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ABSTRACT: We investigate the nanoscale function of additives used for tin-containing perov-
skites, using the archetypal FASnI3 (FA = formamidinium). First, we find that the addition of
sodium borohydride (NaBH4) is inhomogeneous, with 200–500 nm aggregates forming on the
FASnI3 surface. The inhomogeneous distribution of NaBH4 leads to a relatively small (∼1% of
the film) amount of reduced perovskite, but the macroscopic properties are dominated by the over-
whelming space without any treatment. Upon illumination, more aggregate regions (∼13%) become
pdf/​d
activated due to reduction of photogenerated I2. On the other hand, when we combine NaBH4 with
dipropylammonium iodide (DipI) passivation and illuminate, we observe a much more homogeneou
 oi/​10.​1021
s activation effect, which we attri-
bute to denser coverage of NaBH4. We find that the iodine content in FASnI3 films treated with NaBH4 and DipI is 64% less than in
those treated with NaBH4 alone. These results underline that the microscale configuration of different additives in tin perovskites is
deeply interconnected and it is essential to uncover their chemical reactivity.
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in halide perovskite semiconductors (ASnX3) hold prom- form further Sn(IV)I4 traps (eq 3).20–22 More recently, sodium
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Tise for broad application in optoelectronics. In photovol-
taics, the field has mostly focused on FASnI3 (FA =
formamidinium) due to the superior stability of the FA cation
(relative to e.g., methylammonium) and because the bandgap
of this composition approaches the maximum of the solar spec-
trum, thus leading to high theoretical power conversion effi-
ciency (PCE).1,2 Moreover, an understanding of Sn chemistry
is essential for the development of all-perovskite tandem solar
cells, which have far surpassed the record efficiency of single
junction perovskites and could approach 40% power conversion
efficiency.3–5 However, the PCE of photovoltaics based on
FASnI3 is far from that achieved in APbX3 perovskites due to
severe open-circuit voltage (VOC) and short-circuit current
(JSC) losses.6 These losses arise due to the lower oxidation
potential of the Sn(II)/Sn(IV) redox couple (oxidized even in
air-free conditions by dimethylsulfoxide in the precursor solu-
tion),7 leading to electron trapping via Sn(IV) traps at the sur-
face and higher recombination rates in the bulk associated with
excessive p-type doping.8–14

Researchers have pioneered passivating and reducing additives
to tame this complex redox chemistry. Lewis bases like guanidi-
nium thiocyanate or dipropylammonium iodide (DipI), which
strongly coordinate with Sn(II) in the lattice, have been used to
simultaneously slow crystallization and limit the amount of
Sn(IV) formed initially.15–19 SnF2 has been developed to sequester
Sn(IV) into SnF4, which would otherwise serve as an electron trap
(eq 1).8 Moreover, surface Sn(IV) can undergo photolysis to yield
SnI2 and I2 (eq 2),16 a process that removes Sn(IV)-related traps
due to photoreduction to Sn(II). However, the presence of I2 also
destabilizes the system because it can react with the perovskite to
borohydride (NaBH4) has been used to provide additional conver-
sion of Sn(IV) to Sn(II), as well as reduce I2 to I

–, which can then
be incorporated back into the lattice (eq 4).16,23–25 Considering an
apparent NaBH4 redox potential of −0.54 V in DMF,26 both the
I2/I

- (+0.54 V vs standard hydrogen electrode [SHE])16 and
Sn4+/Sn2+ (Eredo = +0.15 V vs SHE)16 reduction reactions have
large overall cell potentials (E0cell) of +1.08 V and +0.69 V, respec-
tively. When computed via the Gibbs equation, these high voltages
yield negative ΔG values of –208 kJ mol–1 and –133 kJ mol–1,
respectively, favoring the spontaneous formation of I– and Sn2+.

SnI4 + SnF2→SnI2 + SnF4 (1)

SnI4 + hv→SnI2 + I2 (2)

ASnI3 + I2→SnI4 +AI (3)

2NaBH4 + I2→2NaI+ 2BH3 + H2 (4)

Despite these great advances in the understanding of additives
to control self-doping in FASnI3, almost all work has been done
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with bulk techniques, which cannot resolve the nano- and micro-
scale heterogeneities that result from solution processing. Since
metal halide perovskites are highly heterogeneous materials, under-
standing the microscale effects of additives—in isolation and in
synergy—is essential for informed device fabrication.10,27–29

In this study, we address this gap in the understanding of
tin-halide perovskite-additive interactions by applying multi-
modal microscopy to FASnI3 films with different additives.
We find that NaBH4 organizes in aggregates on the FASnI3
surface, which localizes the reduction effect to the immediate
vicinity of these features. Upon illumination, we find that
more NaBH4 sites begin to reduce I2. Moreover, we find that
the additional application of dipropylammonium iodide
(DipI) is essential for homogeneous distribution of the other-
wise clustered NaBH4, leading to a more homogeneous
reduction effect.

