et al. reported the use of
phenylethylammonium (PEA) to increase the bandgap as well as improve the relative quasi-fermi
level splitting w.r.t the bandgap.12 Recently, Palmstrom et al. demonstrated the use of another
large organic cation, dimethylammonium (DMA), to increase the bandgap as well as the long-
term operational stability of the resulting devices.24,25

Although tuning the A-site using large organic cations has demonstrated improvements
in the device performance and operation stability,12,17,24,25 correlated in many cases with changes
to macroscopic crystal structure;25 the impact of A-site tuning with large organic cations on the
microscopic chemical and structural properties remains largely unknown, although it would be

expected to be significant. Here, by "large organic cations”, we mean cations with a large enough
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ionic radii that they would not form a 3D perovskite structure according to the empirical
observations based on established Goldschmidt's tolerance factor (between 0.8-1.0 for 3D
perovskites).23,26,27 Although the macroscopic shift in bandgap with DMA addition has been well
explained in previous work,25 the origins of performance and stability enhancement following
DMA addition remain an open question. It is plausible that DMA has a local chemical as well as a
local structural effect. Herein, we investigate the effects of using DMA in the mixed cation and
mixed halide system initially reported by Palmstrom and Eperon et a/.,24'2%
DMAIioFAsoCs3oPb(lsoBrz20)s, referred to as DMA10 for brevity. We compare the DMA10 system to
control systems without DMA, FA80Cs20Pb(I80Br20)3 and FAe7Cs33Pb(lsoBr20)3, referred to as Ctrl
80/20 and Ctrl 67/33, respectively. Ctrl 80/20 has a bandgap of 1.65 eV and is the starting
composition from where we tune the DMA incorporation to get DMA10.24 Ctrl 67/33 has the
same FA/Cs ratio as the DMA10 composition and serves as additional control to help investigate
the impact of DMA on the A-site, ruling out any influence that could be due to increase in Cs in
the solution or lower FA/Cs ratio, as in Ctrl 80/20 (see Sl for details on sample fabrication at
multiple institutions and UV-Vis- Figure Sl).

In order to understand the chemical composition of the DMA10 and control films, we
perform time-of-flight secondary-ion mass spectrometry (TOF-SIMS). TOF-SIMS has been used to
investigate the chemical composition in various different perovskite compositions.14,28"31 To
analyze the molecular fingerprints in the mass spectra, we first identify and label the relevant
characteristic peaks from the raw TOF-SIMS spectra. Next, we use a dimensionality reduction
method, principal component analysis (PCA), on the labelled TOF-SIMS spectra. PCA has been

widely used for TOF-SIMS spectral decomposition32"35 as well as for other dimensionality
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reduction problems.36 Using PCA, we decompose the labelled TOF-SIMS spectra data from 31
different spectral dimensions to 3 principal components that explain over 99% of the observed
variance in the spectral data for different samples (Figure S2). Figure la plots the first principal
component vs the second principal component for DMA10 and control films. We note that all the
DMA10 samples cluster together and are well-separated from each of the different control
samples clusters. This well-separated clustering indicates that there are distinct chemical
differences between the three different sample groups — DMA10, Ctrl 67/33, and Ctrl 80/20 - as
one might expect from their different growth stoichiometries. In other words, adding DMA to the
precursor solution leads to chemical variations in the resulting film as measured by the resulting
mass-spectra. The largest variations between the DMA10 samples and the control samples occur
along the first principal component (Figure la). The loadings plot (Figure S3) corresponding to
the scores of the first principal component shows the highest loadings are for the peaks with
mass to charge (m/z) ratios of 45.05, 46.06, and 73.08, which correspond to FA, DMA, and
C3HIN2+. The higher loadings indicate that the variations observed along the first principal
component are primarily due to the differences in amounts of these mass numbers present in

the different samples.
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Figure 1. TOF-SIMS analysis of halide perovskite films prepared with the compositions
DMAioFA60Cs30Pb(I180Br20)3 (DMA10), FAeyCsggPbflsoBrzoH (Ctrl 67/33), and FAsoCszoPblUoBrzoH
(Ctrl 80/20). a) Principal component analysis (PCA) of TOF-SIMS spectra data collected for DMA
10, Ctrl 67/33 and Ctrl 80/20 thin films. Plot of the first principal component vs the second
principal component for the DMA10, Ctrl 67/33, and Ctrl 80/20 samples, b) Intensity of the
m/z=46.06 (DMA peak) relative to the total intensity counts from TOF-SIMS spectra for DMA10,
Ctrl 67/33, and Ctrl 80/20. c) TOF-SIMS depth profile of the positive ions (FA, Cs, Pb, DMA, Si)

in a representative DMA10 film.

