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Investigating the Effects of Chemical Gradients
on Performance and Reliability within Perovskite Solar Cells

with TOF-SIMS

Steven P. Harvey,* Jonah Messinger, Kai Zhu, Joseph M. Luther, and Joseph J. Berry

Time-of-flight secondary-ion mass spectrometry (TOF-SIMS), a powerful
analytical technique sensitive to all components of perovskite solar cell (PSC)
materials, can differentiate between the various organic species within a PSC
absorber or a complete device stack. The ability to probe chemical gradients
through the depth of a device (both organic and inorganic), with down to

100 nm lateral resolution, can lead to unique insights into the relationships
between chemistry in the absorber bulk, at grain boundaries, and at interfaces
as well as how they relate to changes in performance and/or stability. In this
review, the technique is described; then, from the literature, several exam-
ples of how TOF-SIMS have been used to provide unique insight into PSC
absorbers and devices are covered. Finally, the common artifacts that can be
introduced if the data are improperly collected, as well as methods to mitigate

these artifacts are discussed.

1. Introduction

Over the past decade, metal halide perovskite solar cells (PSCs)
have made rapid gains in power conversion efficiency (PCE),
starting from 3.8% in 2009112 and steadily climbing to an
astounding 25.2% in early 2019.B] PSCs are now comparable
to other leading solar PV materials such as cadmium tellu-
ride, copper indium gallium diselenide (CIGS), and silicon,
which have record PCEs of 22.1%, 23.4%, and 26.1%, respec-
tively.l’l Beyond improved PCE, PSCs are of particular interest
because of their high defect tolerance, tunable bandgap, high
absorption coefficient, long carrier diffusion length, and high
carrier mobility, all of which are combined with facile solu-
tion-phase synthesis.*%1 Perovskites also have promise as
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tandem devices, Tong et al. reported all-
perovskite tandem solar cells with PCE
exceeding 25%, defect density reductions
on the scale of an order of magnitude,
carrier lifetimes over 1 us, and diffusion
lengths over 2.5 um.l'® Despite valid
concerns of PSC stability, recent studies
inspire confidence in that area, as well.
Christians et al. showed unencapsulated
perovskite solar cells with PCE stability
for more than 1000 h.' Lira-Cantt
reported on encapsulated PSC device sta-
bility over 10 000 h.['2l Unlike traditional
silicon PV material, perovskite crystals
do not follow a two-interpenetrating face-
centered cubic structure.’ Rather, the
term perovskite refers to a cubic crystal
structure with the generalized chemical
formula, ABX;. The A-site cation is usually a large organic
cation, most commonly methylammonium (CH;NHj3, or MA™)
or formamidinium (CH(NH,);,or FA"); and increasingly,
cesium*, rubidium?®, potassium* and are used. The B-site cation
is typically lead (Pb*), but more recently, tin (Sn*) is used as
a substitute which aids in forming a lower-bandgap material
for multijunction PSC applications. The X-site anion tends to
be a halogen species, most commonly iodine”, although spe-
cies like bromine™, chlorine™, and guanidinium thiocyanate™
are of increasing interest as supplements to iodine due to
stability improvements.*>1913-15 Historically, the most com-
monly studied PSCs are of the form methyl-ammonium lead
iodide (MAPDI;). Despite the promise of PSCs, several bar-
riers to broad commercial adoption remain. Key issues include
unstable interfaces in PSC devices, solvent-exchange engi-
neering, hysteresis and light soaking, narrow spectral absorp-
tion, and (perhaps) the need to reduce lead content.!*>1213:16-20]

Attempts by the scientific community to address PSC
stability through passivation of internal defects and interfaces
have led to increasingly complex composition schemes and pas-
sivating additives. Many groups have studied PSC stability and
proposed perovskite composition solutions, but the details of
the fundamental degradation mechanisms are still difficult to
remedy. The literature has identified moisture penetration into
the lattice, oxidation, photo-induced reactions, temperature, and
halogen diffusion, particularly at device surfaces and interfaces,
as the most relevant degradation pathways./>1317] Developing
a robust toolkit of advanced characterization methods and tech-
niques is crucial for further improvements in PSC technology.
Other advanced characterization techniques routinely employed
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in the field include scanning electron microscopy (SEM),
X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), Auger electron spectroscopy (AES)—which are covered
elsewhere in this special issue-as well as time-of-flight sec-
ondary-ion mass spectrometry (TOF-SIMS), which is the sub-
ject of this review. To briefly compare TOF SIMS with the other
ultra-high vacuum surface characterization techniques; XPS is
useful to obtain information about chemical states at surfaces
and at interfaces, information TOF-SIMS cannot provide. While
AES can provide standardless quantified imaging and depth
profiling of the inorganic components of PSCs with lateral res-
olution on the order of 10-15 nm, albeit with detection limits
on the order of 0.1% (much higher than TOF-SIMS), and beam
damage from the electron beam is a great concern in AES.

TOF-SIMS is a versatile ultra-high-vacuum characterization
technique widely employed in surface and interface analysis
assays. TOF-SIMS analysis can obtain high-resolution surface
spectrometry, 2D imaging, depth profiling, and 3D tomography
data. TOF-SIMS has excellent mass-resolution spectrometry
(m/Am =10 000), lateral-resolution capabilities on the order of
100 nm, and is capable of detection limits better than parts per
million.[?"?2l The instrument can measure secondary-ion spe-
cies in either positive or negative polarity and has adjustable
analysis and sputtering-beam energy and flux parameters that
allow for tuning the measurement to obtain organic molecular
information rather than the mostly organic fragments, which
is common in XPS or AES depth profiling. For these reasons,
TOF-SIMS is well suited for surface and interface analysis of
PSC materials and devices.

