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ABSTRACT: We use multimodal microscopy to study carrier recombination in
semiconducting tin halide perovskite films based on PEA0.2FA0.8SnI3 (PEA =
phenethylammonium; FA = formamidinium). We use the observation of pseudo-first-
order photoluminescence (PL) decay kinetics to establish a method for quantifying the
hole dopant level and nonradiative recombination rate constant. We find that untreated
PEA0.2FA0.8SnI3 films exhibit large hole doping concentrations of p0 ≈ 1019 cm−3, which
is reduced to p0 ≈ 1016 cm−3 after SnF2 treatment. While it is well-known that the
radiative recombination rates are increased with p0, we reveal that the nonradiative rate
is also increased. We find that p-type regions in untreated PEA0.2FA0.8SnI3 films are centers for nonradiative recombination,
which are diminished in films with p0 ≈ 1016 cm−3. We discover significant PL heterogeneity even in PEA0.2FA0.8SnI3 films with
moderate dopant levels, suggesting that new strategies to eliminate deleterious defects in PEA0.2FA0.8SnI3 must be developed.

Tin halide perovskites, with the general formula ABX3
[A = Formamidinium (FA), B = Sn, X = Br, I], offer a
narrower bandgap (∼1.3 eV) than their lead counter-

parts, making them suitable candidates for the light-absorbing
semiconductor in single-junction photovoltaic devices. More-
over, this attribute makes tin halide perovskites useful for all-
perovskite tandems, with the best-performing cells incorporat-
ing a 50−50 Sn−Pb composition in the low bandgap
component.1−3 Nevertheless, record-breaking pure-Sn devices
still exhibit severe losses in both the open-circuit voltage (Voc)
and short-circuit current (Jsc). These losses have kept power
conversion efficiencies (PCEs) well below theoretical limits
(cf. 14.6%, certified at a bandgap of 1.4 eV where the
theoretical limit under AM1.5 illumination would be ∼33%).4

Theoretical and experimental studies link the Voc losses in
PEA0.2FA0.8SnI3 to a complex chain of reactions starting with
the formation of Sn vacancies (VSn):

5,6

Sn Sn V 2hSn ex Sn
2+ + +

(1)

In eq 1, SnSn is Sn(II) incorporated into the perovskite lattice
at a Sn site, Snex is metallic Sn(0) not embedded in the lattice,
and 2h+ represents the two excess holes generated to maintain
charge neutrality.7 Moreover, if a significant concentration of
Sn4+ is present in the precursor solution, either due to SnI4
impurities in the SnI2 precursor

6 or direct oxidation of SnI2 in
solution by dimethyl sulfoxide (DMSO),8 Sn4+ can be reduced
back to Sn2+ in the bulk, producing two holes as follows:6,9,10

Sn Sn 2hex
4

ex
2 ++ + +

(2)

Otherwise, Sn4+ is stabilized at the Sn perovskite surface as a
deep electron trap.11 Nonradiative Voc loss is directly linked to
decreases in the photoluminescence quantum yield (PLQY)
and thus the prevalence of nonradiative recombination.11

Additionally, reports have shown that high hole doping levels
can lead to fast recombination and blue-shifted absorbance via
the Burstein−Moss effect, both of which work to reduce the
Jsc.

12−16

Strategies for improving the PCE of perovskite solar cells
based on PEA0.2FA0.8SnI3 have focused on mitigating the
formation of Vsn, usually by incorporating excess Sn2+ ions in
the form of SnF2 and imposing a higher Vsn formation energy
with 2D layer functionalization.17−21 Given that the VOC is
directly linked to the PLQY, ensemble steady-state and
transient PL spectroscopy techniques are useful tools to assess
performance.15,22−25 Aside from ensemble photoluminescence
(PL) behavior, microscale photoluminescence heterogeneity
has provided important insights in both traditional III−IV
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semiconductor photovoltaics and Pb perovskites11,26−34 but
remains less used for Sn perovskites.
Here, we use a combination of spectroscopy, microscopy,