We spin-coated FASnI3 films with different precursor prepa-
rations: (i) FASnI3 without NaBH4 and DipI additives (hereaf-
ter FASnI3); (ii) FASnI3 with NaBH4 (FASnI3 + NaBH4); (iii)
FASnI3 with DipI (FASnI3 + DipI); and (iv) FASnI3 with both
NaBH4 and DipI (FASnI3 + NaBH4 + DipI). We note that in
all cases, including FASnI3, we used SnF2 as an additional addi-
tive to limit the formation of tin vacancies (VSn). We recorded
atomic force microscopy and hyperspectral photoluminescence
(PL) images of the FASnI3 samples with different additives to
obtain a microscale picture of additive-induced reduction in
each case. The hyperspectral PL technique enables simulta-
neous characterization of spatial and spectral heterogeneity in
PL intensity with sub-micron resolution.28–31 We provide
details of our film processing and characterization in the
Supporting Information.

In Figure 1a,b, we present AFM topography and phase
images of a FASnI3 film treated with NaBH4. The film topogra-
phy is characterized by the expected perovskite morphology
(rough morphological grain size 500–1000 nm), as well as an
additional contribution from apparent non-perovskite aggre-
gates (size < 500 nm) with a density of 0.5% (Figure S1). We
Figure 1. NaBH4 aggregates impose a localized reduction effect. (a) Atomic
with NaBH4. (b) AFM phase image of the same region of the FASnI3 film
860 nm of the same region in (a) and (b). (d) Peak emission energy map e
NaBH4 aggregates with yellow boxes. The scalebars in all panels are 2 μm.

B

suspect these to be NaBH4 aggregates given that they (i) lie
on the surface of the perovskite consistent with our previous
XPS work,16 and (ii) they only appear in NaBH4-treated sam-
ples with a distinct shape and size to the SnF2/SnF4 aggregates
observed in FASnI3 films (Figures S2 and S3).
In Figure 1c,d, we show photoluminescence intensity and

peak energy maps of the same region as measured with hyper-
spectral PL. Strikingly, the three regions underneath NaBH4
aggregates have brighter (Figure 1b) and red-shifted
(Figure 1c) PL, consistent with a localized reduction effect,
which we attribute to reduction of Sn(IV) and/or I2.

10 We dis-
cuss other possible explanations for the PL brightening and red-
shift phenomenon in Note S1 and Figure S4. This situation is
sub-optimal because the majority of the film is not being
impacted by the additive, maintaining high nonradiative rates
that ultimately limit performance. We show a correlation
between the AFM phase and PL intensity images over a larger
50 × 50 μm region in Figure S5.
We next investigated the effect of NaBH4 and DipI during

illumination, to elucidate the role of the photochemistry out-
lined in eqs 2–4 on the different samples. We chose 3 days of
AM1.5 illumination because this was the timeframe over which
we observed maximum Sn(II)/Sn(IV) and I–/I2 ratios in our
previous work.16 To do this, we (i) scratched a fiducial box
around a region of interest with an AFM tip, (ii) measured an
“initial” PL microscopy image, (iii) aged the samples under
AM1.5 illumination for three days, and (iv) measured a “3 days”
PL microscopy image of the same region as measured in (i). We
first analyzed the FASnI3 + NaBH4 films. In Figure 2a and b we
show PL microscopy images of a FASnI3 + NaBH4 film at
860 nm initially and after 3 days of illumination. The initial
PL microscopy image consists of bright spots, which are likely
underneath NaBH4 aggregates as shown earlier. Upon illumina-
tion, we observe that further bright spots appear (in addition to
the original ones, which are maintained, see Figure S6). We also
notice that the contrast between the bright spots and the back-
ground becomes less pronounced after light soaking. This is
force microscopy (AFM) topography image of a FASnI3 film treated
treated with NaBH4. (c) Photoluminescence (PL) intensity image at
xtracted from the hyperspectral PL data. We highlight the locations of
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Figure 2. Reducing effect of NaBH4 additive spreads out under illumination. (a, b) Correlated PL intensity images at 860 nm initially (a) and after
3 days of illumination at 1 sun (b). The scalebars in both images are 5 μm. (c, d) Photoluminescence spectra extracted from blue and red boxes in
(a, b), before (c) and after (d) illumination at 1 sun for 3 days. (e) Histogram data for the PL intensity at each pixel in the hyperspectral images.
(f) Illustration of propagation of bright spots in PL images—initially, only those regions underneath NaBH4 aggregates with a considerable amount
of I2 in the immediate vicinity are activated; later, additional aggregates are activated as more I2 evolves at the film surface. Photobrightening is inho-
mogeneous because it is limited to regions underneath the NaBH4 aggregates.
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further demonstrated by the point spectra in Figure 2c,d, which
relate to the red and blue boxes in (a) and (b). Initially, the PL
spectrum associated with one of the bright spots contained
within the blue box is 2-3 times larger than the dark region in
the red box. Upon illumination, the PL intensity of the bright
spot within the blue box is the same, but the PL in the red
box has increased by ∼1.5X to within 20% of the blue box.

