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ABSTRACT: The relationship between charge-carrier lifetime and
the tolerance of lead halide perovskite (LHP) solar cells to intrinsic
point defects has drawn much attention by helping to explain rapid
improvements in device efficiencies. However, little is known about
how charge-carrier lifetime and solar cell performance in LHPs are
affected by extrinsic defects (i.e., impurities), including those that are
common in manufacturing environments and known to introduce
deep levels in other semiconductors. Here, we evaluate the tolerance
of LHP solar cells to iron introduced via intentional contamination of
the feedstock and examine the root causes of the resulting efficiency
losses. We find that comparable efficiency losses occur in LHPs at
feedstock iron concentrations approximately 100 times higher than
those in p-type silicon devices. Photoluminescence measurements
correlate iron concentration with nonradiative recombination, which
we attribute to the presence of deep-level iron interstitials, as calculated from first-principles, as well as iron-rich particles
detected by synchrotron-based X-ray fluorescence microscopy. At moderate contamination levels, we witness prominent
recovery of device efficiencies to near-baseline values after biasing at 1.4 V for 60 s in the dark. We theorize that this
temporary effect arises from improved charge-carrier collection enhanced by electric fields strengthened from ion
migration toward interfaces. Our results demonstrate that extrinsic defect tolerance contributes to high efficiencies in LHP
solar cells, which inspires further investigation into potential large-scale manufacturing cost savings as well as the degree of
overlap between intrinsic and extrinsic defect tolerance in LHPs and “perovskite-inspired” lead-free stable alternatives.
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The development of lead halide perovskite (LHP) solar
cells, which now exceed 20% efficiency,1−3 has
invigorated the photovoltaics (PVs) community by

eclipsing the traditionally slow rate of progress in PV materials
and device engineering, improving prospects for thin-film PV
technologies to reach global scale and mitigate climate change.4

Both the rapid rate of improvement since early efforts5−7 and
more recent high performance in LHPs have been enabled by
long charge-carrier lifetimes exceeding 100 ns.8−10 Theoretical
studies suggest that intrinsic point defects in LHPs contribute
relatively little to Shockley−Read−Hall recombination due to
their tendency to demonstrate (1) shallow levels within the
band gap and/or (2) high formation enthalpies that reduce
their bulk concentration, both of which contribute to long
lifetimes and hence the material’s “defect tolerance”.11−13

However, most attention has focused on the effect of intrinsic

rather than extrinsic point defects (i.e., impurities), the latter of
which are known to significantly degrade performance at
concentrations at or below 1 ppm in some semiconductors
most notably in silicon and III−V compounds.14−18 Currently,
device performance limitations due to impurity contamination
remain an unknown and potentially challenging impediment for
the pursuit of further efficiency gains and scale-up of LHPs and
related lead-free stable alternatives. Such impurity incorpo-
ration may unintentionally occur during solution synthesis,
which is frequently used to fabricate LHPs,5,19 as the polar
solvents often used to form precursor solutions can readily
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dissolve many impurity-containing substances unknown to be
present in feedstocks.
Some previous work has explored how precursor purity may

affect device performance,20 as well as how certain extrinsic
species may affect electronic properties in LHPs via doping,21,22

which has been shown to increase device performance.23−25

Calculations by Shi et al.26 suggest that alkali cations, oxygen,
and halogens form shallow levels in methylammonium lead
iodide (MAPbI3); however, theoretical studies of the effect of
3d transition metals, the most detrimental contaminants in
silicon and III−V compounds, are lacking. Experimentally, Klug
et al.27 found that device efficiencies in MAPbI3 could be
maintained among high levels (exceeding 1 at.%) of certain
transition metals in the precursor solutions used, suggesting
some degree of extrinsic defect tolerance. Iron, the most
detrimental transition metal in that study, caused efficiency
losses of ∼70% at an Fe:Pb ratio of 1:63 (equal to a feedstock
iron concentration of approximately 1300 ppm). These results
warrant further investigation of the relationship between
impurity concentration and (1) nonradiative recombination as
well as (2) device efficiency, so that contamination thresholds
(including those more representative of unintentional con-
tamination) can be better compared between materials.
Here, we fabricate and characterize LHP solar cells

intentionally contaminated with iron at five feedstock impurity
concentrations ranging from 1 to 10 000 ppm (i.e., 1 at.%)
alongside a baseline sample, which was not intentionally
contaminated. We choose iron due to its prevalence in PV
manufacturing settings28,29 (e.g., in stainless steel tubing and
machinery) and its known detrimental effect in silicon,30−32