Figure Ib shows the normalized relative intensity for the m/z=46.06 peak, which
corresponds to DMA. Importantly, we observe that this peak for m/z=46.06 is only present in the
samples with DMA added, indicating that DMA is incorporated into the film from the precursor
solution despite the larger size (2.72 A, that would lead to tolerance factor greater than 1). This
observation is generally consistent with our previous results.25 In addition, the TOF-SIMS intensity
data for m/z=45.05 peak (FA) (normalized to the total counts) qualitatively agrees with the
amount of FA added to the precursor solution (Figure S5) i.e., Ctrl 80/20 has a more intense FA
peak than both the Ctrl 67/33 and the DMA10 films (60% FA). The TOF-SIMS data also confirm
the same qualitative trends in Cs intensity, with the relative Cs signals determined from TOF-SIMS
tracking the concentrations in the precursor solutions (Figure S6).

To understand the chemical variations associated with DMA addition as function of depth
in the thin film, we took TOF-SIMS depth profiles. Figure Ic shows a representative depth profile

showing the intensity of the FA, Cs, Pb, and DMA ions in DMA-incorporated thin films. Increasing
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sputter time indicates increasing depth into the film. We observe that the DMA intensity is
highest at the surface, and then decreases with increasing depth before reaching a relatively
constant level in the bulk of the film. The FA and Cs intensities show the opposite trend from
DMA: notably, their concentration is lowest at the surface, and increases as we probe past the
surface layer, before reaching a relatively constant value throughout the bulk. We observe similar
intensity depth profiles across different samples and regions (Figure S7). We note that despite a
higher concentration of DMA at the surface, using XRD we do not observe a secondary 2D phase
(Figure SS), consistent with previous reports of no secondary 2D phases at 10% DMA addition.24
Finally, we also observe relatively constant intensity profiles across the depth for | and Br (Figure
S9), indicating there is relatively little variation in halide distribution throughout the depth of the
film. The intensity depth profiles for the positive ions along with the TOF-SIMS spectra data
suggest that although DMA is incorporated throughout the film, the overall incorporation is non-
uniform with a higher concentration of DMA at the top surface. The higher concentration at the
top surface suggests that the higher performance for DMA-incorporated films observed by our

co-authors24,25 could possibly originate in part due to surface passivation by DMA.
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Figure 2. PL spectroscopy images of (a) DMA10, (b) Ctrl 80/20, and (c) Ctrl 67/33 thin films, local
PL spectra were acquired at each pixel and normalized to the mean PL peak position for each
image. The z-scale in (a), (b) and (c) are kept constant. See Figure S1lI for unnormalized images.
The histograms in (a), (b), and (c) have the same scale as the z-scale in the respective images,
(d) Box plot of median absolute deviation of the local PL spectra for DMA10 (n=42), Ctrl 67/33
(n=13), and Ctrl 80/20 (n=14) thin films. The boxes show quartiles of the data, and the whiskers

extend to capture the rest of the distribution. The scatter points are individual data points.

Next, we collect bulk PL spectra for representative DMA and Ctrl 80/20 thin film samples
(Figure S10). We observe a broader FWHM for the DMA 10 sample compared to the Ctrl 80/20
sample (Figure S10). This broader PL linewidth following DMA addition is noteworthy because,

in general, a narrower PL linewidth should be associated with higher performance.
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To investigate origins of the varying PL linewidths, we acquire spatially resolved local PL
spectra on DMA10 and control thin films. Figures 2a-c show images of local PL peak position for
representative DMA10, Ctrl 80/20, and Ctrl 67/33 thin films, respectively. We find that the DMA
incorporated films have a greater variation in the local PL peak position (Figure 2a). The PL
spectral maps of the DMA10 films show distinct regions of higher and lower PL peak position,
indicative of local compositional variations in the DMA-incorporated film.  This local
heterogeneity explains the broadening of the PL linewidth observed upon DMA addition both
here in this work and by Palmstrom et at,24 In contrast, we do not observe similarly large
variations in the PL peak positions for the control films, Ctrl 80/20 (Figure 2b) and Ctrl 67/33
(Figure 2c). Furthermore, we quantify the variations in the local PL peak positions using the
median absolute deviation metric, which provides the median of the absolute deviation of
individual data points from the sample median. Median absolute deviation is more robust against
outliers compared to mean and standard deviation.37 Figure 2d shows the median absolute
deviation of the PL peak positions for different DMA incorporated and control thin films. DMA10
films have a 1.5x higher median absolute deviation compared to the control films, quantifying
the higher local PL variations in individual DMA incorporated films compared to Ctrl 67/33 and
Ctrl 80/20 thin films. This result is consistent with the visual observations made from Figures 2a-
¢ and is strong evidence for the presence of underlying local compositional variations in the