In TOF-SIMS, a given analyte is bombarded with a pulsed,
high-energy, focused beam of primary ions, typically with an
ion energy up to 30 keV. Different ion beams can be used for
analysis as well as sputtering and can include bismuth, cesium,
argon, oxygen, or gallium. In addition, clustered ion sources
of bismuth, argon, carbon, or gold can also be used. Incident
primary ions penetrate the sample surface, which results in
a collision cascade (interaction depth of no more than a few
nanometers and typically sub-nanometer is common). The col-
lision cascade causes sample atoms and molecules to be ejected
into the vacuum, a small amount of which (=1%) is emitted as
charged secondary ions that can be sent to the detector using
an extraction field on the order of tens of volts. The greater
the energy of the analysis beam, the deeper the primary ions
penetrate the sample; this also results in a large number of sub-
surface broken bonds, which is not ideal for analyzing organic
species. Figure 1 shows a schematic example of the SIMS
collision cascade, atom and molecule ejection, and primary-ion
implantation phenomena. When combined with a high-flux,
low-energy sputter beam (0.5-1 keV typical), depth profiling
can be realized. More details on the basics of TOF-SIMS meas-
urements will be covered in Section 2.

TOF-SIMS is becoming a more commonly used technique
for PSC analysis, and several recent examples from the litera-
ture are given here. Li et al. reported on thermally induced
degradation for inverted PSCs. Direct evidence of ion diffu-
sion through the electron transport layer (ETL) to the silver
(Ag)/phenyl-Cg;-butyric acid methyl ester (PCBM) interface is
presented using TOF-SIMS analysis. In particular, TOF-SIMS
depth profiles were taken of two sets of model MAPbI; PSC
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Figure 1. An illustration of the SIMS primary-ion collision cascade that
results in sample material being ejected from the first few monolayers
of the sample surface due to the impact of the high-energy primary-ion
beam. A small amount of the ejected material is charged, and the mass
of these charged secondary ions can then be analyzed. The primary-ion
beam impact also results in atomic mixing in the subsurface region due
to breaking of bonds in the matrix (shown as the semi-transparent area
below the ion impact area). The amount of this damage depends on the
energy per incident atom and the beam flux. Reproduced with permis-
sion.[2] Copyright 2019, American Chemical Society.

samples before and after a 24 h thermal treatment at either
85 °C or 100 °C. The comparative depth profiles clearly show
[” and MA* migration to the Ag/PCBM interface post-thermal
exposure and to a greater degree as temperature increases.?!
Zhang et al. used TOF-SIMS to show light-soaking-induced I~
anion and MA* cation migration to the ETL and hole transport
layer (HTL), respectively.!¢%] Huang et al. utilized TOF-SIMS
to elucidate that a quasi-2D (2.5D) perovskite layer between
the PSC film and a Spiro HTL can reduce iodine migration to
the spiro interface, which significantly improves operational
stability.2l Li et al. studied the phenomenon of extrinsic ion
migration in PSCs. Li and colleagues showed TOF-SIMS data
suggesting Li* migration from lithium-doped spiro-OMeTAD
HTL to the TiO, ETL. The Li* migration was found to boost
open-circuit voltage (V,), fill factor (FF), and carrier injection
from the perovskite layer to the ETL. However, extrinsic ion
migration was also found to contribute to current density—
voltage (JV)-curve hysteresis.”) Domanski et. al. utilized TOF-
SIMS depth profiling and 3D tomography to show significant
migration of the gold contact through the HTL due to elevated
temperatures up to 70 °C.7] Lee et. al. utilized TOF-SIMS to
reveal dimethylamine in PSC films, which they suggested was
due to a transamidation of methylamine (MA) with residual
dimethylformamide (DMF) in the film.”® In important early
work, Akbuhlatov et. al. used TOF-SIMS profiling to show
that significant MA and lodine diffuse into the commonly
used (at the time) c60-PCBM ETL after illumination, resulting
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in degradation of the MAPDI;, and suggested the commu-
nity migrate to using different ETL materials.?¥l Lin et al.
studied moisture degradation mechanisms for PSC via in situ
TOF-SIMS. Specifically, moisture diffusion was tracked into
the model MAPDI; perovskite lattice on a mesoporous TiO,
layer. Lin and colleagues developed a novel method for tracking
and measuring moisture diffusion by using D,0 (heavy water)
rather than H,0 to distinguish extrinsic moisture diffusion
into the lattice from moisture native to the perovskite film
from fabrication. Using in situ depth-profile measurements
and corresponding 3D tomography figures, chemical informa-
tion was captured and reveals a successive degradation of the
MA* organic cation via proton exchange with D,0. The proton-
exchange mechanism leads to the formation of highly volatile
MAs, which evaporate from the lattice. Moisture-induced deg-
radation begins at the top of the film and in only 3 days or so,
it completely penetrates the entire perovskite film. By day 5
of D,0 exposure, all of the MA organic species and accompa-
nying MA derivatives have been completely expelled from the
lattice, leaving only PbI, and TiO, in a collapsed perovskite/
TiO, structure.l'® Matteocci et al. studied the effect of deposi-
tion methods and conditions on interfacial and compositional
properties of PSC. They used TOF-SIMS depth profile and 2D
imaging data to propose that gold and iodine diffusion and
interface quality are strongly affected by the conversion process
and environmental conditions during the fabrication of perov-
skite films. Vapor-assisted solution deposition (VASP) displayed
the sharpest interfaces. However, 2D imaging data showed that
VASP also promotes gold inhomogeneity and localized pinhole
diffusion through the Au/spiro-OMeTAD interface. Depth pro-
file data show significant I" diffusion into the mesoporous TiO,
ETL layer for one-step deposition. For the VASP conversion
process, perovskite crystallization improves as a function of
depth from the spiro-OMeTAD layer to the TiO, layer. Two-step
deposition processes that underwent an MAI dip conversion
process had the highest PCE and most homogeneous perov-
skite crystallization. These results are explained by highlighting
that non-dip conversion processes do not fill defects in the HTL
and ETL layers as well as MAI dip conversion processes.>” The
two-step perovskite deposition method (not for PV applications)
was first reported by Mitzi et al. in 1997.51

While TOF-SIMS can yield a wealth of insight into PSC
materials and devices, it is often best to leverage it with addi-
tional complimentary characterization methods (many of which
are covered elsewhere in this special issue) to understand fully
a given performance or degradation mechanism, or to further
understand beam-damage artifacts from TOF-SIMS with com-
plimentary analysis. TOF-SIMS data can provide insight into
interface composition, chemical gradients and spatial distribu-
tions through imaging, but it cannot say anything about the
structure and is difficult to interpret bonding information from
TOEF-SIMS data. That is why TOF-SIMS is often combined with
XRD, SEM, XPS as well as other analytical techniques to paint
a more complete picture than TOF-SIMS alone could do. While
many studies listed in the literature review earlier utilize such
combined approaches a few examples which highlight such
complimentary studies are listed here.