III−V compounds,15,16,18 and other PV materials such as
copper zinc tin sulfide−selenide,33 forming deep levels within
the band gap and often having large carrier capture cross
sections. Our results suggest that performance in LHP solar
cells begins to decrease significantly at iron concentrations
between 10 and 100 ppm, demonstrating tolerance to iron at
feedstock concentrations up to 100 times higher than that in
representative p-type silicon solar cells.30,34 Nonetheless, we
observe that iron concentration correlates with increased
nonradiative recombination, and calculations using density
functional theory suggest that iron interstitials form deep levels
within the band gap. Device hysteresis and the effect of

prebiasing on device performance highlight the role of electric
fields in preventing electron−hole recombination that may
occur both throughout the bulk and at coarsely dispersed iron-
rich areas that form in the most highly contaminated films. We
discuss the implications of these findings to manufacturing
costs and the development of “perovskite-inspired” lead-free
stable alternatives.

RESULTS

We fabricated LHP films and devices by slightly modifying a
standard recipe6 that combines methylammonium iodide with
lead(II) chloride in a 3:1 molar ratio to form MAPbI3 with trace
amounts of Cl. Solar cells were fabricated in a glass/FTO/
TiO2/MAPbI3/spiro-OMeTAD/Au architecture; see Support-
ing Information for further fabrication details. Iron(II) iodide
(FeI2) served as our contamination source and readily dissolved
in the N,N-dimethylformamide solvent. Based on the standard
reduction potentials of Fe3+|Fe2+, Fe2+|Fe, and I2|I

−, we expect
FeI2 to fully dissolve and remain stable as separate Fe2+ and I−

ions. We note that throughout this article we refer to the iron
concentration introduced to the feedstock solution. To assess
the impact of iron incorporation on photovoltaic performance,
we measured current-density vs voltage (J−V), shown in Figure
1. Solar cell parameters from all 7−8 devices (each with an area
of 0.25 cm2) on each sample, taken in the reverse direction with
and without a presweep voltage bias of 1.4 V in the dark for 60
s, are summarized in Figure 2. As the iron concentration
increases from the baseline sample to 10 ppm, the open-circuit
voltage (VOC) and short-circuit current density (JSC) without
any prebias change only slightly. Above 10 ppm, however, the
devices suffer considerable losses in both VOC and JSC and thus
device efficiency (Figures 1 and 2). Additionally, “rollover” in
the J−V curves begins to manifest at 1000 ppm (Figure 1),
contributing to JSC losses. The monotonically decreasing trend
in VOC without any prebias is consistent with an expected
increase in recombination. Due to prebias effects and the use of
a relatively slow scan rate of 0.1 V/s, which corresponds to an
effective 4−10 s prebias above VOC, the absolute values for the
solar cell parameters may change slightly for different scan
rates.
To correlate J−V performance with charge-carrier lifetime,

we measured time-resolved photoluminescence (TRPL) on

Figure 1. J−V sweeps taken with a scan speed of 0.1 V/s in the reverse (solid lines) and forward (dotted lines) directions under 1 sun
illumination and a N2 ambient at five intentional feedstock iron contamination levels plus a baseline, which was not intentionally
contaminated. For each sample, the plot shown is the device closest to the median efficiency of 7−8 devices on each sample. For J−V sweeps
measured after prebiasing, see Figure S1, Supporting Information.
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glass/TiO2/MAPbI3 films under ambient air using time-
correlated single-photon counting. The spiro-OMeTAD layer
was omitted to decrease the effect of photoluminescence (PL)
quenching caused by the selective extraction of holes at the
MAPbI3/spiro-OMeTAD interface,8 and the films were
deposited on TiO2 to ensure that the film morphology
(shown in Figure S3; see Supporting Information) remained
similar to that of the full devices. Since the 500 nm thickness of
our MAPbI3 films exceeds the absorption depth (approximately
150 nm, for 532 nm wavelength excitation) by over a factor of
3, we do not expect significant PL quenching from the TiO2/
MAPbI3 interface. The TRPL decay curves, shown in Figure 3a,
indicate generally decreasing PL decay times with increasing
iron concentration, although differing behavior occurs between
the 10 and 100 ppm films, the former of which has a faster
initial decay but a longer tail. Estimated lifetimes obtained from
monoexponential fits to the data are listed in Table 1. While