DMAA10 thin films.
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Figure 3. Local diffraction intensity overlaid by local (/-spacing of the (211) reflection for (a)
DMA and (b) control films, (c) Distribution of d-spacings in (a-b). (d) Distribution of grain sizes
including both (211) and (022) orientations. The boxes show quartiles of the data, and the

whiskers represent 2.5 quartiles. The scatter points represent individual grain measurements.

To investigate the local structural impact of DMA additive, we characterize the film
microstructure by synchrotron nanoprobe X-ray diffraction (nXRD). Using spatially resolved
rocking curves taken about the (211) and (022) reflections over 900 pm2 of DMA and Ctrl 80/20
films, we find that the addition of DMA produces nanoscopic domains with higher d-spacing than
those present in the control sample. The (211) and (022) reflections were specifically chosen for
their Bragg angles, which do not overlap with those of any other phases expected in our sample
by either phase segregation, decomposition, or unreacted precursors (Figure S12). The nXRD data
resolve diffraction intensity across both real and reciprocal space (Figure S13), enabling the
separation of signal from individual diffracting grains (Figure S13-S14). Figure 3a-b shows the d-
spacing extracted from the (211) rocking curves. We note that only regions of the film that are
oriented along the <211> direction are visible in Figure 3a-b, and the film is contiguous despite

the patchy appearance in the diffraction maps (Figure S17). Figure 3c shows the distribution of
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d-spacing for DMA10 and Ctrl 80/20 films. We observe that upon DMA incorporation, the (211)
d-spacing distribution changes from a bimodal distribution (for Ctrl 80/20 film) to a trimodal
distribution, with a third mode at higher d-spacing for DMA10 film (Figure 3c). The (022) d-
spacing distribution also changes from bimodal to trimodal upon DMA incorporation (Figure S16).
We also observe that DMA-containing films have reduced grain size, with the Control 80/20 films
having a 1.7x median and 3.8x maximum grain size compared to the DMA films across both <022>
and <211> orientations (Figure 3d). Here, the grain size is determined by segmentation and
measurement of the spatial scattering intensity at each diffracting point in reciprocal space (see
S| for details on grain size extraction).

We also acquire nanoscale X-ray fluorescence (nXRF) at the same film location using the same
measurement geometry as the nXRD rocking curves (Figure S17). We perform a pixel-by-pixel
comparison of local composition to local d-spacing (Figure S18), however, we do observe a strong
correlation between local halide composition and local c/-spacing. Analysis of Variance (ANOVA)38
comparison of composition distributions across film regions belonging to each of the distinct
modes in the c/-spacing distributions at each reflection also fails to show a consistent relationship
between local composition and d-spacing (Figure S19). The lack of correlation is not surprising
given that we are unable to observe DMA or FA using nXRF with our 9 keV probe used. We do,
however, note that the local halide composition (I/Pb ratio) and local cesium content (Cs/Pb
ratio) are insufficient to explain local d-spacing. This observation suggests that compositional
variations in the organic cations at the A-site must be driving the variation in d-spacing between

grains.
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Figure 4. Photo-induced force microscopy (PiFM) of DMA10 thin films, (a) PiFM spectra of two
regions on a representative DMA10 thin film showing large variations in the peak at 1714 cm
1, corresponding to FA. (b) PiFM image of DMA10, Ctrl 67/33 and Ctrl 80/20 films acquired at
1714 cm™, tracking local FA composition. The PiFM signal is normalized to the individual sample

average.

In order to explore possible chemical origins for the PL heterogeneity and c/-spacing
changes, we use photo-induced force microscopy (PiFM) to acquire nano-infrared (nanolR)

