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Passivation Properties and Formation Mechanism
of Amorphous Halide Perovskite Thin Films

Susan A. Rigter, Xueying L. Quinn, Rishi E. Kumar, David P. Fenning, Philippe Massonnet,
Shane R. Ellis, Ron M. A. Heeren, Katrine L. Svane, Aron Walsh, and Erik C. Garnett*

Lead halide perovskites are among the most exciting classes of optoelectronic
materials due to their unique ability to form high-quality crystals with tunable
bandgaps in the visible and near-infrared using simple solution precipitation
reactions. This facile crystallization is driven by their ionic nature; just as with
other salts, it is challenging to form amorphous halide perovskites, particularly
in thin-film form where they can most easily be studied. Here, rapid desolvation
promoted by the addition of acetate precursors is shown as a general method for
making amorphous lead halide perovskite films with a wide variety of composi-
tions, including those using common organic cations (methylammonium and

with power conversion efficiencies above
20%.1 The success of thin film perovskite
solar cells can be ascribed to a combina-
tion of factors including a relatively high
carrier mobility, long diffusion length, low
effective mass, high photoluminescence
quantum yield (PLQY), and strong absorp-
tion onset.Zl High quality halide perovskite
thin films can be fabricated easily, using a
low temperature solution process, because
the material’s low formation energy allows

formamidinium) and anions (bromide and iodide). By controlling the amount
of acetate, it is possible to tune from fully crystalline to fully amorphous
films, with an interesting intermediate state consisting of crystalline islands
embedded in an amorphous matrix. The amorphous lead halide perovskite
has a large and tunable optical bandgap. It improves the photoluminescence
quantum yield and lifetime of incorporated crystalline perovskite, opening up
the intriguing possibility of using amorphous perovskite as a passivating con-
tact, as is currently done in record efficiency silicon solar cells.

1. Introduction

Lead halide perovskites form an emerging class of semiconduc-
tors that have garnered great attention in the past several years
due to their rapid rise from obscurity to current use in solar cells

for easy crystallization.?!

Surprisingly, despite the rapid and
facile crystallization of these ionic semi-
conductors, researchers have occasionally
encountered an amorphous phase of lead
halide perovskite. The formation of amor-
phous methylammonium (MA) lead halide
nanoparticles was reported, formed by
hot injection of a precursor solution with
ligands into toluene.! PbX; octahedra were
observed to be present in the precursor solu-
tion, which are generally understood to determine the energy
levels of the optical bandgap,”” and accordingly, the bandgaps of
the resulting nanocrystals were tunable by varying the composi-
tion of halides, although oddly the bandgap seemed to corre-
spond to the crystalline counterpart. The formation mechanism
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was unclear, with only the remark that the presence of octylamine
in the precursor solution could help form amorphous particles.
CsPbBr; quantum dots with a crystalline core and amorphous
shell were synthesized.[! The amorphous shell protected the crys-
talline core against detrimental environmental influences, such
as humidity, oxygen and radiative corrosion, as well as contrib-
uting to exciton formation, although the optical properties of the
crystalline and amorphous phase could not be studied indepen-
dently due to their close spatial proximity. An amorphous phase
has also been suggested in mixed-halide MAPDbBr sl; 5 perovskite
films.”! Using ?Pb NMR, a signal of a pure MAPbBr; phase
was measured in solution processed samples, that could not be
accounted for by X-ray diffraction (XRD) or steady-state optical
measurements. This amorphous perovskite phase made up
26-74% of the sample. Additionally, amorphization of MAPbBr;
perovskite crystals was observed as an effect of hydrostatic pres-
sure® Under increasing hydrostatic pressure, the perovskite
transformed from a cubic pm3m space group into cubic Im3 at
0.4 GPa, then into orthorhombic Pnma at 1.89 GPa, and finally,
amorphization occurred around 4 GPa. All phase changes were
reversible. The amorphization appeared to be caused by a tilting
of the octahedra. Due to the deformation of bonds between
Pb and Br, the bandgap increases slightly upon amorphization
(+0.2 meV). Finally, amorphous perovskite at grain boundaries
of MAPDBr; perovskite thin films was observed in our lab.”) The
amorphous material was characterized by electron backscatter dif-
fraction and nano-X-ray diffraction (nano-XRD), and for both tech-
niques no signal of crystallinity was measured. The photolumines-
cence (PL) signal measured at these amorphous regions showed a
lifetime up to thrice longer than that of the grain interiors, as well
as enhanced PL intensity. The PL quantum yield of those regions
has since been measured and indeed is higher than the crystalline
grain interiors (Section S1, Supporting Information). The benefi-
cial properties observed in several of the studies along with the
well-known example of amorphous Si passivation in record crys-
talline silicon solar cells, suggest amorphous perovskites could be
useful in optoelectronic devices.' However, the inability to tune
from fully crystalline to fully amorphous halide perovskite films
at ambient pressure made it difficult to verify the presence or dis-
tribution of the amorphous phase, study its properties, formation
mechanism, and influence on crystalline halide perovskite.