In the early work Matteocci et. al utilized XPS, TOF-SIMS
and Scanning transmission electron microscopy analysis to
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investigate correlations in the structure and composition to
performance in PSC materials fabricated from four different
deposition methods. It was found that performance correlated
strongly with the quality of the interface between the PSC and
the mesoporous TiO,, evidence for iodine migration was also
shown.? Boldreva et. al used optical absorption data, PCE data
and XPS data in combination with TOF-SIMS to investigate
interface degradation effects in five different organic charge
transport layers, and they found in most cases degradation at
the MAPDI3/CTL interface preceded MAPbDI; degredation.?
Tong et. al. utilized an array of advanced characterization
methods, including TOF-SIMS to understand the mechanisms
behind the dramatically improved performance when utilizing
a guandinium thiocyante additive in a low-bandgap Sn-Pb per-
osvkites, which enabled carrier liftetimes of >1 us and 25% effi-
cient four-terminal all perovskite tandem devices.'™ Busby et.
al utilized XPS and TOF-SIMS depth profiling to elucidate the
performance and stability improvements when graphene nano-
flakes are incorporated into the mesoporous TiO, ETL. It was
shown that the graphene improved the electron transport from
the MAPDI; to the mesoporous TiO,. TOF-SIMS and XPS were
also utilized in this study to show the increase in Pbl and PbO
at the interface upon degradation, as well as migration of gold
and iodide throughout the entire device stack.l33l Ralaiarisoa et.
al. performed a study utilizing TOF-SIMS tomography, grazing
incidence XRD, and XPS to investigate changes in structure
and composition in CH;NH;Pbl;_Cl, films before, during,
and after a crystallization anneal. They showed that in the early
stages of annealing chlorine-rich domains are present, after full
crystallization of the perovskite phase the chlorine has migrated
toward the conducting polymer substrate. XPS showed an
increase in n-type character as the film became more fully crys-
tallized into the perovskite phase.l*

TOF-SIMS has also provided useful insight in the field of
perovskite quantum dots (QDs), to name just a few examples;
Sanehira et al. used TOF-SIMS to understand the role of a
formamidinium iodide salt post-treatment. It was determined
that formamidinium was between CsPbl; QDs and resulted in
a record efficiency of 13.43% for a QD film.>® TOF-SIMS was
used by Wheeler et al. in combination with many other advanced
characterization techniques to uncover the mechanism of this
FAI posttreatment and how FA replaces oleylammonium
bound to the QD surfaces.?® Zhao et al. used TOF-SIMS to
demonstrate the robust interface between two distinct layers of
CsPbl; QDs and Csg,5FA( 75Pbl; QDs. The interface improves
charge separation and collection, but is predicated on a stable
interface which was well resolved with TOF-SIMS.]

TOF-SIMS has long been used in the traditional semi-
conductor industry to measure low concentration inorganic
impurities.® However, for use in organic and hybrid organic—
inorganic samples such as PSCs, carefully considered and opti-
mized analysis and sputtering-beam parameters are essential
for high-quality SIMS data.’?! Early work on optimizing anal-
ysis beam parameters for TOF-SIMS characterization of organic
films was carried out by Brison and Castner, where they evalu-
ated a single-beam and dual-beam approach. Furthermore, they
developed standardized metrics to quantitatively investigate the
relative significance of the analysis and sputtering-beam flu-
ence on beam-damage accumulation and the efficiency with
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which the sputtering beam removes bulk material, damaged
by the analysis beam. The authors conclude that for dual-beam
analysis, which is the standard practice, the analysis-beam
fluence is the most significant source of chemical damage in
the film. Moreover, it was shown that for both the analysis and
sputtering beam, the use of a gas cluster ion beam (GCIB) con-
tributed to a reduction in beam-damage accumulation. For the
analysis beam, the GCIB causes the energy of the analysis beam
to be distributed throughout the cluster, resulting in a shal-
lower analysis-beam damage depth. For the sputtering beam,
GCIB causes a greater sputter yield and thus, greater removal
of the damaged surface.’¥ Mahoney extensively investigated
cluster SIMS characterization of organic and polymer materials
and also found that cluster sources for analysis and sputtering
beams significantly reduced beam damage and improved the
retention of organic molecular information due to the relatively
low energy per atom.*Y] Winograd described the upside that
cluster SIMS offers for 3D tomography data acquisition and,
more specifically, the characteristic properties of reduced topo-
graphic roughening, enhanced ion yields for large atomic-mass
species, minimal beam damage, and good depth resolution.l??
Wang et al. reported on advantages of argon GCIB analysis
beams for insulating inorganic materials such as a perovskite
oxide thin film. Generally, surface or interface charging can be
averted with a compensating beam of electrons from a flood
gun, but this becomes ineffective at high sputtering rates.
Wang and colleagues found that an argon GCIB analysis beam
resulted in less surface charging, strong signal intensity, high
sputtering rates, and good mass resolution for perovskite oxide
thin films.*® This work has potentially significant applications
for characterizing PSC architectures with native oxide and pas-
sivation layers.[*1=43