these specific values may not accurately represent lifetimes in
devices under operation, in part due to the non-monoexpo-
nential behavior at early PL decay times (see Figure 3a, inset),
the trend with iron concentration more directly links losses in
device efficiency to nonradiative recombination.
To evaluate how much iron incorporates into the films

during growth, impurity concentration measurements were
performed by dissolving MAPbI3 films in dilute nitric acid and
analyzing the contents with inductively coupled plasma optical
emission spectroscopy (ICP-OES). Calculated incorporated

Figure 2. Boxplot summary of J−V parameters for sweeps taken in
the reverse direction with (right column) and without (left column)
a 1.4 V presweep bias taken in the dark for 60 s. Box upper and
lower bounds represent 75 and 25% percentile marks, respectively.
Whiskers indicate data extrema up to 2.7 standard deviations away
from mean. Asterisks represent outliers (more than 2.7 standard
deviations away from mean). For corresponding summary of
sweeps taken in forward bias, see Figure S2, Supporting
Information.

Figure 3. (a) Time-resolved photoluminescence on sister samples (glass/TiO2/MAPbI3) fabricated under the same conditions as devices but
without FTO or absorber overlayers, collected using 532 nm excitation at 0.8 nJ/cm2

fluence at 500 kHz with 650 nm long pass, 800 nm short
pass, and 532 nm notch filters, respectively. Inset shows early time scale PL dynamics. Gray lines indicate monoexponential fits to the data;
see Table 1. (b) Spectral photoluminescence measurements collected with a 532 nm excitation and a 0.2 s exposure time.

Table 1. Incorporated Iron Concentration and Fitted
Charge-Carrier Lifetimes for Iron-Contaminated Films

sample
incorporated iron

concentration (ppm)
monoexponential fit time

constant (ns)

baseline 325
1 ppm 314
10 ppm 148
100 ppm 138
1000 ppm 1076 ± 158 32
1 at.% 3332 ± 171 30
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iron concentrations, also listed in Table 1, show that for our
fabrication conditions, the incorporation of iron saturates near
3300 ppm, or 0.3 at.%. Precise concentrations below 1000 ppm
were not able to be determined within a tolerance of 100 ppm
due to uncertainty; see Experimental Methods for details.
Figure 3b shows that a decrease in the spectrally resolved PL

intensity occurs at 1 at.%. We note that the spectral PL
measurements were performed at the same wavelength but with
a different repetition rate and output power, compared to the
TRPL measurements; see Experimental Methods. The slight
red shift in the PL spectrum of the 1 at.% film is characteristic
of a decrease in the total charge-carrier population, which
causes states farther from the band edges to remain empty and

thus lowers the peak energy of the PL without significantly
altering the shape of the PL profile itself.
Our results thus far demonstrate an inverse correlation

between nonradiative recombination and J−V performance.
However, it remains unclear what specific defect(s) causes
recombination. Possibilities include interstitial iron, iron
substituting on lead (or other) sites, defect complexes, iron-
decorated dislocations or grain boundaries, and agglomerates of
precipitated iron or iron-containing phases (e.g., FeI2, FeCl2).
To begin exploring which defects may be both present and
detrimental to device performance, we investigate a few
possibilities using first-principles defect calculations and X-ray
spectroscopy techniques.

Figure 4. (a) Defect energy level diagram calculated from density functional theory for three symmetry-inequivalent Fei sites in MAPbI3. (b)
X-ray photoelectron spectroscopy measurements of Fe 2p peaks for a feedstock iron concentration of 1 at.% showing experimental data
(maroon circles) and fit to the data (black line) broken down into individual peaks (gray lines). (c−e) MAPbI3 crystal structure for Fei
(golden spheres) incorporated at sites A, B, and C, respectively, alongside lattice sites for Pb (black), I (purple), C (brown), N (light gray),
and H (pink).