The previous inability to form amorphous perovskite thin
films is not surprising given their ionic nature. Ions in a
solution have a high propensity to crystallize, causing the crys-
tallization to occur much faster than for covalent solids.! For
example, to obtain an amorphous salt from a brine, the sol-
vent and the ions need to be separated quickly, via one of two
methods. First, one can directly precipitate the ions from the
brine. This is possible under non-equilibrium conditions, caused
Dby, for example, an antisolvent, or environmental factors such as
low relative humidity, a quick drop in temperature, or low pres-
sure. Second, one can quickly remove the solvent from the ions.
In this case, the ions, which originally were coordinated with the
solvent “collapse” into an amorphous state.'?l These two routes of
rapid desolvation are realizations of the following requirement:

Rgrowth > Rcrysta].lization (1)

where Ryyou, is the rate of growth of the solid and Reyysaiiization
the rate of crystallization. If the components of the solid
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precipitate faster than they can form a crystal, the material
will be amorphous. To satisfy this condition, the rate of crystal-
lization can be decreased, for example, by inhibiting the crys-
tallization reaction, or the rate of growth can be increased, by
increasing the speed of desolvation.

Here, we show that rapid desolvation of a crystalline inter-
mediate provides a method to form crystalline, amorphous, and
mixed-phase halide perovskite films of a variety of composi-
tions. The amorphous perovskite films have large and tunable
bandgaps, and improve the properties of crystalline inclusions.
The formation of amorphous perovskite is aided by addition of
methylammonium acetate (MAAc) to the synthesis. The pres-
ence of MAAc has previously been shown to improve crystal-
line film quality, improve photovoltaic performance, take part
in an intermediate phase, and causes the incorporation of ace-
tate into several perovskite compositions.'3] Herein it is shown
that the addition of more MAAc during synthesis both inhibits
the crystallization reaction, and increases the rate of desolva-
tion, leading to formation of amorphous perovskite films and
the incorporation of acetate in the films. The promising pas-
sivating properties of these films on crystalline perovskite,
along with recent results using amorphous tin halide films to
improve perovskite solar cells, bring up the intriguing possi-
bility of using amorphous passivating contacts for record solar
cell performance, as has been demonstrated with crystalline
silicon.101]

2. Results and Discussion

Figure 1a shows powder-XRD spectra of samples prepared
via a previously reported method for creating MAPDBr;
thin films,d for which a percentage of methylammo-
nium bromide (MABr) is replaced with MAAc (sample
[MAAC]
[MABr]+[MAAC]
ately is the presence of a broad amorphous hump for samples
46.7%, 60%, and 66.7%. These samples do not show the charac-
teristic peaks for (001) MAPDbBr;, which are visible for samples
33.3%, 40%, and 53.3%, as well as for the reference sample 0%.
The same hump is visible for sample 40%, albeit below crystal-
line peaks. Such a broad hump is characteristic for amorphous
materials, or materials with order on a lower scale than the
measurement precision.'®l Applying the Scherrer equation to
the amorphous humps, demonstrates that there is a coherence
length on the order of a nanometer within the samples
(Section S2, Supporting Information). This is close to the size
of a lead halide cage, which could be present in the material.
The orientation of crystalline perovskite of the reference sample
is (001), and does not change upon addition of MAAc. However,
when annealing amorphous perovskite above their crystalliza-
tion temperature, it crystallizes preferentially in a (210) orienta-
tion (Section S3, Supporting Information).