Importantly, the ensemble PL spectrum (black,
Figure 2c,d) tends to be dominated by the darker regions
(red) and thus it is also important to look at the extent of
activation across the entire image. The histogram data in
Figure 2e helps realize this view of photobrightening in
FASnI3 + NaBH4 films. The initial film (black) is dominated
by emission at ∼600 counts with a small tail of emission
above 1000 counts associated with the bright spots, corre-
sponding to an estimated 1.3% of the image (Figure S7).
The film after 3 days of light soaking (orange) is dominated
by emission at ∼1000 counts with a larger tail of emission
above 1000 counts, corresponding to an estimated 13.2% of
the image (Figure S8). Thus, although light soaking has
spread out the reducing effect of the NaBH4 to a degree,
much of the film (>85%) has not experienced any effect.
This is manifest in the shape of the histogram for the film
after light soaking, which is strikingly non-Gaussian, suggest-
ing at least two distinct groups contributing to PL emission
(i.e., bright spots under aggregates and darker spots else-
where). In Figure 2f we illustrate the likely mechanism
underpinning this effect: initially, only a small subset of
perovskite/NaBH4 regions have a significant I2 density, induc-
ing the redox chemistry that reduces the local nonradiative
rates (“activation”). During illumination, more I2 is generated
at the surface due to photolysis of SnI4, allowing additional
perovskite/NaBH4 sites to become activated.

Secondly, we investigated the effect of NaBH4 + DipI addi-
tion. In Figure 3a,b we show PL microscopy images of a
C

FASnI3 + NaBH4 + DipI film at 860 nm initially and after
3 days of illumination (corresponding AFM images in
Figure S9). As with FASnI3 + NaBH4, the initial PL microscopy
image consists of darker regions and bright spots, which are
likely NaBH4 aggregates with a significant local I2 density.
Upon illumination, additional bright spots appear at a higher
density than with the FASnI3 + NaBH4 film. Turning to the
point spectra in Figure 3c,d, we again observe strong heteroge-
neity in the initial case, with a bright spot having 2 times higher
PL intensity than a dark region. The key takeaway from the
FASnI3 + NaBH4 + DipI film is clearly highlighted in the his-
togram in Figure 3e. The initial behavior is strikingly similar
to the FASnI3 + NaBH4 film case, where the image is domi-
nated by “dark” pixels at ∼600 counts with a small number of
pixels at higher counts associated with the bright spots (1.9 %,
Figure S10). However, upon illumination, most of the pixels
become activated (“bright”) to >1100 counts (88.9%,
Figure S11). In contrast to the FASnI3 + NaBH4 films, the his-
togram for the FASnI3 + NaBH4 + DipI film after 3 days of
light soaking has a more Gaussian shape than for FASnI3 +
NaBH4, suggesting one main grouping of emitting states.
We also investigated FASnI3 + DipI films, which we show in

Figures S12 and S13. A key difference with these films is that
the grain size is larger than in the other films, which we expect
is due to the role of DipI as a passivator and crystallization mod-
ifier.16 We expect the resulting FASnI3 + DipI films to have a
lower surface/volume ratio, reducing the Sn(IV) content in
the film and thus reducing nonradiative recombination, leading
to the higher initial photoluminescence intensity. Upon illumi-
nation, we observe an overall 2X increase in PL intensity, but
the original spatial PL distribution remains similar. We attribute
this to blanket photolysis of Sn(IV). However, given that there
is no NaBH4 present, we expect the build up of I2 to strongly
impact the stability of FASnI3 + DipI films, as shown in previ-
ous work.16
https://doi.org/10.1021/acsenergylett.6c01751
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Figure 3. Distribution of NaBH4 is more homogeneous when combined with DipI. (a, b) PL intensity images initially (a) and after 3 days of illu-
mination at 1 sun (b) for a FASnI3 + DipI + NaBH4 film. (c, d) Photoluminescence spectra extracted from blue and red boxes before (c) and after
(d) illumination at 1 sun for 3 days. (e) Histogram data for the PL intensity at each pixel in the hyperspectral images. (f) Illustration of propagation of
bright spots in PL images – initially, only those regions with a considerable amount of I2 in the immediate vicinity of NaBH4 aggregates are activated;
later, additional aggregates are activated as more I2 evolves from the bulk film. Photobrightening is more homogeneous because the NaBH4 is well
distributed.
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Figures S2 and S3 show correlated atomic force microscopy
(AFM) and PL intensity maps for FASnI3 without NaBH4 or
DipI additives. Figure S2c shows that the spatial PL in FASnI3
is mostly dim with some isolated, higher intensity regions.
Moreover, the point spectra in Figure S2d demonstrate that
Figure 4. Better distribution of NaBH4 promotes more I2 reduction. (a–c) U
(black) FASnI3 (a), FASnI3 + NaBH4 (b), and FASnI3 + NaBH4 + DipI (c)
NaBH4 (d), I2 evolves freely at the surface leading to the formation of ad
FASnI3 + NaBH4 (e), the density of NaBH4 aggregates on the surface is not
is a higher density of NaBH4 aggregates on the surface, which allows for mo