Figure 5. Synchrotron-based X-ray fluorescence microscopy maps of glass/TiO2/MAPbI3/Au films at 1000 ppm (top row) and 1 at.% (bottom
row) feedstock iron contamination levels; 40 nm of Au was deposited onto the films to dissipate charging from the beam.
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Formation-energy calculations for iron point defects in
MAPbI3 using density functional theory indicate that iron
interstitials (Fei), shown in Figure 4a, are by far the most likely
to form, as calculated formation energies for substitutional iron
on the lead (FePb), iodine (FeI), and methylammonium (FeMAI)
sites all exceeded 10 eV (at the valence band maximum). Due
to slight distortions in the tetragonal structure35 of room-
temperature MAPbI3, there are three symmetry-inequivalent
Fei sites, leading to multiple defect energy levels occurring at
the +2/+1 transition. All three levels, however, lie more than
0.5 eV from either band edge and thus can be considered
“deep”.36 Fitted X-ray photoelectron spectroscopy (XPS)
measurements on the 1 at.% film, shown in Figure 4b, suggest
iron in both +2 and +3 charge states may be present while
metallic iron (whose binding energy lies near 707 eV) is absent,
as indicated by the position of the main Fe 2p3/2 peak near 710
eV.37,38 However, we do observe local agglomeration of iron at
high concentrations, as shown from synchrotron-based X-ray
fluorescence microscopy (μ-XRF) maps in Figure 5. In the
1000 ppm film, these iron-rich agglomerates appear to be
needlelike in shape, whereas in the 1 at.% film, iron is more
broadly distributed. No metallic iron was detected via XPS,
which suggests these iron-rich agglomerates may comprise
Fe2+-containing compounds such as FeI2 and/or FeCl2,
although further studies (e.g., X-ray absorption) are needed to
verify this. The micron-scale variations in lead and iodine
content, particularly evident in the 1 at.% film, are due to
nonuniform film morphology (see Figure S3, Supporting
Information).

DISCUSSION
Overall, MAPbI3 solar cells contaminated with iron suffer a 50%
relative drop in efficiency around 100 ppm, compared to
around 1 ppm for representative p-type silicon devices.30,34

Whereas direct comparisons with silicon-based devices depend
on their device architecture, processing, operating injection
level, and the specific defect considered (e.g., iron interstitials vs
iron−boron pairs), only under particular conditions (i.e., certain
architectures in high injection) can p-type silicon devices retain
over 50% of their baseline efficiency when contaminated with
100 ppm of iron in the feedstock. Thus, in comparison to p-
type silicon, MAPbI3 seems to tolerate up to 100 times more
iron despite the presence of deep levels within the band gap
due to iron interstitials. Moreover, considering that we compare
feedstock iron concentrations here, our comparison likely
underestimates the tolerance of MAPbI3 to iron, as in silicon
solar cell fabrication, much of the iron initially present in the
bulk is removed by gettering processes.39,40 It is worth noting
that n-type silicon solar cells are far more tolerant to interstitial
iron as its capture cross section for holes in silicon is over 100
times smaller than that for electrons.41,42

It is particularly remarkable that charge-carrier lifetimes in
MAPbI3 dropped only an order of magnitude or so while
feedstock iron concentration increased by 4 orders of
magnitude from 1 to 10 000 ppm (1 at.%). From Shockley−
Read−Hall recombination statistics, we expect a linear
correlation between lifetime and defect concentration;43,44

thus, the observed trend suggests that feedstock iron
concentrations up to 100 ppm do not limit lifetime in
MAPbI3 as they do in p-type silicon,28 and/or that much of
the iron present acts differently than a Shockley−Read−Hall-
type defect (e.g., is located at the surfaces of precipitates). We
note that this specific result might be influenced by the specific

solution chemistry used, which could affect the size and shape
of iron-rich particles seen in Figure 5, which in turn may affect
film morphology. Iron incorporated via other methods (e.g., a
thin sheet of metallic Fe deposited on top of TiO2 prior to spin-
coating) might affect nucleation differently. Hence, the
contamination technique may result in different geometries of
iron-rich particles and thus different recombination behavior in
highly contaminated samples where such particles are observed.
Considering that the 1 at.% device maintained a relatively