The variation in crystallinity between samples 53.3% and
46.7% is eye-catching. This result was reproducible using the
same precursor solution, in spite of close control of the amounts
of precursors and concentration of the solution. There appears
to be a transition range between amorphous and partially crys-
talline films. Close to this transition range, the crystallinity of

name = x100%). What stands out immedi-
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Figure 1. a) XRD patterns, b) absorption, and PL spectra of all samples. c,e) Nano-XRD spatial (002) scattering intensity of sample 40% and 53.3%,
and d,f) corresponding diffraction patterns, integrated over an area of 2500 um?. White arcs indicate scattering magnitudes in inverse angstroms, while
the orange dashed arcs highlight the diffraction expected from crystalline domains. g—j) Dark-field optical images and k-n) SEM images of samples

0%, 33.3%, 40%, and 53.3%, respectively.

the final sample depends strongly on impurity levels in the
precursor solution (Section S4, Supporting Information). As is
previously reported for mixed-cation and mixed-halide perov-
skites, the composition of halide perovskite films does not have
a one-to-one relationship to the composition of the precursor
solution.”? The absorbance and emission spectra show that
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each sample that contains crystalline areas exhibits a direct
optical bandgap in the visible at 538 nm (2.3 eV), the reported
optical bandgap for MAPDBr; thin films (Figure 1b).%% Each of
these samples also exhibits PL in the same wavelength range,
with negligible shifts between the peak positions of the sam-
ples. More interestingly, the XRD-amorphous samples have an

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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absorption onset in the UV, each with a bandgap bigger than
3.3 eV, and slightly increasing with higher MAAc percentages
(Section S5, Supporting Information).

A blueshift of the optical bandgap was previously reported
to be caused by the breaking of bonds between lead and bro-
mide.®] However, the observed bandgap increase as an effect of
that is much smaller than observed here, and we therefore con-
clude that this alone cannot cause the large shift. There are two
more likely explanations for the observation. First, a blueshift
of the optical bandgap is predicted by density functional theory
(DFT) for crystalline MAPDBr; perovskite, already when one
in 24 bromide ions in the lattice is replaced by an acetate ion.
When bromide is fully replaced by acetate in the perovskite
lattice, the predicted bandgap increases by 2.8 eV (Section S6,
Supporting Information). The bandgap of perovskite depends
on the energy levels of the lead-halide octahedra.® When
acetate partially substitutes bromide in the perovskite lattice,
the bandgap of the material depends on the lead-bromide—
acetate octahedra. Second, the blue shift could be caused by
quantum confinement. If lead-bromide octahedra are present
in the material but without the extended ordering in crystalline
materials, this could be modeled as a nanocrystalline material
with a grain size equal to that of the octahedra. In such a case,
there will be strong quantum confinement, with an expected
bandgap increase of up to 3 eV (Section S7, Supporting Infor-
mation). Both of these scenarios rely on the assumption that
lead—bromide octahedra are present in the material.