In the past work, Harvey et al. reported on best practices for
TOF-SIMS characterization of PSCs, in particular, for interfa-
cial studies of PSC devices, which is an increasingly important
area of research in the PSC community. The significance of the
matrix effect in TOF-SIMS analysis was discussed; the matrix
refers to the bulk material and the matrix effect refers to the
dependence of sputter yield and ionization probability on the
matrix for a given secondary ion. It was found that the ideal
analysis-beam parameters to avoid beam damage and fragmen-
tation are a 30 keV Bij beam.** In a more recent work, Harvey
et al. reported on a beam-damage artifact commonly observed
in the literature of TOF-SIMS depth profiles of PSC, mani-
fested by a gradient in the organic cation.[%11:16:20.243044] After
observing this gradient, a depth profile was performed starting
from the buried PSC/transparent conducting oxide (TCO) inter-
face, which resulted in the same negative gradient, thus proving
that this gradient is an artifact due to beam damage when pro-
filing. This work will be discussed in detail in Section 3.1.12l
Wehbe et al. completed a complimentary study including XPS
and TOF-SIMS to investigate the advantages of using low-
energy Cs™ as a sputtering source for TOF-SIMS characteri-
zation of non-PV organic samples, where it was shown that a
reaction can occur between the implanted cesium and organic
species, which can enhance the negative SIMS ion yield for
those species due to a charge transfer mechanism from the
implanted cesium to the organic species.[*) Xu et al. used prin-
ciple component analysis to identify signatures in TOF-SIMS
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data associated with degradation products due to exposure to
moisture.l Noél et al. investigated monatomic (oxygen and
cesium) and GCIB sputtering-beam conditions for TOF-SIMS
analysis of perovskite films and devices. Noél and colleagues
found Cs* at 500 eV and Ary, at 20 keV (40 eV per atom) to
be the optimal sputtering-beam conditions for monatomic and
GCIB, respectively.’] In addition, Noél et. al. recently quanti-
fied the depth resolution of 500 eV Cs sputter beams when pro-
filing organic materials like PSCs, and it was shown that the
depth resolution can be as low at 4 nm for a 300 nm deep depth
profile. It was also noted that the depth resolution is drastically
improved when utilizing the newer Bi;* cluster for the primary
ion beam compared to Ga*. It was also shown that the fluence
of the primary ion beam critically influences the depth resolu-
tion, even though its fluence is typically 5 orders of magnitude
lower than that of the sputter beam.!*8!

The review of the literature that was covered here contains
work that has reported on prevalent measurement artifacts,
optimal measurement conditions, and early applications
or novel techniques related to TOF-SIMS analysis of PSC
materials. As the PSC field has realized the powerful insight
TOF-SIMS can yield in this materials system, TOF-SIMS data
is becoming more commonly seen in the literature, and there
are number of publications within the last year which utilize
TOEF-SIMS which were not otherwise discussed in detail in this
review of the literature.**-%0 In this review article, we show
examples of the basic types of data that can be obtained from
TOF-SIMS analysis of PSC materials, and we also summarize
updated best practices to identify and avoid TOF-SIMS meas-
urement artifacts such as beam-damage accumulation, organic
molecule fragmentation, and preferential sputtering.

2. TOF-SIMS Fundamentals

TOEF-SIMS is a surface-sensitive mass spectrometry analytical
technique, where a high-energy ion beam (typically 30 keV)
is used to bombard the sample surface in high vacuum. The
primary-ion beam impact causes a collision cascade and a
breaking of bonds in the material, which can lead to the ejec-
tion of atoms and molecules from the near-surface region, as
illustrated in Figure 1. The depth of altered material depends
on the ion-beam energy as well as the bond strength of the
material being probed. A small amount of the ejected material
(<1%) is charged and the mass of these charged secondary ions
can be analyzed with very high accuracy and sensitivity. Detec-
tion limits of sub ppm or even to ppb level are not uncommon
in SIMS, and a mass resolution (m/Am) of greater than 10 000
can be easily achieved with TOF-SIMS.

The primary-ion beam impact does remove material from
the sample, but it is not doing bulk sputtering. The primary-ion
beam impact removes a small fraction of atoms or molecules
from the near-surface region of the sample. When combined
with a second lower energy ion source for bulk sputtering,
depth profiling can be realized. Because the energy of the
sputter beam is typically 1 keV or less, the damage depth is
much lower than that from the primary beam, even while bulk
sputtering is achieved due to much higher ion dosage. The flux
of primary ions incident on the sample is referred to as the
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dose density, and this can critically affect the amount of beam
damage observed when profiling, as well as the depth resolu-
tion, even though the dose density is orders of magnitude lower
than the sputter beam dose density.[?339404748] The depth res-
olution refers to the apparent thickness of an interface when
depth profiling, this can influenced by many factors including
surface roughness, interface roughness, beam energies,
etc.*”*8l While many of these potential artifacts can be equaled
out by analyzing a set of samples under identical conditions, it
is important to try and minimize them whenever possible and
keep these artifacts in mind when interpreting data.

SIMS is not without its limitations; the main limitation is
that the relationship between intensity and concentration is
complex. The SIMS intensity equation is shown in Equation (1).

i = IPY0ama0s X (1)

where the SIMS intensity (i3 ) is directly related to the primary-
ion beam current (IP), sputter yield of a given species (Y),
ionization probability of the measured species (o), transmis-
sion efficiency of the detector (1,), isotopic abundance of the
measured species (6,), and the fractional concentration of the
measured species in the sample (X,). SIMS intensity is often
incorrectly confused with concentration. Although the two
are related, they are distinctly different, and this relationship
makes quantification of SIMS data rather difficult.