and device characterization to assess heterogeneity in
PEA0.2FA0.8SnI3 while modulating the hole doping level, p0
with SnF2 treatment. We developed an all-optical method to
extract p0 from the PLQY and time-resolved PL lifetime. We
show that untreated PEA0.2FA0.8SnI3 has a large hole dopant
level (p0 ≈ 1019 cm−3) and exhibits significant microscale
variations in both the bandgap and PL intensity. Treatment
with 10 mol % SnF2 both lowers the hole dopant level (p0 ≈
1016 cm−3) and reduces the PL heterogeneity. Correlated
conductive atomic force microcopy (c-AFM) and photo-
luminescence spectroscopy reveal that the nonradiative
recombination centers are mostly removed in PEA0.2FA0.8SnI3
films with moderate dopant levels.
We studied PEA0.2FA0.8SnI3 films prepared on glass

substrates by spin-coating a stoichiometric mixture of tin
iodide (SnI2), formamidinium iodide (FAI), and phenethy-
lammonium iodide (PEAI) in a mixture of dimethyl sulfoxide
(DMSO) and N,N-dimethylformamide (DMF) following the
method of Lanzetta et al. (more details in the Supporting
Information).6 In addition, we used a small amount of SnF2
additive in the precursor solution to provide an excess of Sn2+
ions and limit VSn formation.6 Furthermore, we encapsulated
the films to eliminate the impact of atmospheric oxygen on
their photophysical properties (Figure S1). We made photo-
voltaic cells under identical conditions and obtained power
conversion efficiencies up to 8.26%, which is comparable to
efficiencies in other reports using this architecture (Figure
S2).35,36 Notably, after addition of 10 mol % SnF2 to the
precursor solution, we observe a dramatic improvement in
PCE from 2.72 ± 0.52% to 7.43 ± 0.50%, which we attribute
to an improvement in both the open-circuit voltage (VOC;
0.495 ± 0.01 V to 0.555 ± 0.01 V) and short-circuit current
(JSC; 8.16 ± 1.54 mA cm−2 to 20.45 ± 0.96 mA cm−2). We
provide further device characterization statistics in Figure S3.
Previous studies have used steady-state PL spectroscopy to

deduce qualitative information about p0 and nonradiative
decay rates in Sn perovskites such as PEA0.2FA0.8SnI3.

15,22,25

Figure 1a shows the ensemble steady-state photoluminescence
characteristics of an untreated PEA0.2FA0.8SnI3 film and one
that was made after the addition of 5% SnF2 to the precursor
solution. These treatments increase (redshift) the PL peak
wavelength and narrow the PL spectrum. The decrease in peak
PL wavelength is consistent with the expected decrease of the
Burstein−Moss shift associated with reduced band-filling from
excess p-type carriers as the doping level decreases.15,16 The
narrowing of the PL spectrum may also be associated with a
decrease in doping-related heterogeneity.22 As such, both the
full width at half-maximum (fwhm) and peak position of PL
spectra provide a method for qualitatively assessing the hole
doping level.
We next combine time-resolved PL, measured with time-

correlated single-photon counting (TCSPC), and PLQY to
extract quantitative information about p0 and the nonradiative
recombination rate constant (knr). Using SnF2 additive
treatment,6 we produced a series of PEA0.2FA0.8SnI3 films
with different PL lifetimes and thus presumably different p0
and knr. We show the TRPL and PLQY data for an example
PEA0.2FA0.8SnI3 film treated with 5% SnF2 additive in Figure
1b,c (this data for the other PEA0.2FA0.8SnI3 films is provided
in Figures S4−S9 and Table S1).