spectral maps of the films. PiFM uses a tunable IR laser to probe the local surface (~10 nm)
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chemical vibrations in the material and has been used to study the local composition of organic
and inorganic molecules.36,39-41 Here, we aim to probe the local composition of the organic
cations in the DMA10 film. Figure 4a shows the PiFM spectra for two different regions in a
representative DMA10 film. From the PiFM spectra, we observe the largest variations in PiFM
signal intensity at the 1714 cm't wavenumber, corresponds to the C=N stretch in FA. We then use
the 1714 cm™ FA peak to image the local FA composition in DMA10 and control films. Figure 4b
shows the local FA composition for representative DMA10 and control thin films. We observe
that the DMA10 films (Figure 4b) have distinct regions of high and low PiFM signal, corresponding
to high and low FA concentration, respectively, in the volume probed by the PiFM. The spatial
variations in FA composition are greater in DMA10 thin films compared to the Ctrl 80/20 and Ctrl
67/33 thin films (Figure 4b). These observations are consistent across samples from different
batches (Figure S21). Figure S22 shows a higher spatial resolution PiFM image at 1714 cm™ for a
DMA10 film. We observe that there are entire domains (~300 nm median size) with relatively
lower FA signals (~68 /A/ on average) than their neighboring regions (~190 juV on average),
indicating a significant level of local FA heterogeneity introduced with DMA addition. We note
that these local FA compositional variations observed in the DMA-incorporated samples are not
simply due to the higher Cs loadings (Figure S23) in these films. We confirm this conclusion by
examining Ctrl 67/33 films which has an identical FA/Cs ratio and similar Cs loading to the DMA10
thin films; however, in these films we do not observe the same level of local FA heterogeneity as
in the DMA10 samples (Figure S23). Together, these results indicate that the addition of DMA via
this deposition method results in increasing local chemical compositional and structural

heterogeneity, as reflected by increased PL linewidth, increased local spatial variations in the PL
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spectra, increased d-spacing heterogeneity and increased variation in the FA composition. This
heterogeneity is observed both laterally and vertically, with inhomogeneous lateral distribution
and the observation of increased DMA vs FA/Cs at the film surface. Taking these observations
together, we propose that while DMA is incorporated throughout the perovskite material (as
confirmed both by TOF-SIMS and the bulk increase in bandgap), when using this solution-based
deposition method, perovskite material with even richer DMA content nevertheless forms at the
surface, in an inhomogeneous manner.

The conclusion that we observe both vertical and lateral inhomogeneity in DMA-
incorporated perovskite films is unexpected. Films made in the same way and of the same
composition show enhanced device performance.24-25 It is worth noting that we carried out these
measurements on films fabricated both at National Renewable Energy Lab (where devices with
improved performance are fabricated) and at University of Washington, with effectively identical
results on films made in both places. Typically, we expect less homogeneous materials to result
in less well-performing devices.15-16 However, similar observations of heterogenous
incorporation simultaneous with performance improvement have also been reported by Penning
and co-workers for smaller alkali metals, such as Rb, incorporation at the A-site, so these
observations are not unprecedented.42 Taking our observations along with the observations of
enhanced device performance we have made previously, would suggest that the higher
efficiencies and greater stabilities of the DMA-incorporated films arise at least in part, due to
surface passivation from the DMA. However, the heterogeneity of the DMA incorporation
laterally is likely suboptimal for a device performance standpoint, reducing the performance from

what it could be with perfectly homogeneous passivation, and causing voltage loss due to the
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broadening of the PL. So while the benefits of the DMA incorporation do outweigh the downsides
in terms of device performance,2425 our work here suggests that if the DMA could be more
homogeneously incorporated, further performance gains would be expected. Our observations
are promising news for the use of DMA as an additive, as they indicate that there is room for
improving the current processing conditions that leads to more homogeneous chemical
composition in the DMA incorporated films. More homogeneous films incorporating DMA could
in turn lead to further improvements in the device performance and operational stability. There
is certainly scope for exploring both different ways of solution-processing the DMA-containing
material, or more intrinsically homogenous processes such as vapor deposition could be very

promising.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Acknowledgements

This material is based on the work primarily supported by the U.S. Department of Energy's Office
of Energy Efficiency and Renewable Energy (EERE) under the Solar Energy Technology Office
(SETO), Award Number DE-EE0008747. Part of this work was conducted at the Molecular Analysis
Facility, a National Nanotechnology Coordinated Infrastructure site at the University of
Washington which is supported in part by the National Science Foundation (grant NNCI-
1542101), the University of Washington, the Molecular Engineering & Sciences Institute, and the
Clean Energy Institute. SJ thanks Dan Graham at Molecular Analysis Facility at the University of
Washington for his help with TOF-SIMS data collection and analysis. SJ also thanks Jessica Kong,

Shaun Gallagher and Dr. Lucas Flagg for experimental help with PiFM and PL mapping.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



References:

(1) National Renewable Energy Laboratory Efficiency Chart 2020
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200925.pdf
(accessed Oct 22, 2020).