As discussed in the previous works by Harvey et al.,[2>* the
intensity is strongly affected by the SIMS ion yield, which is
influenced by the electronegativity of an atom or ion, as well
as the surrounding material in the sample (the SIMS matrix
effect). This means that SIMS intensity is not directly related
to concentration when comparing intensity between two dif-
ferent atoms or molecules, that is, a SIMS signal for sodium
(Na*) may exceed that of iodine (I*) when profiling in positive
polarity, even though iodine is present at much higher concen-
tration. However, even with this limitation, relative changes in
SIMS intensity through the film/device thickness, or between
samples of similar composition within a sample set can yield
insightful information about the chemistry within the PSC
material or device. Although SIMS excels at detecting small
amounts of impurities in a matrix of different composition,
SIMS signals when concentrations exceed =0.1% in a sample
can be influenced by a change of the ion yield due to the dif-
fering matrix compositions upon alloying, and comparing sig-
nals at high concentrations can be error-prone. In such cases,
other standardless techniques such as photoemission or Auger
depth profiling may be useful; however, with these techniques,
it can be difficult to distinguish between different organic cat-
ions, which is not an issue with TOF-SIMS.

3. Examples of TOF SIMS Data
3.1. Depth Profiling

TOF-SIMS can provide unique information about the
uniformity of both the inorganic and organic constituents

through the depth of a PSC film or device, and how the cation
gradients change upon aging. As the field trends toward
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Figure 2. TOF-SIMS depth profile of formamidinium for two films of
different composition, which underwent identical post-deposition pro-
cessing, the carbon-13FA (3CH(NH,),) signal is shown. The large differ-
ence in the FA profiles through the film thickness illustrates how simply
using the precursor bath chemistry as a proxy for film composition fails to
capture actual film properties that would relate to the cation distribution
in the film. Reproduced with permission.*l Copyright 2018, American
Chemical Society.

more complex compositions and moves toward the more
common use of passivating additives at low concentration,
TOF-SIMS can step in to provide critical insight about chemical
distributions of all components and additives though the film/
device thickness which is not captured by the common practice
in the field of simply quoting the precursor concentration used
for spin coating the PSC film and using that as a proxy for final
film composition. The importance of this point is illustrated
in Figure 2, where the formamidinium profile for films made
from two slightly different bath compositions is shown. There
is a drastically different FA distribution for the two films, which
could significantly affect device performance or reliability and
could be erroneously attributed to the simple change of ink
composition without the insight into the cation gradients pro-
vided by the TOF-SIMS depth profiling.

There are many factors to consider when depth-profiling
PSC materials, and beam damage of the organic constituents
from the 30 keV primary-ion beam is of paramount impor-
tance. The subsurface damaged region from a primary-ion
beam impact depends on the energy per incident ion, and the
damage depth and molecular ion yield for several common ion
sources is schematically shown in Figure 3. After an analysis
cycle, the SIMS sputtering beam removes bulk material from
the analysis area. The sputtering beam is low energy and high
flux, which results in shallow damage depth, but significantly
more sample material ejection than the analysis beam due to
higher flux. After bulk sputtering, the process repeats, and suc-
cessive measurements are taken below the original surface,
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generating a depth profile through the sample. In PSC mate-
rials, there is a higher propensity for beam damage due to the
organic components of the material. When using a single-atom
bismuth ion beam at 30 keV (Bi;* beam at left in Figure 3), the
30 keV bismuth ion has a deep damage depth and the high
impact energy results in a large amount of subsurface broken
bonds, leading to a low yield (thus low intensity) for molecular
organic species such as MA or FA.

When a three-atom 30 keV bismuth cluster is used for the
ion source (Bi3* beam at right in Figure 3), the energy per inci-
dent ion is only 10 keV. So, the damage depth (d; in Figure 3)
is much lower than with Bi;* or Ga;* and the yield is much
higher for molecular organic species.¥! This can be taken to an
extreme with an argon GCIB source, where a cluster of argon
atoms (500-3000 atom clusters possible) with a cluster energy
of 1.5-20 keV can be used for both sputtering and analysis. The
energy per incident atom can be as low as several electron-volts
per atom, so the damage depth is very low and the yield for
molecular organic species is very high; however, the damaged
area (Aq in Figure 3) is also the largest.3>*/] Interestingly, the
flux of the primary ion beam critically influences the depth res-
olution when profiling with 500 eV Cs*, even though the flux
of the sputter beam can be as large as 5 orders of magnitude
larger than that of the primary ion beam.*8l

Harvey et al. investigated beam damage during TOF-SIMS
depth profiling in detail by cleaving PSC films at the back
glass/TCO interface so that profiling could be conducted on the
same sample both from the front and back of the device. The
results, shown in Figure 4A, show that a similar gradient in
the organic cation is observed in both cases. This indicates that
the slight gradient in the organic cation through the film thick-
ness is a beam-damage artifact that was present in prior pub-
lished works and is also seen elsewhere in the literature.l?’l The

Figure 3. Illustration of some of the concepts related to beam damage
when depth-profiling molecular organic species. The relative depth of
the damaged layer (d;) due to the breaking of subsurface bonds from a
primary-ion beam impact and its collision cascade is shown for different
primary-ion beams. The 30 keV bismuth single-ion beam (at left) has the
deepest damage depth; the argon cluster beam (middle) has the least
damage depth; and the Bi;* ion beam (which is typically employed for
perovskite depth profiling) has a damage depth between the other two ion
beams. The damaged area (Ay) is inversely proportional to the damage
depth dy, and the ion yield for molecular organics (proportional to the
signal measured) goes in order Ar,* > Bi;* > Bi;*. The material removed
from one theoretical sputter cycle relative to the primary beam damage
depth is shown as the sputter cycle depth d,. The figure was created from
the concepts covered in detail in Brison et al.?®l and is reproduced with
permission.[?%l Copyright 2019, American Chemical Society.
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Figure 4. A) Methylammonium depth profiles for standard (frontside) depth profile, as well as an MA profile from the back of the film to the front,
prepared through a sample-cleaving technique. The similar MA gradient in both profiles proves that this organic gradient is a measurement artifact.
B) Optimized MA and FA profiles when using a 1 keV oxygen sputter beam (solid lines), as well as FA and MA profiles using a GCIB (dotted lines).
The artifact seen in A is significantly lessened in the 1 keV oxygen data and appears completely absent in the GCIB profiles. For FA the carbon-13FA
(3CH(NH,),) signal is shown, and for MA the CH;NHj; signal is shown. Data replotted from that also shown in Harvey et al.?3l and is reproduced

with permission.?3l Copyright 2019, American Chemical Society.