In the limit of low excitation fluence, the photoluminescence
decay associated with electron−hole recombination in a doped
semiconductor is characterized by first-order kinetics:25,37

tPL( ) e k k p t( )nr bi 0+ (3)

Here, knr is the rate constant for nonradiative decay of minority
(n-type) carriers and kbi is the bimolecular radiative rate
constant; we fit the decay in Figure 1b to a stretched
exponential31,38,39

t ePL( ) k k p t( )nr bi 0[ + ] (4)

where β is the stretching parameter associated with the
stretched exponential. The stretched exponential form of the
ensemble decay in this case has a physical origin in the
summing of single exponential decays of the form given in eq
3, where the β value carries information about how broad the
lifetime distribution is. β = 1 recovers a homogeneous single
exponential, and lower values of β arise from more distributed
kinetics.31,39 Equation 5 gives the average lifetime from the
stretched exponential, ⟨τ⟩38−40

i
k
jjjj

y
{
zzzz

1c=
(5)

where Γ is the gamma function and τc is the characteristic
lifetime of the stretched exponential. The PEA0.2FA0.8SnI3
sample prepared with 5% SnF2 additive decays with a ⟨τ⟩ of
1.9 ns. This is at least four times slower than the decay of the
untreated PEA0.2FA0.8SnI3 sample, which is limited by the
instrumental response (⟨τ⟩ < 0.5 ns). However, with TCSPC
alone, it is impossible to say whether this decrease in lifetime is
due to an increase in knr, an increase in p0, or both.

Figure 1. (a) Steady-state photoluminescence of PEA0.2FA0.8SnI3
films on glass substrates with (red) and without (blue) 5% SnF2.
(b) Time-correlated single-photon counting (TCSPC) decay, and
corresponding stretched exponential fit, of a PEA0.2FA0.8SnI3 film
made with 5% SnF2 additive. (c) PL spectra of PEA0.2FA0.8SnI3
treated with 5% SnF2 additive (black) and glass reference (red)
used to find the PLQY. (d) Plot of the nonradiative rate constant,
knr (red circles), and PLQY (gray circles), as a function of the hole
dopant level, p0 for the PEA0.2FA0.8SnI3 films studied herein. The
value of knr for the p0 ≈ 1019 cm−3 sample is a minimum based on
the instrumental response of the TCSPC set up (0.5 ns). The
linearity of the knr plot in the 1016−1017 cm−3 range suggests that
the nonradiative recombination stems from first-order processes,
such as charge trapping.
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We have previously found that the ⟨τ⟩ calculated from
stretched exponential decays is consistent with the PLQY
across a range of systems.39,40 In p-type PEA0.2FA0.8SnI3, where
the PLQY and ⟨τ⟩ both depend on p0, this relationship
becomes

k p
k p

k p k
PLQY bi 0

bi 0

bi 0 nr
= =

+ (6)

Figure 1c shows the photoluminescence spectrum of the
PEA0.2FA0.8SnI3 sample treated with 5% SnF2 additive and a
glass reference, captured after exciting the samples in an
integrating sphere. We used these spectra to extract the PLQY,
which was 2.0%. Therefore, by combining PLQY and TRPL
measurements in the same fluence limit and using our
calculated value for kbi (∼3.6 × 10−11 cm3 s−1, see Figures
S10−S12), we can extract p0 and knr. Importantly, in the
fluence range that we adopt (1013−1015 cm−3), neither the PL
lifetime (eqs 3−5) nor the PLQY (eq 6) are dependent upon
the carrier density (n), meaning that the requirement to match
carrier densities in PLQY and TRPL measurements is relaxed
(Figures S13 and S14). We calculate the example
PEA0.2FA0.8SnI3 film to have a p0 and knr of 2.9 × 1017 cm−3

and 5.1 × 108 s−1, respectively. We note that the upper
estimation limit of this technique is limited, given that we
cannot resolve recombination rates faster than ∼2 × 109 s−1

with our TCSPC system. Therefore, to estimate p0 in these
cases, we consider the bandgap shift associated with the
Burstein−Moss band-filling effect and use the analysis of Milot
et al. to roughly estimate p0 (Figure S15).25 Using this
combined methodology, we confirm that our series of
PEA0.2FA0.8SnI3 films has p0 ranging from 1019 down to 1016
cm−3, spanning most of the p0 values reported in the literature
(Table S1).25,41−44