(2) Eperon, G. E.; Horantner, M. T.; Snaith, H. J. Metal Halide Perovskite Tandem and
Multiple-Junction Photovoltaics. Nat. Rev. Chem. 2017,1, 0095.
https://doi.org/10.1038/s41570-017-0095.

(3) Stolterfoht, M.; Caprioglio, P.; Wolff, C. M.; Marquez, J. A.; Nordmann, J.; Zhang, S,
Rothhardt, D.; Hermann, U.; Redinger, A.; Kegelmann, L.; Albrecht, S.; Kirchartz, T.;
Saliba, M.; Unold, T.; Neher, D. The Perovskite/Transport Layer Interfaces Dominate Non-
Radiative Recombination in Efficient Perovskite Solar Cells. Preprint at
Http://Arxiv.Org/Abs/1810.01333. 2018.

(4) Stolterfoht, M.; Grischek, M.; Caprioglio, P.; Wolff, C. M.; Gutierrez-Partida, E.; Pena-
Camargo, F.; Rothhardt, D.; Zhang, S.; Raoufi, M.; Wolansky, J.; Abdi-Jalebi, M.; Stranks, S.
D.; Albrecht, S.; Kirchartz, T.; Neher, D. How To Quantify the Efficiency Potential of Neat
Perovskite Films: Perovskite Semiconductors with an Implied Efficiency Exceeding 28%.
Adv. Mater. 2020, 2000080. https://doi.org/10.1002/adma.202000080.

(5) Rajagopal, A.; Yang, Z.; Jo, S. B.; Braly, I. L.; Liang, P. W.; Hillhouse, H. W.; Jen, A. K. Y.
Highly Efficient Perovskite-Perovskite Tandem Solar Cells Reaching 80% of the
Theoretical Limit in Photovoltage. Adv. Mater. 2017, 29 (34), 1-10.
https://doi.org/10.1002/adma.201702140.

(6) DeQuilettes, D. W.; Jariwala, S.; Burke, S.; Ziffer, M. E.; Wang, J. T. W.; Snaith, H. J.;

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Ginger, D. S. Tracking Photoexcited Carriers in Hybrid Perovskite Semiconductors: Trap-
Dominated Spatial Heterogeneity and Diffusion. ACS Nano 2017,71 (11), 11488-11496.
https://doi.org/10.1021/acsnano.7b06242

(7) Mahesh, S.; Ball, J. M.; Oliver, R. D. J.; Mcmeekin, D. P.; Nayak, P. K.; Johnston, M. B.;
Snaith, H. J. Revealing the Origin of Voltage Loss in Mixed-Halide Perovskite Solar Cells +.
Thisd. is Cite this Energy Environ. Sci 2020,13, 258. https://doi.org/10.1039/c9ee02162k

(8) Jariwala, S.; Burke, S.; Dunfield, S.; Shallcross, C.; Taddei, M.; Wang, J.; Eperon, G. E,;
Armstrong, N. R.; Berry, J. J.; Ginger, D. S. Approaching the Limits of Optoelectronic
Performance in Mixed Cation Mixed Halide Perovskites by Controlling Surface
Recombination. 2020.

(9) Stolterfoht, M.; Caprioglio, P.; Wolff, C. M.; Marquez, J. A.; Nordmann, J.; Zhang, S,
Rothhardt, D.; Hermann, U.; Amir, Y.; Redinger, A.; Kegelmann, L.; Zu, F.; Albrecht, S.;
Koch, N.; Kirchartz, T.; Saliba, M.; Unold, T.; Neher, D. The Impact of Energy Alignment
and Interfacial Recombination on the Internal and External Open-Circuit Voltage of
Perovskite Solar Cells. Energy Environ. Sci. 2019, 72 (9), 2778-2788.
https://doi.org/10.1039/c9ee02020a.

(10) Wang, J.; Fu, W,; Jariwala, S.; Sinha, |.; Jen, A. K.-Y.; Ginger, D. S. Reducing Surface
Recombination Velocities at the Electrical Contacts Will Improve Perovskite
Photovoltaics. ACS Energy Lett. 2018, 4, 222-227.
https://doi.org/10.1021/acsenergylett.8b02058.

(11) Braly, I. L.; Dequilettes, D. W.; Pazos-Outon, L. M.; Burke, S.; Ziffer, M. E.; Ginger, D. S;;

Hillhouse, H. W. Hybrid Perovskite Films Approaching the Radiative Limit with over 90%

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Photoluminescence Quantum Efficiency. Nat. Photonics 2018, 712 (6), 355-361.
https://doi.org/10.1038/s41566-018-0154-z.