long lifetime in the tens of nanoseconds, its 0.04% device
efficiency seems disproportionately low, dominated by a very
low JSC (0.51 mA/cm2). This may be due decreases in charge-
carrier mobility due to impurity scattering, which is expected to
increase at higher iron concentrations. It is also possible that
the observed local film inhomogeneities (see Figure S3,
Supporting Information) affect carrier transport pathways, or
that interface band offsets affect charge-carrier collection (and
to some extent, VOC) at the interface.45 In particular, voids
could affect the amount of shunting and light absorption that
occurs in the devices, though we see little evidence of the
former effect in the J−V response in our devices. Moreover,
neither effect is likely to fully explain the sharp decrease in JSC
seen at high contamination levels. Other variations in the film,
such as excess PbI2, as evident via X-ray diffraction (XRD) (see
Figure S4, Supporting Information), might affect overall
recombination behavior. Our XRD analysis did not reveal the
presence of any binary or ternary impurities containing
combinations of (Ti, Fe, Pb) and (O, Cl, I), though such
species may be present in small amounts undetectable by XRD.
Other factors may also affect the recombination activity of

iron. Whereas bulk XPS measurements suggest a mix of Fe2+

and Fe3+, the lack of a +3/+2 transition within the band gap as
calculated by DFT suggests that Fei

3+ is not recombination
active as a point defect. Fei

2+ may readily form in high
concentrations (limited by the initial feedstock iron concen-
tration) due to its low formation energy, although we stress that
calculating interstitial concentrations from formation energies
may be misguided because DFT calculations capture
thermodynamic behavior, whereas our films are synthesized at
low temperatures (100 °C) unlikely to satisfy thermodynamic
equilibrium. The remarkably high formation energies (above 10
eV) of all three possible iron substitutional defects (FePb, FeI,
and FeMAI) may help limit the solubility of point defect iron in
MAPbI3 to lower levels, causing iron to instead agglomerate
into larger particles in the presence of supersaturation, as
suggested by μ-XRF. This effect, if present, may reduce overall
recombination, similar to how precipitates in p-type silicon are
known to be less detrimental compared to that same amount of
iron distributed as point defects.46−48 Furthermore, despite
having a deep defect energy level, the capture cross section for
iron, if small enough, may allow it to avoid being particularly
recombination active, as has been seen in GaAs, where iron
incorporates substitutionally.15 The high static dielectric
constant of MAPbI3 of 60 or larger49,50 may play a role in
screening the charge of Fei

2+ and contributing to a low capture
cross section. In this way, a high dielectric constant may
contribute to both extrinsic and intrinsic defect tolerance in
LHPs.
Despite uncertainties about iron’s specific chemical and

structural characteristics in MAPbI3, we see evidence that it
generates trap states within the bulk through two effects on J−
V: (1) the improvement in performance after prebiasing and
(2) the correlation of “rollover” with iron concentration. First,
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we observe that devices with higher contamination levels
(between 10 and 10 000 ppm) show recovery in both JSC and
VOC after applying a presweep voltage bias at 1.4 V for 60 s in
the dark and sweeping in the reverse direction. In some cases,
JSC values recover completely or even exceed that of the
baseline. These performance improvements are temporary,
however, and the forward-direction J−V response remains
similar regardless of any prebias (see Figure S1 and Figure S2,
Supporting Information). All of these observations are
consistent with bias effects reported previously,51,52 which
suggest that charged mobile ions migrate toward interfaces,
where they generate space charge and thus screen the built-in
voltage within the bulk. Then, once a bias voltage is applied,
these ions redistribute away from interfaces, reducing screening
and resulting in enhanced charge-carrier collection. That this
effect correlates with iron concentration suggests that iron
limits charge-carrier transport within the film.
Second, we posit that the “S-shape” or “rollover” that