D

the dim regions are strongly blue-shifted (peak ∼ 800 nm) with
respect to the brighter regions (∼870 nm). In our previous
work, we demonstrated that this peak emission shift is due to
band-filling effects that arise from self-doping.10 Given that
the spatial profile of the red-shifted (less-doped) regions
V–vis absorption data of solutions made from fresh (green) and aged
films. (d–f) Illustration of likely PL enhancement mechanism. Without
ditional Sn(IV) traps and nonradiative recombination. In the case of
sufficient to convert all I2 to I

–. For FASnI3 + NaBH4 + DipI (f), there
re efficient conversion of I2 to I–.
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matches well with topological features above the surface of the
perovskite film identified in atomic force microscopy (AFM)
(Figure S2a,b), these regions are likely underneath aggregates
of SnF4. In Figure S3, we show the PL map and point spectra
of the same region after 3 days of AM 1.5 illumination at 1
Sun, demonstrating that the spatial PL profile is mostly
unchanged over this period.

Given that the differences under illumination should be gov-
erned by eqs 2–4 in the introduction (and thus the I2 and Sn
chemistry), we investigated I2 generation in the films after illu-
mination with UV–vis absorption spectroscopy. For this, we
sealed perovskite samples inside vessels under inert atmosphere,
and extracted degradation products via washing with toluene
after 3 days of ageing under AM 1.5G illumination. As shown
in Figure 4a–c, we identify two absorption bands characteristic
of SnI4 and I2 at ∼360 nm and ∼500 nm, respectively.20

Relative to FASnI3, the FASnI3 + NaBH4 and FASnI3 +
NaBH4 + DipI films generate ∼53% and ∼70% less I2, respec-
tively (further details in Figure S14).

Based on the results of our study, we provide the associated
mechanism for the respective I2 content in the different Sn
perovskite films in Figure 4d–f. In the absence of any NaBH4,
I2 is free to build up at the surface and can react with SnI2 to
form SnI4, an electron trap (Figure 4d).20,21 For FASnI3 +
NaBH4, there is limited reduction of I2 to I– in the immediate
vicinity of NaBH4, resulting in a lower yield of I2, and thus a
lower signature of SnI4 (Figure 4e). However, there is even less
I2 produced in the case of FASnI3 + NaBH4 + DipI because the
distribution of NaBH4 is more homogeneous, leading to more
I2 reduction events and the lowest SnI4 content of all the stud-
ied films (Figure 4f). We propose that this improved distribu-
tion of NaBH4 may stem from interaction with DipI ions in
solution, or the slower crystallization in the presence of
DipI.15 Furthermore, we have shown that the larger crystal size
in FASnI3 + DipI is an important factor limiting nonradiative
recombination in Sn perovskites. Thus, we expect that further
improvements in Sn perovskite optoelectronic properties are
possible by optimizing the combination of passivating (e.g.,
DipI) and reducing (e.g., NaBH4) additives synergically to pro-
duce films with a low defect density and a homogeneous distri-
bution of NaBH4 and other additives. Our previous work shows
that the combination of the passivating (DipI) and reducing
(NaBH4) additives is also critical to long-term stability because
the buildup of I2 at the surface cannot be controlled without
NaBH4.

16 Thus, the better distribution of NaBH4 with DipI
leads to a more homogeneous I2 reduction effect, which
improves long-term stability.

In summary, our findings demonstrate that the nanoscale
action of additives such as DipI and NaBH4 is critical for effec-
tive management of the dopant and defect densities in tin halide
perovskites, highlighting the synergistic effect of passivating and
reducing additives. In particular, we find that, although there are
isolated regions of effective reduction when NaBH4 is used
alone, the bulk PL properties are still dominated by the dark
regions far from the NaBH4. When NaBH4 is used in con-
junction with DipI, we observe a more homogeneous reduc-
tion effect, which is more beneficial for the macroscopic
optoelectronic quality of the film. Our work shows that the
microscale organization of additives needs to be considered
to rationalize and optimize the bulk chemistry in these mate-
rials, and we expect further optimization to be possible with
correlative microscopy approaches.
E
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