(12) Rajagopal, A.; Stoddard, R. J.; Jo, S. B.; Hillhouse, H. W.; Jen, A. K.-Y. Overcoming the
Photovoltage Plateau in Large Bandgap Perovskite Photovoltaics. Nano Lett. 2018, 18 (6),
3985-3993. https://doi.org/10.1021/acs.nanolett.8b01480.

(13) Correa-Baena, J.-P.; Tress, W.; Domanski, K.; Anaraki, E. H.; Turren-Cruz, S.-H.; Roose, B,
Boix, P. P.; Gratzel, M.; Saliba, M.; Abate, A.; Hagfeldt, A. Identifying and Suppressing
Interfacial Recombination to Achieve High Open-Circuit Voltage in Perovskite Solar Cells.
Energy Environ. Sci. 2017,10(5), 1207-1212. https://doi.org/10.1039/C7EE00421D.

(14) Xu, J.; Boyd, C. C.; Yu, Z. J.; Palmstrom, A. F.; Witter, D. J.; Larson, B. W.; France, R. M.;
Werner, J.; Harvey, S. P.; Wolf, E. J.; Weigand, W.; Manzoor, S.; van Hest, M. F. A. M,;
Berry, J. J.; Luther, J. M.; Holman, Z. C.; McGehee, M. D. Triple-Halide Wide-Band Gap
Perovskites with Suppressed Phase Segregation for Efficient Tandems. Science (80-. ).
2020, 367 {6482), 1097-1104. https://doi.org/10.1126/science.aaz5074.

(15) Jariwala, S.; Sun, H.; Adhyaksa, G. W. P.; Lof, A.; Muscarella, L. A.; Ehrler, B.; Garnett, E.
C.; Ginger, D. S. Local Crystal Misorientation Influences Non-Radiative Recombination in
Halide Perovskites. Joule 2019, 3 (12), 3048-3060.
https://doi.Org/10.1016/j.joule.2019.09.001.

(16) DeQuilettes, D. W.; Vorpahl, S. M.; Stranks, S. D.; Nagaoka, H.; Eperon, G. E.; Ziffer, M. E.;
Snaith, H. J.; Ginger, D. S. Impact of Microstructure on Local Carrier Lifetime in Perovskite
Solar Cells. Science (80-. ). 2015, 348 (6235), 683-686.

https://doi.org/10.1126/science.aaa5333.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



(17) Stoddard, R. 1; Rajagopal, A.; Palmer, R. L; Braly, I. L.; Jen, A. K.-Y.; Hillhouse, H. W.
Enhancing Defect Tolerance and Phase Stability of High-Bandgap Perovskites via
Guanidinium Alloying. ACS Energy Lett. 2018, 3 (6), 1261-1268.
https://doi.org/10.1021/acsenergylett.8b00576.

(18) Barker, A. J.; Sadhanala, A.; Deschler, F.; Gandini, M.; Senanayak, S. P.; Pearce, P. M;
Mosconi, E.; Pearson, A. J.; Wu, Y.; Srimath Kandada, A. R,; Leijtens, T.; De Angelis, F.;
Dutton, S. E.; Petrozza, A.; Friend, R. H. Defect-Assisted Photoinduced Halide Segregation
in Mixed-Halide Perovskite Thin Films. ACS Energy Lett. 2017, 2 (6), 1416-1424.
https://doi.org/10.1021/acsenergylett.7b00282.

(19) Slotcavage, D. J.; Karunadasa, H. |.; McGehee, M. D. Light-Induced Phase Segregation in
Halide-Perovskite Absorbers. ACS Energy Letters. American Chemical Society December
9, 2016, pp 1199-1205. https://doi.org/10.1021/acsenergylett.6b00495.

(20) Hoke, E. T.; Slotcavage, D. J.; Dohner, E. R;; Bowring, A. R.; Karunadasa, H. |.; McGehee,
M. D. Reversible Photo-Induced Trap Formation in Mixed-Halide Hybrid Perovskites for
Photovoltaics. Chem. Sci. 2015, 6 (1), 613-617. https://doi.org/10.1039/c4sc03141e.

(21) McMeekin, D. P.; Sadoughi, G.; Rehman, W.; Eperon, G. E.; Saliba, M.; Horantner, M. T ;
Haghighirad, A.; Sakai, N.; Korte, L.; Rech, B.; Johnston, M. B.; Herz, L. M.; Snaith, H. J. A
Mixed-Cation Lead Mixed-Halide Perovskite Absorber for Tandem Solar Cells. Science
(80-. ). 2016, 351 (6269), 151-155. https://doi.org/10.1126/science.aad5845.