emerges in the J−V response above 100 ppm may be related to
the presence of iron within the bulk. MAPbI3 device modeling
performed by van Reenen et al. (see Supporting Information in
ref 53) suggests that trap states within the bulknot only those
at interfacescan cause hysteresis and that observed “rollover”
can be related to hysteresis itself. The trend in hysteresis in our
devices is consistent with this interpretation. Furthermore, we
also observe this trend in devices fabricated using the “inverted”
perovskite device architecture;54 see Supporting Information
for device fabrication details. Figures S6 and S7 (see Supporting
Information) show that for this alternative architecture, J−V
hysteresis begins to manifest at 100 ppm, as does the
improvement in device performance due to the presweep
bias. This similarity in trends of hysteresis and the effect of
presweep bias within two distinct LHP architectures suggests
that bulk charge-carrier transport effects may dominate over
interface characteristics, although it is possible a correlation
between interface band offset and iron concentration could still
contribute.
The observation of high tolerance of LHPs to iron inspires

several questions that may affect future efforts to scale-up LHPs
and related “perovskite-inspired” lead-free stable alternatives.
Increased tolerance to iron may translate to manufacturing cost
savings by enabling the use of lower-purity precursors,
manufacturing environments (e.g., cleanrooms) with less
stringent particle-count requirements, and wider materials
selection for processing equipment, for example. These savings
will depend on baseline manufacturing processes but could be
significant, especially considering the high costs of silicon
precursor purification (to at least 99.9999%), which comprise
approximately one-third of the polysilicon-to-module factory
capital costs.55

Additionally, the particular characteristics of iron in LHPs
namely, the ability to incorporate high concentrations within
the bulk despite deep levels within the band gapprovoke
further inquiry into whether intrinsic and extrinsic defect
tolerance both arise from similar mechanisms. For example,
high dielectric constants are expected to reduce the effective
capture cross section of any charged point defect, whether
intrinsic or extrinsic, whereas the underlying principles that are
most important in determining defect energy levels (e.g., orbital
alignment of atoms, antibonding character, local bonding
environment) may differ for intrinsic vs extrinsic point defects.
In light of emerging efforts to design and develop lead-free and
stable alternatives to LHPs56−61 while retaining their defect-

tolerance properties, understanding how materials structure and
chemistry affect defect tolerance may be critical to properly
assess the risk of impurity incorporation in slowingor even
limitingimprovements in device efficiencies.

CONCLUSIONS

In summary, we find that MAPbI3 devices can tolerate
approximately 100 times higher feedstock iron concentrations
compared to representative p-type silicon devices before
comparable efficiency losses occur. J−V performance suggests
that iron contributes a significant number of trap states, as
performance losses can be temporarily recovered by applying a
presweep dark voltage bias that likely enhances electric-field-
assisted charge-carrier collection. Regardless, charge-carrier
lifetimes remain in the tens of nanoseconds even when bulk
iron concentration exceeds 3000 ppm, demonstrating remark-
able tolerance to the presence of iron, especially given that iron
interstitials form deep levels. This experimentally demonstrated
tolerance of MAPbI3 to iron helps explain high PV performance
in LHPs despite the use of synthesis techniques where
impurities are likely present. These findings provide the initial
groundwork for evaluating the effect of feedstock purity on
large-scale LHP solar cell manufacturing costs, and the
framework herein points toward deeper understanding of the
mechanisms that affect both extrinsic and intrinsic defect
tolerance that could inform efforts to develop “perovskite-
inspired” lead-free stable photovoltaic materials.

EXPERIMENTAL METHODS
Solar cell characterization of glass/FTO/TiO2/MAPbI3/spiro-OMe-
TAD/Au devices was performed in a nitrogen-filled glovebox under 1
sun conditions using a solar simulator (Newport Oriel, model 69907)
and a semiconductor device analyzer (Agilent Technologies, model
B1500A). Scans were performed from +1.4 V to −1 V, then
immediately from −1 to +1.4 V at a scan speed of 0.1 V/s in both
directions. The device area of 0.25 cm2 was determined by the area of
the Au contact pad; apertures were not used because edge effects were
found to be negligible. For scans taken after the presweep bias, reverse
and forward scans were performed under these same conditions after a
1.4 V was applied in the dark for 60 s immediately beforehand.