beam damage in this case was due to over-sampling with the
primary-ion beam, because not enough material was removed
in each sputter cycle to remove all the damage to the subsurface
organic constituents from each primary-ion beam impact. This
resulted in an accumulation of damage in the film and a con-
tinually decreasing organic cation signal when profiling, which
was not reflective of the actual organic cation distribution in
the film. This damage could be mitigated in two ways, both
illustrated in Figure 4B. By reducing the data density (achieved
through increasing the sputter time between primary-ion
beam impacts), most of the damage from the primary beam
could be removed during each sputter cycle and a less severe
gradient is noted in the organic cation signals when using a
1 keV Cs sputter beam (solid lines in Figure 4B). Note that Noél
et. al. determined 500 eV Cs to be ideal for profiling PSC mate-
rials due to the low penetration depth, however 1 keV is the
lowest energy the sputter hardware can achieve on the NREL
TOF-SIMS.[4748] In addition, by changing the sputter hardware
to use a GCIB source and using optimized GCIB conditions of
40 eV per atom as reported by Néel et. al.[*’! the depth pro-
file of the organic cations are constant through the entire film
thickness and appear to show little to no beam-damage artifacts
(dotted lines in Figure 4B).3]

The specifics of current best practices for minimized beam
damage to the organic cations while profiling were discussed in
Harvey et al.,>*4 as well as in the works of No&l*’*8l and are
briefly repeated here for clarity.

1) A Bi3" primary-ion beam is used, and the dose density
is 1 x 10'ions cm™ or less (50 x 50 pum analysis area is
common).

2) Profiling is completed in non-interlaced mode to separate the
analysis the sputter cycles, and so the sputter interval can be
tailored to remove beam damage from the primary ion beam
and to limit the number primary-ion beam-impact cycles,
which can lead to damage accumulation.
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3) A gas cluster ion source is preferred for sputtering if avail-
able, and an energy of 40 eV per atom is ideal (e.g., 500 atom
cluster size at 20 keV beam energy).[*’]

4) A sputter-gun energy of 1 keV or below or as close to that
as achievable with the available sputter hardware (=5-10 nA
current) is used for cesium or oxygen sputtering if a GCIB
is not available.*¥! A 150 x 150 um sputtered area is typically
chosen, this can be altered to larger areas to influence the
data density in a profile.

It is suggested that the sputter time per measurement cycle

be varied by up to a factor 10x from the suspected idealized

measurement conditions to check for damage accumulation

artifacts, as shown in Figure 4.

6) Detector saturation should be avoided. This can usually be
mitigated through following secondary ion clusters (e.g., I,~
when ™ is saturated), lower abundance stable isotopes (e.g.,
204ph* instead of 2°8Pb*), or the carbon-13 analog for organic
species which are saturated, (e.g., Carbon-13FA (3CH(NH,),)
for FA CH(NH,),)).

U1
~

The field of TOF-SIMS depth profiling is constantly evolving,
and “best practice” measurement conditions will likely change
over time. The conditions discussed earlier are intended to
reduce beam damage in the organic cation signals when depth-
profiling a single perovskite absorber layer. These conditions
may also work well for complete devices or tandems. But the
situation becomes more complex when considering multilayer
stacks, and it is in the researcher's best interest to regularly
search the literature in this area of technique development.
In addition, researchers are recommended to perform meas-
urements under different conditions and assess the degree in
which measurement artifacts are altered in their system.

Regarding this point, it is impossible to remove all artifacts
from a SIMS measurement because they result from ion-beam/
sample interactions that are inherent to the SIMS process.
However, one can often find conditions where the artifacts
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are negligible or do not greatly influence the data. It is recom-
mended that researchers compare a set of samples (e.g., sam-
ples A, B, C, D) where some process variable is systematically
varied (e.g., processing temperature, additive content, or fresh
vs aged). One can then collect depth profiles on this sample set
under identical measurement conditions (ideally at the same
time). Thus, the artifacts that are present can be assumed to
be identical in all profiles. Then the data can be used to com-
pare relative changes in the profiles across the sample set and
investigate the changes in the process variable on the material.
Even within data from such an idealized sample set as described
earlier, one cannot forget to keep general depth profile related
artifacts in mind when interpreting the data. These include
(but are not limited to); taking changes in the matrix compo-
sition across the sample set into account (which may change
apparent signals without actual changes in concentration due to
the SIMS matrix effect), depth resolution artifacts on the data
(which may smear out interfaces in multilayer stacks), and
convolution of data from multilayer stacks (measurement para-
meters may only be optimized for one layer in a stack).

One limitation of SIMS techniques, in general, is meas-
urement polarity. Figure 1 showed a SIMS primary-ion beam
impact, which results in ejection of sample material into
vacuum. Most of this material is sputtered neutrals (>99%
typically); the remaining >1% of sputtered material is charged
secondary ions, which will be either positively or negatively
charged. An extraction field is used to accelerate the charged
secondary ions into the detector, so one must set up the instru-
ment to look for either positive or negative species. This
means that in certain cases, two separate measurements may
be needed. Most species of interest for PSC materials show
up best in positive measurement polarity. The exception is the
highly electronegative halogen species. Successful application
of an older SIMS methodology to PSC materials was recently
reported where one sputters with a cesium ion beam in posi-
tive measurement polarity; this allows for monitoring of typical
signals for FA, MA, Pb, etc. that ionize well in positive polarity,
as well as significant enhancement of the halide ion signals
when monitoring clusters of the halide ions plus cesium
from the implantation due to sputtering.?3! In Figure 5, an
increased sensitivity of 4 orders of magnitude is observed when
monitoring the Cs,Br* cluster compared to just the Br* signal.
Unfortunately, using a cesium beam for sputtering makes the
interpretation of a cesium profile in the PSC material itself
problematic. In those cases, where accurate information about
the Cs profile in the film is needed, it is likely best to use a
GCIB if available or an oxygen ion beam for depth profiling.