Figure 1d shows our measured PLQY and analysis of knr and
p0 for all of the PEA0.2FA0.8SnI3 films studied here. The trend
in PLQY can be split into two parts: (i) PLQY increasing with
p0 (p0 < 4 × 1017 cm−3), and (ii) PLQY decreasing with p0 (p0
> 4 × 1017 cm−3). On the other hand, knr increases steadily
with p0 throughout the entire range, regardless of whether the
PLQY is increasing or decreasing. Moreover, the values for knr,
ranging from 4.3 × 108 to above 1.3 × 109 s−1, remain larger
than the corresponding pseudo-first-order radiative recombi-
nation rate constants (kbip0), which range between 1.1 × 106
and 3.6 × 108 s−1, consistent with the relatively low PLQY of
these samples.

Figure 2. (a) Intensity at 848 nm and (b) peak wavelength maps of an untreated PEA0.2FA0.8SnI3 film. (c) Local PL spectra taken in the
labeled bright (black) and dark (red) regions of the hyperspectral images in panels a and b. The PL spectra are fitted to a Gaussian
distribution. (d) Intensity at 864 nm and (e) peak wavelength maps of a PEA0.2FA0.8SnI3 film after 10% SnF2 treatment. (f) Local PL spectra
taken in the labeled bright (black) and dark (red) regions of the hyperspectral images in panels d and e. The PL spectra are fitted to a
Gaussian distribution. Films were excited with a 532 nm laser at a power of 10 W cm−2. The scalebars in all images are 10 μm. (g)
Correlation between peak emission wavelength (λpeak) and emission intensity for each pixel in the untreated (a and b) and treated (d and e)
images. (h) Correlation between fwhm and integrated intensity at each pixel of the untreated (a and b) and treated (d and e) images. A
regular skipping filter of 500 was applied to the data to reduce the number of data points visible in the plots.
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An important result from the analysis presented so far is that,
in addition to having faster radiative decay of minority carriers
due to the increase in the pseudo-first-order rate constant
(kbip0), more heavily p-doped films also show higher rates of
nonradiative recombination. We hypothesize that the increase
in nonradiative decay rate with increasing p0 could arise from
two different factors: (i) a direct relationship between the
concentration of acceptor sites and trap-states, or (ii) two
hole−one electron Auger−Meitner recombination events
associated with the very high (up to 1019 cm−3) densities of
holes in these regions.9 To test the second hypothesis, we
consider the rate equation for Auger−Meitner recombination
in a p-doped semiconductor where one electron (bulk density,
n) recombines with two holes (bulk density, p + p0):

n
t

k n p p p p
d

d
( )( )Aug 0 0= + +

(7)

where kAug is the rate constant for Auger−Meitner recombi-
nation. This equation simplifies at the low fluences (n, p ≪ p0)
studied here to a quadratic relationship:

n
t

k np
d

d Aug 0
2=

(8)

On the other hand, if nonradiative recombination is governed
by trap-mediated recombination, we would expect the
following equation to govern the rate:

n
t

k n
d

d t=
(9)

where kt is the rate constant for charge trapping. Therefore, we
interpret the linear relationship between knr and p0 observed in
the 1016 < p0 < 4 × 1017 cm−3 region (Figure 1d) as evidence
that the dominant recombination process is trap-mediated
recombination. This can be rationalized in terms of the
PEA0.2FA0.8SnI3 materials chemistry (eqs 1 and 2), where high
concentrations of Sn4+ are expected to lead to both a high p0
and promote the formation of deep electron traps (increasing
kt).