Time-resolved photoluminescence measurements were collected
using a time-correlated single-photon counting setup that used a 532
nm wavelength picosecond laser (PicoQuant, LDH-P-FA-530B)
pulsed at 500 kHz. The power for all measurements was 102 nW,
which along with a beam spot size of 180 μm2 corresponds to a
photon fluence of 0.8 nJ/(cm2·pulse), or 2.2 × 109 photons/(cm2·
pulse). For an absorption coefficient of 6.5 × 104 cm−1 and lifetime of
100 ns, this corresponds to an injection level of ∼0.1 suns. PL
emission was captured using parabolic mirrors and focused on a single-
photon avalanche photodiode (Micro Photon Devices, $PD-100-
C0C). Photon arrival times were detected using a time synchronizer
(PicoQuant, PicoHarp 300).

Spectral photoluminescence measurements were collected using a
532 nm laser (CrystaLaser, model QL262-030) pulsed at 1.2 kHz with
an average output power of 50 mW, a 300 mm focal length triple
grating monochromator (Princeton Instruments, Acton SP2300) and a
CCD for detection (Princeton Instruments, model 7516-0002).
Exposure time was 0.2 s. The error in total PL counts is approximately
±15% due to time-dependent emission behavior and slight variations
(±10 s) in the time between beam turn-on and data collection. No
significant shift in PL energy was seen after 130 s of illumination.

Iron impurity content measurements were performed using ICP-
OES (Agilent Technologies, 5100 ICP-OES) by dissolving films in a
dilute (2% v/v, JT Baker, 99.9999%) nitric acid matrix and analyzing
the elemental spectra using both horizontal and axial views. High-
density polypropylene containers were soaked in the nitric acid matrix
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for over 48 h and then rinsed with the same solution to leech out and
remove any container contaminants. To obtain quantitative iron
incorporation data, standard solutions for both iron (Inorganic
Ventures, 10 ppm) and lead (Inorganic Ventures, 100 ppm) were
prepared with 0.001, 0.01, 0.05, 0.1, 0.5, 1, 5, and 10 μg/mL of iron
and 10, 50, and 100 μg/mL of lead in solution, respectively. The raw
signal counts were collected and averaged at five distinct spectral lines
for each element and then compared between these standards and the
samples to determine total iron content. Due to cross-interference
between iron and lead in the solutions, uncertainty for the baseline, 1,
10, and 100 ppm samples was higher than 100 ppm; thus, the numbers
are not reported in Table 1.
Density functional theory calculations were performed with space

group P4mm using the VASP code62 and the standard Perdew−
Burke−Ernzerhof functional.63 All point defect calculations were
performed utilizing the supercell approach as described previously64,65

and implemented in the automated framework of Goyal et al.66 A 3 ×
3 × 3 supercell was, with each supercell containing 324 atoms and
periodic images separated by at least 19.5 Å. Calculations for supercells
were performed at a single k-point, with the host lattice computed on a
6 × 6 × 6 Monkhorst−Pack grid,67 all using a plane-wave cutoff of 340
eV. Finite size corrections including image charge correction for
charged defects, band alignment, and band filling corrections have
been employed, and chemical potentials from the fitted elemental
reference energies were used.68 Point defects considered in this study
included iron substituting on the lead, methylammonium, and iodine
sites as well as iron sitting at three symmetry-inequivalent interstitial
sites (see Figure 4), which were identified using the framework of
Goyal et al.66 Only the interstitial defects were found to be low enough
in energy to be relevant and were computed in charge states q = −2, −
1, 0, +1, +2, +3, and +4.
X-ray photoelectron spectroscopy measurements were collected

using a Thermo Scientific K-Alpha X-ray spectrophotometer. Peaks
were fitted and analyzed using Thermo Avantage software; Gaussian
mixture was used. Baseline was calculated using Shirley’s method, and
the data were corrected assuming atmosphere carbon contamination at
285 eV. No beam-induced degradation or sample charging was
apparent, as evidenced by the persistence of Pb and N peaks at the
sample surface.
Synchrotron-based X-ray fluorescence microscopy was performed at

beamline 2-ID-D at the Advanced Photon Source, Argonne National
Laboratory,69 at an excitation energy of 9 keV with a 200 nm spot size,
step sizes of 500 nm (1000 ppm film) and 220 nm (1 at.% film), and
dwell times of 20 ms (1000 ppm film) and 25 ms (1 at.% film), which
were enabled by on-the-fly data collection mode.70 No chemical or
structural changes to the films from the beam were observed.
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