Detector saturation and dynamic range is a limitation of
SIMS. Most standard TOF-SIMS instruments have 5 orders of
magnitude of dynamic range, although that can be increased
several more orders of magnitude with new extended dynamic-
range analyzer hardware available from some TOF-SIMS man-
ufacturers. While greater detail about detector saturation when
profiling PSC materials is discussed in prior work, in general if
saturation is an issue, one can look at higher-order clusters of
the same species that have lower intensity. For example, Cs* is
very electropositive and is often saturated in positive polarity;
so following Cs,* or Cs;* clusters avoids this issue. The same
is true for the halogen ions in negative polarity: I,” and I35~
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Figure 5. TOF-SIMS depth profiling showing the great enhancement of
halide ions | and Br when using the MCs™ profiling method. An improve-
ment of over 4 orders of magnitude can be seen when comparing the Br*
signal to the Cs,Br* secondary-ion cluster. The Cs,|" cluster is not shown
because it was so high in intensity that it severely saturated the detector
at 10° counts. Other higher-order clusters are shown because they can
be used to avoid detector saturation, if present. Data replotted from that
also shown in Harvey et al.?3l and are reproduced with permission.l?l
Copyright 2019, American Chemical Society.

clusters usually avoid saturation. For organic species which are
saturated one can follow instead the carbon thirteen analog, for
example, carbon-13FA (BCH(NH,),) for FA CH(NH,),.*/

3.2. Imaging and 3D Tomography

The last few years in the PSC research field have seen a surge
in the use of additives at relatively small concentration for a
variety of reasons including encouraging grain growth, passi-
vation of defects in the absorber bulk and/or at surface/inter-
faces in the device, and tuning interface energetics, to name
several. =04l The TOF-SIMS instrument can be tuned for high-
resolution imaging (>100 nm lateral resolution possible), and
with its inherent ability to easily distinguish between different
organic species, high-resolution imaging can be used to observe
the distribution of these additives in the film. For example, it
can be seen whether the additive is uniformly distributed, or
whether it tends to segregate at the grain boundaries in high
concentrations, which could suggest a grain-boundary pas-
sivating role in the material. While better than 100 nm lateral
resolution is possible to achieve in ideal conditions, a lateral
resolution of a few-hundred nanometers is more common and
depends on the quality of focus and the specifics of the sample
(roughness, etc.). Figure 6A shows an example of an image of
a cyanate signal (SCN-), which is prevalent at grain bounda-
ries after a lead-thiocyanate additive was used to improve grain
growth.[*¥] Figure 6B shows the guanidinium signal for a film
with much smaller grain size, where at low concentration the
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Figure 6. TOF-SIMS images of different passivating additives. A) TOF-SIMS 2D image of a lead thiocyanate passivating additive at the grain bounda-
ries (SCN~ signal shown).*l B) 2D image of guanidinium signal at the grain boundaries at low guanidinium loading."% The scale at the right of each
image is the intensity normalized to total counts. Figure 6A: Reproduced with permission.[*sl Copyright 2018, American Chemical Society. Figure 6B:
Reproduced with permission.['% Copyright 2019, American Association for the Advancement of Science.

guanidinium additive is mostly present at grain boundaries;
at higher loading, the guanidinium is also noted in the grain
interiors (not shown). The guanidinium thiocyanate additive in
this case helped enable >1 us carrier lifetime in low-bandgap
tin-lead PSC films.[1¥

Note that with such additives at lower concentration, long
image integration times may be needed. In both images
shown in Figure 4, the integration time was more than 1 h
to get sufficient signal, which also pushed the SIMS dosage
for the image acquisition to about the static SIMS limit of
1 x 1013 ions cm™2. When depth profiling is combined with
high-resolution imaging, 3D tomography can be realized,
which can yield insight into changes of cation gradients and
lateral distribution upon changes in processing and/or deg-
radation. Figure 7 shows the 3D tomography renderings for a
two-cation perovskite, where one cation is an organic species
(shown in red) and the other is inorganic (shown in blue). A
gradient in the cations is observed from back to front in all
samples. Lateral inhomogeneities between the two cations are
noted at lower processing temperature, and
this gradient becomes mostly eliminated at
the highest processing temperature.

It is important to note that TOF-SIMS
imaging is done using instrument conditions
that significantly limit the mass resolution.[*
This means that peak overlap and misassign-
ment of peaks are easily possible when using
TOF-SIMS imaging; therefore, it is suggested
that depth profiling first be performed on a
sample under standard profiling conditions
where high mass resolution is inherent to
the data (surface spectra should be collected
at a bare minimum). This will allow the accu-
rate assessment of any possible mass inter-
ferences before imaging. The importance of
this is illustrated in Figure 8. In recent work
it was desired to image sulfur in a perovskite
film. Sulfur has two major stable isotopes,
325 (94.99% abundance) and S (4.25%
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abundance). The mass of the main sulfur isotope is 31.9720, while
that of an O, secondary ion cluster falls very nearby at 31.9898.
In standard TOF-SIMS profiling conditions the mass resolution
is sufficient to separate these two peaks, as shown in Figure 8A.
However, when imaging the mass resolution is significantly
worse, thus both peaks merge into one centered around mass
32 as shown in Figure 8B, and the imaging information for
328~ cannot be separated from O,”. In such cases, following
isotopes of different natural abundance or secondary-ion clus-
ters can sometimes circumvent the issue. While imaging the
345~ peak would be possible, the counts are fairly low leading to
significant integration times. One can also consider secondary
ion clusters, although care must be taken to ensure the cluster
is reflective of the species of interest. In Figure 8C, the 32S-,
345, and sulfuriodide (SI7) secondary ion cluster profiles are
shown, in addition to the iodide profile. One can see that the
SI~ profile follows the sulfur profiles and not the iodine pro-
file, meaning that peak is reflective of the distribution of sulfur
not iodine. This peak has no mass interference issues with