5,10 We note that Auger−Meitner recombination events
may provide an additional contribution to the higher
nonradiative rate in heavily doped (p0 > 4 × 1017 cm−3)
PEA0.2FA0.8SnI3.

9

We conducted hyperspectral PL microscopy on
PEA0.2FA0.8SnI3 samples with different dopant levels to better
understand the origins of PL heterogeneity. The hyperspectral
PL technique enables simultaneous characterization of spatial
and spectral heterogeneity in photoluminescence intensity with
high resolution.45,46 We provide details of our measurements
in the Supporting Information.
Figure 2a,b shows PL intensity and peak wavelength maps

for PEA0.2FA0.8SnI3 with p0 ≈ 1019 cm−3. Combined, these
images show that untreated PEA0.2FA0.8SnI3 is highly
heterogeneous, characterized by microscale regions of red-
shifted, high-intensity and blue-shifted, low-intensity PL.
Figure 2c displays point spectra taken in dark (red box) and
bright (black box) regions of the film. The peaks associated
with the bright and dark regions have maxima at 840 and 830
nm, respectively. If we assume that local changes in energy are
determined by p-type doping, the shift in the peak emission
wavelength suggests that the brighter regions are 16 meV lower
in energy than the darker regions. These data agree with our
ensemble measurements above, where we find that very high
dopant densities lead to lower PLQY. Here, we see that
microscale regions of very high dopant density (as signified by

local PL blue-shift) also have a lower PLQY. Figure 2d,e shows
the PL intensity and peak wavelength maps for PEA0.2FA0.8SnI3
with p0 ≈ 1016 cm−3. These images show that PEA0.2FA0.8SnI3
is much more homogeneous after 10% SnF2 treatment. Figure
2f presents point spectra taken at representative dark (red box)
and bright (black box) regions of the film. The peaks
associated with the bright and dark regions have their maxima
at 856 and 852 nm, which represents a smaller energetic shift
(∼7 meV) as compared to the p0 ≈ 1019 cm−3 film.
In Figure 2g,h we correlate qualitative metrics for the local

p0, namely, the PL peak wavelength (Figure 2g) and the PL
fwhm (Figure 2h), to the PL intensity at each pixel of the
hyperspectral images for the two film types. Figure 2g shows
that for PEA0.2FA0.8SnI3 with p0 ≈ 1019 cm−3, regions with
longer PL peak wavelengths tend to have a higher PL intensity
(moderate positive correlation, r = 0.31). This correlation
becomes negligible (r < 0.1) in the PEA0.2FA0.8SnI3 film with
p0 ≈ 1016 cm−3. Similarly, Figure 2h shows that regions with
narrower fwhm tend to have higher PL intensities (strong
negative correlation, r = −0.60). This correlation becomes
negligible (|r| < 0.1) in PEA0.2FA0.8SnI3 with p0 ≈ 1016 cm−3.
These correlations are strong indicators that the more heavily
doped regions in the p0 ≈ 1019 cm−3 film undergo more
nonradiative recombination than the more weakly doped
regions.
The correlation between local nonradiative rates and p0 in

PEA0.2FA0.8SnI3 films with very high dopant levels can be
rationalized in terms of the PEA0.2FA0.8SnI3 material chemistry
(eqs 1 and 2), where high concentrations of Sn4+ are expected
to lead to both a high p0 and promote the formation of deep
electron traps.5,10 These two factors generate the perfect storm
for nonradiative recombination, given that trapped electrons
are more quickly annihilated by valence band holes in a
strongly p-doped system. This should lead to increased
nonradiative recombination and loss of device JSC and VOC.
We note this model contrasts with the one developed by
Frohna et al. for p-type Pb-based perovskites, where it was
found that the p-type regions had a higher PLQY and thus
conduct photocarriers away from potential trap sites in the
lower conductivity, low-PLQY regions.30 We note that Auger−
Meitner recombination events may provide an additional
contribution to the higher nonradiative rate in heavily doped
regions of untreated PEA0.2FA0.8SnI3 films, where the dopant
level is very high (p0 ≈ 1019 cm−3).9