(22) Saliba, M.; Matsui, T.; Seo, J. Y.; Domanski, K.; Correa-Baena, J. P.; Nazeeruddin, M. K,
Zakeeruddin, S. M.; Tress, W.; Abate, A.; Hagfeldt, A.; Gratzel, M. Cesium-Containing

Triple Cation Perovskite Solar Cells: Improved Stability, Reproducibility and High

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Efficiency. Energy Environ. Sci. 2016, 9 (6), 1989-1997.
https://doi.org/10.1039/c5ee03874;j.

(23) Saliba, M.; Matsui, T.; Domanski, K.; Seo, J. Y.; Ummadisingu, A.; Zakeeruddin, S. M.;
Correa-Baena, J. P,; Tress, W. R,; Abate, A.; Hagfeldt, A.; Gratzel, M. Incorporation of
Rubidium Cations into Perovskite Solar Cells Improves Photovoltaic Performance. Science
(80-. ). 2016, 354 (6309), 206-209. https://doi.org/10.1126/science.aah5557.

(24) Palmstrom, A. F.; Eperon, G. E.; Leijtens, T.; Prasanna, R.; Habisreutinger, S. N.; Nemeth,
W.; Gaulding, E. A.; Dunfield, S. P.; Reese, M.; Nanayakkara, S.; Moot, T.; Werner, J.; Liu,
J.; To, B.; Christensen, S. T.; McGehee, M. D.; van Hest, M. F. A. M.; Luther, J. M.; Berry, J.
J.; Moore, D. T. Enabling Flexible All-Perovskite Tandem Solar Cells. Joule 2019, 3 (9),
2193-2204. https://doi.Org/10.1016/j.joule.2019.05.009.

(25) Eperon, G. E; Stone, K. H.; Mundt, L. E.; Schloemer, T. H.; Habisreutinger, S. N.; Dunfield,
S. P.; Schelhas, L. T.; Berry, J. J.; Moore, D. T. The Role of Dimethylammonium in Bandgap
Modulation for Stable Halide Perovskites. ACS Energy Lett. 2020, 1856-1864.
https://doi.org/10.1021/acsenergylett.0c00872.

(26) Goldschmidt, V. M. Die Gesetze Der Krystallochemie. Naturwissenschaften 1926, 14 (21),
477-485. https://doi.org/10.1007/BF01507527.

(27) Correa-Baena, J. P.; Saliba, M.; Buonassisi, T.; Gratzel, M.; Abate, A.; Tress, W.; Hagfeldt,
A. Promises and Challenges of Perovskite Solar Cells. Science. American Association for
the Advancement of Science November 10, 2017, pp 739-744.
https://doi.org/10.1126/science.aam6323.

(28) deQuilettes, D. W.; Zhang, W.; Burlakov, V. M.; Graham, D. J.; Leijtens, T.; Osherov, A,;

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Bulovic, V.; Snaith, H. J.; Ginger, D. S.; Stranks, S. D. Photo-Induced Halide Redistribution
in Organic-Inorganic Perovskite Films. Nat. Commun. 2016, 7 (May), 11683.
https://doi.org/10.1038/ncommslI683.

(29) Schelhas, L. T.; Li, Z.; Christians, J. A.; Goyal, A.; Kairys, P.; Harvey, S. P.; Kim, D. H.; Stone,
K. H.; Luther, J. M.; Zhu, K.; Stevanovic, V.; Berry, J. J. Insights into Operational Stability
and Processing of Halide Perovskite Active Layers +. 2019.
https://doi.org/10.1039/c8ee03051k

(30) Sanehira, E. M.; Marshall, A. R.; Christians, J. A.; Harvey, S. P.; Ciesielski, P. N.; Wheeler, L.
M.; Schulz, P.; Lin, L. Y.; Beard, M. C.; Luther, J. M. Enhanced Mobility CsPbl3 Quantum
Dot Arrays for Record-Efficiency, High-Voltage Photovoltaic Cells. Sci. Adv. 2017, 3 (10),
eaao4204. https://doi.org/10.1126/sciadv.aao4204.

(31) Harvey, S. P; Li, Z.; Christians, J. A.; Zhu, K.; Luther, J. M.; Berry, J. J. Probing Perovskite
Inhomogeneity beyond the Surface: TOF-SIMS Analysis of Halide Perovskite Photovoltaic
Devices. ACSAppl. Mater. Interfaces 2018, 70 (34), 28541-28552.
https://doi.org/10.1021/acsami.8b07937.