Figures 1g-j and 1lk-m show optical microscopy images
and scanning electron microscopy (SEM) images of samples
with at least some crystalline XRD signal, respectively. The
amorphous samples are not shown in this figure, since they
were very smooth and provided no contrast in either optical
or SEM images (Section S8, Supporting Information). The
reference sample 0% is a thin film with relatively large domain
size, appearing smooth in both optical microscopy and SEM
(Figure 1g,k). When 33.3% MAAc is added, a small domain
size film forms, with some areas that show contrast in SEM
(Figure 1h,]). The origin of this contrast is unknown, but could
be caused by surface roughness or contrast between under-
lying grains. Figure 1i,m shows sample 40%, which indeed
shows what appears to be a combination of crystalline inclu-
sions and an amorphous matrix. Sample 53.3% looks similar
(Figure 1j,n), with a higher density of smaller crystalline inclu-
sions. This observation correlates well with the absorbance
spectra, as well as with absorbance and PL maps of sample 40%
(Section S9, Supporting Information) and with secondary ion
mass spectroscopy (SIMS) and nano-XRD maps which will be
discussed later. There are three samples which both have an
absorption onset in the visible and in the UV, most strongly vis-
ible for samples 40% and 53.3%. The onset in the visible origi-
nates from crystalline perovskite, while the onset in the UV
corresponds to the absorbance onset for the fully amorphous
films.

To investigate spatial crystallographic properties of the sam-
ples, nano-XRD was used. Figures 1c and le are spatial maps
of the diffraction intensity of the 002 peak of samples 40% and
53.3%, respectively. It is visible that there is a large variation
in diffraction intensity within these samples. This confirms the
hypothesis that these samples contain coexisting amorphous
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and crystalline material. Scattering patterns from individual
points within amorphous and crystalline areas are shown in
Section S10, Supporting Information. Figures 1d and 1f show
the integrated scattering from microdiffraction measurements
over 2500 pum? areas of sample 40% and 53.3%, respectively.
Qualitatively, it is similar to the XRD spectrum of the same
sample, with a sharp peak resulting from (002) crystalline
perovskite planes, and a broad background, resulting from
amorphous material.

Various methods were used to examine the composition of
the samples. The results of energy dispersive X-ray spectro-
scopy (EDS) measurements can be found in Figure 2a. These
spectra are integrated from maps collected over an area of at
least 18 um?. There is no apparent difference between crystal-
line and amorphous areas within the same sample (Section S11,
Supporting Information). Each of the atoms necessary to form
MAPDBr; perovskite is present in each sample, independent of
crystallinity. Furthermore, there is a large increase of the silicon
peak resulting from the substrate with increasing MAAc addi-
tion. A larger silicon signal could be the result of thinner films
or a larger electron penetration depth for the amorphous mate-
rial. Additionally, there is a paired decrease of the bromide peak
and increase of the oxygen and carbon peaks upon addition of
more MAAc. This observation suggests that acetate gets incor-
porated into the films replacing bromide, both in crystalline
and amorphous areas. This hypothesis is confirmed by X-ray
photoelectron spectroscopy (Section S12, Supporting Informa-
tion) and SIMS.

Figure 2b shows a map of the ratio of acetate to bromide
for each sample, and a plot of the average ratio as a function
of the percentage of acetate to bromide added during sample
fabrication. These ratios were measured by SIMS. In spite of
the large error bars, it is possible to conclude that the ratio
of acetate to bromide goes up roughly linearly with the ratio
of acetate and bromide precursors used during fabrication.
However, for samples 0% and 33.3%, virtually no acetate was
incorporated. It seems there is a threshold of acetate that is
present during fabrication, below which no acetate gets incor-
porated into the final films. Above the threshold, the incor-
poration efficiency is increased and the amount of acetate
increases linearly with increasing addition of acetate to the
synthesis.

Only within the maps for samples 40% and 53.3%, a signifi-
cant contrast is visible. There are some areas in the samples
that show a higher measured ratio of Ac:Br than the rest of
the sample. Surprisingly, especially for the 40% sample, these
areas seem to correspond with the crystalline inclusions. This
could have three origins: the crystalline areas contain a higher
ratio of acetate to bromide, the acetate gets excluded from
the crystalline area during nucleation such that the surface of
crystallites have a locally higher acetate concentration, or the
ratio between the sputter yield of acetate and that of bromide
is higher for crystalline materials. The latter seems the most
likely, as bromide ions are, presumptively, bound more strongly
in a full crystalline lattice, than in single lead halide octahedra.
This makes it more likely to sputter off a bromide ion in amor-
phous material than in crystalline material, making the ratio of
measured acetate to bromide ions increase. However, further
studies with higher resolution SIMS, frozen samples (to reduce