The plot of PL fwhm against the PL intensity for
PEA0.2FA0.8SnI3 with p0 ≈ 1016 cm−3 reveals no obvious
correlation. Therefore, we devised a more sensitive experiment
to clarify the relationship between the local p0 and PL intensity.
Specifically, we correlated hyperspectral PL with conducting
atomic force microscopy (c-AFM) carried out in the dark.
Because we performed c-AFM in the dark, we attribute the
variations in local current to variations in local p-doping. We
provide representative AFM topography images of
PEA0.2FA0.8SnI3 films with p0 ≈ 1019 cm−3 and p0 ≈ 1016
cm−3 in Figure S16. We compare dark J−V scans of
PEA0.2FA0.8SnI3 with p0 ≈ 1019 cm−3 and p0 ≈ 1016 cm−3 in
Figure S17.
In Figure 3a,b, we present a hyperspectral PL image and c-

AFM image of the same region of the same PEA0.2FA0.8SnI3
film treated with 10% SnF2 additive. In Figure 3c, we plot the
PL intensity against the dark current for each pixel of the PL
image. We find a weak (r ≈ 0.18) negative correlation between
the magnitude of the current and the PL intensity at each pixel
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of the image. These data show that SnF2 treatment is an
effective measure for minimizing the p-type nonradiative
recombination centers that we observe in untreated
PEA0.2FA0.8SnI3.
The weak (r ≈ 0.18) but significant negative correlation

between the magnitude of the current and the PL intensity

bears some discussion. So far, we have experimentally
demonstrated the theoretically predicted10 link between the
formation of hole dopants and defect states that lead to
nonradiative recombination. One interpretation of the data in
Figure 3c would be that higher local hole dopant levels lead to
more nonradiative recombination, consistent with our finding
that knr increases with p0. This would suggest that even in
PEA0.2FA0.8SnI3 films with state-of-the-art dopant management
strategies, there is still a link between local dopant level and the
formation of defects that act as nonradiative recombination
centers. An alternative explanation for the observed correlation
is that the regions of lower current are due to a higher local
concentration of insulating SnF2. However, we note that SnF2
is known to form submicrometer scale crystallites on
PEA0.2FA0.8SnI3 surfaces,47 which do not match with the
length scale of current variations in Figure 3b and which were
not observed in AFM topography (Figure S16).
Figure 4a,b displays histogram data of the peak PL

wavelength across all pixels of the hyperspectral PL images
in two limiting cases: (a) PEA0.2FA0.8SnI3 with 10% SnF2
additive (p0 = 5.1 × 1016 cm−3) and (b) PEA0.2FA0.8SnI3 with
no treatment (p0 ≈ 1019 cm−3). These data clearly show a
trend of decreasing bandgap with decreasing p0, which is in line
with previous reports of the Burstein−Moss effect in highly
doped ASnI3 derivatives.

22,25 Figure S15 shows that the shift in
Eg is minimal below a carrier density of 1 × 1017 cm−3.
Importantly, the narrowing of the peak PL wavelength
distribution as the dopant level is reduced (Figure 4b to 4a)
suggests that the SnF2 additive treatment reduces the
photoluminescence heterogeneity.
We use the standard deviation of the peak emission

wavelength, σλ, and emission intensity (normalized to the
mean), σPL/μPL, as metrics for quantifying PL heterogeneity.
Given the significant reduction of σλ (3.5×) and σPL/μPL (2×)
that we observe when moving between PEA0.2FA0.8SnI3 with p0
≈ 1019 cm−3 and PEA0.2FA0.8SnI3 with p0 ≈ 1016 cm−3, we
decided to measure these parameters for a wider range of
samples with different p0 (Figure 4c,d). We include the original

Figure 3. Correlation of local dark current and photoluminescence
intensity in a PEA0.2FA0.8SnI3 film treated with 10% SnF2 additive.
(a) Photoluminescence (PL) intensity map obtained from
hyperspectral microscopy for a PEA0.2FA0.8SnI3 film treated with
10% SnF2 additive, measured at 10 W cm−2. (b) Conducting
atomic force microscopy (c-AFM) image of the same area of the
film (sample bias = −0.2 V). The scalebars represent 10 μm. (c)
Correlation plot of the current from c-AFM and photo-
luminescence intensity from hyperspectral PL images.