(32) Muramoto, S.; Graham, D. J.; Wagner, M. S.; Lee, T. G.; Moon, D. W.; Castner, D. G. ToF-
SIMS Analysis of Adsorbed Proteins: Principal Component Analysis of the Primary lon
Species Effect on the Protein Fragmentation Patterns. J. Phys. Chem. C2011,115 (49),
24247-24255. https://doi.org/10.1021/jp208035x.

(33) Wagner, M. S.; Graham, D. J.; Castner, D. G. Simplifying the Interpretation of ToF-SIMS
Spectra and Images Using Careful Application of Multivariate Analysis. Appl. Surf. Sci.

2006, 252 (19), 6575-6581. https://doi.Org/10.1016/j.apsusc.2006.02.073.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



(34) Wagner, M. S.; Tyler, B. 1; Castner, D. G. Interpretation of Static Time-of-Flight Secondary
lon Mass Spectra of Adsorbed Protein Films by Multivariate Pattern Recognition. Anal.
Chem. 2002, 74 (8), 1824-1835. https://doi.org/10.1021/ac0111311.

(35) Tidwell, C. D.; Castner, D. G.; Golledge, S. L.; Ratner, B. D.; Meyer, K.; Hagenhoff, B,
Benninghoven, A. Static Time-of-Flight Secondary lon Mass Spectrometry and x-Ray
Photoelectron Spectroscopy Characterization of Adsorbed Albumin and Fibronectin
Films. Surf. Interface Anal. 2001, 31 (8), 724-733. https://doi.org/10.1002/sia.1101.

(36) Kong, J.; Giridharagopal, R.; Harrison, J. S.; Ginger, D. S. Identifying Nanoscale Structure-
Function Relationships Using Multimodal Atomic Force Microscopy, Dimensionality
Reduction, and Regression Techniques. J. Phys. Chem. Lett. 2018, 9 (12), 3307-3314.
https://doi.org/10.1021/acs.jpclett.8b01003.

(37) Leys, C.; Ley, C.; Klein, O.; Bernard, P.; Licata, L. Detecting Outliers: Do Not Use Standard
Deviation around the Mean, Use Absolute Deviation around the Median. J. Exp. Soc.
Psychol. 2013, 49(4), 764-766. https://doi.Org/10.1016/j.jesp.2013.03.013.

(38) Huang, L. S.; Che, J. Analysis of Variance, Coefficient of Determination and F-Test for
Local Polynomial Regression. Ann. Stat. 2008, 36 (5), 2085-2109.
https://doi.org/10.1214/07-A0S531.

(39) Bischak, C. G.; Flagg, L. Q.; Van, K.; Rehman, T.; Davies, D. W.; Quezada, R. J.; Onorato, J.
W.; Luscombe, C. K,; Diao, Y.; Li, C. Z.; Ginger, D. S. A Reversible Structural Phase
Transition by Electrochemically-Driven lon Injection into a Conjugated Polymer. J. Am.
Chem. Soc. 2020,742 (16), 7434-7442. https://doi.org/10.1021/jacs.9bl2769.

(40) Jahng, J.; Fishman, D. A,; Park, S.; Nowak, D. B.; Morrison, W. A.; Wickramasinghe, H. K;;

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Potma, E. 0. Linear and Nonlinear Optical Spectroscopy at the Nanoscale with
Photoinduced Force Microscopy. Acc. Chem. Res. 2015, 48 (10), 2671-2679.
https://doi.org/10.1021/acs.accounts.5b00327.

(41) Jahng, J.; Park, S.; Morrison, W. A.; Kwon, H.; Nowak, D.; Potma, E. O.; Lee, E. S.
Nanoscale Spectroscopic Studies of Two Different Physical Origins of the Tip-Enhanced
Force: Dipole and Thermal. 2017.

(42) Correa-Baena, J.-P.; Luo, Y.; Brenner, T. M.; Snaider, J.; Sun, S.; Li, X; Jensen, M. A,; Titan,
N.; Hartono, P.; Nienhaus, L.; Wieghold, S.; Poindexter, J. R.; Wang, S.; Meng, Y. S.; Wang,
T.; Lai, B.; Holt, M. V; Cai, Z.; Bawendi, M. G.; Huang, L.; Buonassisi, T.; Penning, D. P.
Homogenized Halides and Alkali Cation Segregation in Alloyed Organic-Inorganic

Perovskites Downloaded From; 2019; Vol. 363.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