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) EDS spectra of samples with different amounts of MABr
replaced with MAAc and a zoom-in of the low energy region (inset). The
Si peak originates from the substrate. b) Negative mode SIMS maps of
ratios Ac:Br for the samples, and a plot of the relationship between added
and incorporated ratios Ac:Br.
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Figure 3. a) Map of precursor combinations and their product when pro-
cessed using the method described, and b) the bandgaps of the resulting
amorphous perovskite.

the local mixing during sputtering) and careful calibration of
sputter yield are needed to be certain.

Formation of amorphous perovskite by adding an organic
acetate precursor is not limited to MAPbBr; perovskites.
Figure 3a provides an overview of what compositions of amor-
phous perovskite can be made via spin coating a solution of the
precursors in dimethyl sulfoxide (DM SO). All the combinations
of methylammonium, formamidinium, iodide, and bromide
can lead to either fully or partially amorphous thin films, while
the Cs cation inhibits amorphous film formation, mostly due
to poor precursor solubility (Sections S13 and S14, Supporting
Information). The two films with formamidinium acetate
(FAAc) and formamidinium halide precursors show weak
XRD peaks of crystalline perovskite, as well as an amorphous
hump.l The peaks of crystalline perovskite can be attributed
to formation of small amounts of FAPbX; or FAPb(X;_,Ac,)
perovskite within an amorphous film, indicating slight differ-
ences in the transition range when varying the organic ace-
tate precursor to form amorphous perovskite. The material
resulting from a combination of FAAc, FABr, and lead acetate
(PbAc,) has two absorption edges, similar to the material com-
bining crystalline and amorphous MAPDbBr;. The regular inor-
ganic-organic lead bromide perovskite bandgap of 2.3 eV is
present, as well as an absorption edge in the UV (Section S5,
Supporting Information).

Each of the amorphous perovskite films has a higher optical
bandgap than is reported for their crystalline counterparts
(Figure 3b).2% Presumably, this shift occurs in the same way
as for amorphous MAPDBr;, in which either quantum confine-
ment within lead bromide octahedra occurs, or replacement of

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Br by Ac in these octahedra occurs. It is especially interesting to
compare the bandgaps of each of these amorphous perovskites.
For each organic cation, the iodide has a smaller bandgap than
the bromide, analogous with crystalline perovskites.?!! This is
because the bandgap is still determined primary by the lead
halide/acetate octahedra in the amorphous material.

Section S15, Supporting Information, shows EDS spectra
of the samples with varying precursors. Similarly to the com-
position of amorphous MAPDBr;, all atoms necessary to form
crystalline halide perovskite are present, as well as a substantial
amount of oxygen and carbon. From this we conclude that in
these films acetate was also incorporated into the amorphous
material.

Interestingly, films containing both crystalline and amor-
phous perovskites (40% and 53%) display superior emis-
sion compared to a fully polycrystalline reference sample
(0%). Figure 4a shows PLQY maps of these mixed samples
and a polycrystalline reference. The reference sample has
an average PLQY of 8% and peak value of 11%. The same
average value is measured for the sample with a low density
of crystalline incorporations (40%), but the peak value of 13%
is significantly higher. Looking at the map and histogram, it
appears that the average in the 40% sample is brought down
by areas that are largely amorphous and therefore not contri-
buting directly to absorption or emission. Collection losses in
our system for emission happening far away from the exci-
tation spot are likely responsible for these low PLQY pixels.
This hypothesis is supported by the results for the 53.3%
sample where crystalline and amorphous regions are mixed at
a length scale smaller than our diffraction limited spatial reso-
lution. In that case, the average PLQY is 16.6%, over twice the
value for the reference sample, with a much narrower range
of PLQY values.