Figure 4. (a and b) Peak wavelength histograms of PEA0.2FA0.8SnI3 with different hole doping levels, p0 after (a) 10% SnF2 additive treatment
and (b) no treatment. (c and d) Standard deviation of (c) the peak wavelength, and (d) the PL intensity (normalized to the mean) as a
function of p0 for all PEA0.2FA0.8SnI3 films in this study. The power used for these measurements was 4 W cm−2.
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hyperspectral PL images and associated histograms used for
the analysis in Figures S18−S23. Figure 4c shows that the
heterogeneity in peak PL wavelength is reduced by several
times between 1019 and 1017 cm−3 before beginning to plateau
toward 1016 cm−3. On the other hand, Figure 4d reveals that
the heterogeneity in the PL intensity (σPL/μPL) decreases
monotonically between 1019 and 1016 cm−3 without reaching a
plateau. This suggests that although SnF2 treatment can reduce
the microscale heterogeneity in PL intensity, additional gains
could be achieved with a further reduction of p0.
Overall, these data show that heterogeneity in both PLQY

(as signified by σPL/μPL) and p0 (as signified by σλ) are reduced
with SnF2 additive treatment. PL heterogeneity in perovskites
overall is widely thought to stem from inhomogeneous crystal
growth, leading to local variations in nonradiative recombina-
tion, for example due to microscale changes in composition,
strain, and the aspect ratio of grains. These effects are
exacerbated in PEA0.2FA0.8SnI3 and other Sn-based halide
perovskites, which undergo faster nucleation than Pb-based
perovskites.45 The addition of SnF2 into the precursor solution
and removal of Sn4+ impurities reduce these microscale
variations, for example by limiting the formation of VSn,
which would otherwise lead to the formation of trap states and
excess holes. However, significant PL heterogeneity remains
even in films that have undergone extensive Sn4+ management
treatments. This would suggest that more work needs to be
done to limit self-doping in state-of-the-art PEA0.2FA0.8SnI3
films, perhaps by introducing complementary chemical
strategies that target other defects. One such strategy would
be finding complementary additive treatments that can
effectively limit the formation of iodide interstitials from I2, a
process that introduces additional background holes to the
PEA0.2FA0.8SnI3 lattice.

7

We have applied time-resolved photoluminescence and
multimodal microscopy, including both hyperspectral photo-
luminescence microscopy and atomic force microscopy to
PEA0.2FA0.8SnI3 semiconductors prepared with different
amounts of SnF2 additive to study the effects of dopant levels
and defect densities on carrier recombination kinetics. Our
investigations reveal that untreated PEA0.2FA0.8SnI3 is charac-
terized by high levels of p-doping (∼1019 cm−3) and severe
microscale heterogeneity in both the photoluminescence
quantum yield (PLQY) and bandgap. Specifically, untreated
PEA0.2FA0.8SnI3 is permeated with poor-quality p-type
channels that act as nonradiative recombination centers for
photocarriers. Addition of SnF2 to the precursor solution
reduces the p-doping within the film by 1000× to around 1016
cm−3 and improves both the open-circuit voltage (VOC) and
short-circuit current (JSC). These findings not only identify a
key nonradiative recombination pathway in PEA0.2FA0.8SnI3
but also reveal that further improvement in doping levels and
microscale heterogeneity can pave the way for improved
performance in PEA0.2FA0.8SnI3 and related Sn perovskites.
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