processing temperature

Red = A-site organic cation * Blue = A-site inorganic cation

Figure 7. TOF-SIMS 3D tomography results for a two-cation perovskite, where one cation is
an organic species, and the other is inorganic, processed at different temperatures. Each 3D
reconstruction is 50 x 50 x 0.5 um. The organic cation is red and inorganic cation is blue. With
a lateral resolution of 100 nm or better, TOF-SIMS tomography data such as these can be used
to investigate phase segregation and cation distributions in detail through the depth of the film.
Reproduced with permission.[*!l Copyright 2018, American Chemical Society.
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Figure 8. A) High mass resolution spectrometry mode spectra showing the 32-sulfur peak, as well as the O, peak at slightly higher mass. B) Imaging
mode spectra showing the same peaks are merged together into one peak centered at mass 32 (blue online), the spectrometry mode peak from A
is also shown for comparison (red online). C) Depth profile data showing the 32S~, 34S~, SI~ and I~ peaks for a profile, the Sl trace is reflective of the

sulfur trace and not iodine. The dotted line at 200 nm shows the approximate film/substrate interface.

neighboring peaks and was successfully utilized for imaging
and 3D tomography of sulfur. In some cases, high-resolution
imaging may not be possible without mass interference issues.
Fortunately, many of the typical components of a PSC device do
not have serious mass interference issues when imaging; how-
ever, as more new passivating additives are being employed,
this may not always be the case.

Figure 5A in Section 2.1 shows that the Cs;I,* and Cs;Br,*
secondary-ion clusters lead to enhanced halide sensitivity when

24

IS

uim @ 20 40

profiling in positive polarity. However, this methodology does
involve a sputtering process that requires both cesium atoms
(implanted in the matrix due to the sputter beam) as well as
iodine and/or bromine atoms. Thus, it is not intuitively clear
if these peaks are used for imaging if the signal measured will
Dbe reflective of the spatial distribution of cesium or the halogen
ion. To investigate this further, a study was performed where
a profile was stopped most of the way through a HTL in a
device, so that only part of the underlying PSC film containing

0 20 40

Figure 9. TOF-SIMS imaging results showing the utility of the MCs* method in imaging the halide ions in positive measurement polarity with increased
sensitivity. A profile was stopped in the hole transport layer, where only a small amount of the underlying Br- and I-containing PSC layer was showing.
The MCs* images were acquired (shown in bottom row), then the instrument polarity was switched to negative to collect the Br- and |- images (shown
on top row). In positive polarity, the Br* and I* images are too low intensity to be above the background level. All the images are 50 x 50 um, and the
scale at the right of each image shows the measured intensity in counts per pixel; each image has unique scaling.
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iodine and bromine was exposed. The sample was then imaged
in positive polarity where the Cs;I," and Cs;Br," signals were
imaged. The measurement polarity was then switched to nega-
tive polarity, and the Br~ and I” signals were measured in the
same location. The results are shown in Figure 9, and one can
clearly see from this experiment that the Cs;I," and Cs3Br,* sig-
nals have the same spatial distribution as the I~ and Br~ signals;
this showcases the use of this method for imaging the halide
ions in positive polarity, as well.

Surface roughness can influence TOF-SIMS images, because
a rough surface (generally >50 nm rms roughness) can change
the total ion yield, resulting in apparent image contrast. In
newer TOF-SIMS systems from certain manufacturers, data
can be collected in a delayed extraction mode that mitigates
most of this issue by introducing a slight lag in the time
between a primary-ion beam pulse and the field used to extract
charged secondary ions into the detector. On systems where
delayed extraction is not available, normalizing the images to
the total-counts image can help decrease the influence of the
surface roughness on the image.*Y Detector saturation and
mitigation strategies were briefly discussed in Section 2.1 as
related to standard profiling. The signal measured in SIMS is
directly proportional to the primary-ion beam flux incident on
the sample; because the beam flux in imaging mode is gener-
ally an order of magnitude or more lower than in high mass-
resolution mode, thus detector saturation is usually not an
issue when imaging. However, if it is, then all the mitigation
strategies discussed in Section 2.1 still apply.

4, Conclusions

TOF-SIMS remains one of the few techniques that can obtain
chemical information of all components of halide perovskite
photovoltaics, and it can do this in up to three-dimensions
with 100 nm or better lateral resolution and sub-nanometer
depth resolution. This allows for deep insight into cation dis-
tributions (including all organic cations and additives) and
how they relate to performance and stability, both within the
absorber layer and at interfaces, which is key to advancing
the technology. Due to this wealth of useful information pro-
vided and the increasing exposure of TOF-SIMS data within
the PSC field, it is becoming a more frequently used tech-
nique when advanced characterization is needed. Many of the
example studies covered here that used TOF-SIMS, sometimes
in unique ways, have helped to advance the understanding of
PSC materials and devices. As PSC advance toward manufac-
turing, the examples we discussed regarding the type of data
that can be obtained from TOF-SIMS analysis, including depth
profiling, high-resolution imaging, and 3D tomography will
need to be reapplied in step with changes in PSC processing.
The discussed limitations of the technique, with beam damage
from the primary-ion beam being of central concern need to
be considered but do not undercut the power of the technique.
Thus, we showed that beam damage can be mitigated by using
a gas cluster ion source combined with the proper measure-
ment conditions when appropriate measurement technique
development is undertaken. As the PSC field continues its
amazing and rapid-paced march toward more efficient and
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highly stable devices, TOF SIMS will continue to be an impor-
tant technique serving a crucial role in providing insight about
the distribution and spatial location of many organic compo-
nents—a benefit that most other advanced characterization
techniques cannot provide.
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