The increase of PLQY when crystalline material is incorpo-
rated in an amorphous matrix, could be caused by three dif-
ferent mechanisms: more efficient outcoupling, a decrease of
deep trap states, or surface passivation. First, more efficient
light outcoupling would increase the amount of measured
photons, but would not increase the carrier lifetime. Figure 4b
shows that the films with mixed amorphous and crystalline
perovskites (40% and 53.3%) show not only higher PLQY, but
also longer lifetimes compared to the fully crystalline (0% and
33.3%) samples. This demonstrates that there was an increase
in the ratio of radiative to non-radiative decay rates, and rules
out more efficient light outcoupling as the sole reason for the
increase in PLQY. Second, a decrease in deep trap states could
be caused by the gettering of deep traps in the amorphous
material. It is likely that the formation energy of an ion vacancy
or an interstitial is lower in the amorphous material, and will
therefore be gettered there. This would lead to a higher quality
crystalline material when an amorphous matrix is present.
Third, the surface of the crystalline phase might be passivated
by the amorphous matrix. The interface between the crystalline
and amorphous perovskite possibly hosts fewer dislocations,
dangling bonds, and strain than the interfaces present in the
polycrystalline sample (crystal—crystal, crystal-air, and crystal-
substrate). Currently, it is not possible to discern between the
latter two mechanisms, nor is it possible to rule out a coexist-
ence of all three mechanisms.

Adv. Funct. Mater. 2021, 2010330 2010330 (6 of 10)
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Figure 4. a) PLQY histograms and PLQY maps (Ae = 460 nm).
b) Time-resolved PL decays of samples with certain percentages of MABr
replaced with MAAC (A, = 488 nm). Inset in (b): average PL lifetime of
each sample.

Given the generality of amorphous perovskite films and
their positive effects on optical properties and stability, it is
interesting to consider the formation mechanism. The method
used to fabricate the samples is derived from a previously
published method to fabricate crystalline MAPbBr; perovskite
thin films.133 It is a two-step method, in which nucleation and
crystallization are separated. First, a film of intermediate mate-
rial is formed.'?*<l During the spin coating process, a layered
structure is formed, consisting of layers of PbBr,, DMSO, and
MABr. In this structure, the PbBr, functions as a Lewis acid

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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and DMSO and MABr as Lewis bases.>d The resulting inter-
mediate phase is crystalline to an extent, with XRD peaks
indicating a unit cell size on the order of a nanometer.??) The
formation of the intermediate phase inhibits the reaction
between PbBr, and MABYy, inhibiting crystallization in solution
or during spin coating, and thus decreasing the rate of crystal-
lization (Rcrystallization)'

When this recipe is used to form polycrystalline perovskite,
the crystallization occurs by intercalation of the intermediate
phase on the substrate, due to removal of the excess organics
within the intermediate phase by annealing.l??l The perovskite
grain size is determined by the amount of nucleation sites
within the intermediate film, which depend on spin coating
speed and duration.[?® The quality of the final product is con-
trolled, to a large extent, by the rate of desolvation of the inter-
mediate phase, which in turn determines the rate of growth
(Rgrowth)- In general, slower desolvation will lead to more homo-
geneous films. The rate of desolvation can be adjusted by, for
example, altering the boiling point of the solvent that’s involved
in the intermediate phase complexes.[?’]

Because many aspects of the final film are determined by the
intermediate phase, it is important to investigate the interme-
diate phase of the amorphous films and its development into the
final film. This provides insight into the formation mechanism
of amorphous perovskite. XRD measurements of the interme-
diate phase and of the material after several different short
annealing times can be found in Figure 5a. The intermediate
phase exhibits an XRD peak at 26 = 8°. This peak, corresponding
with a crystalline compound with a unit cell size larger than a
nanometer, is characteristic of a perovskite intermediate phase
in which the excess organics and precursors coordinate.??

The Fourier transform infrared spectra of intermediate
phases of amorphous and crystalline perovskite are largely
similar (Section S14, Supporting Information). This is to be
expected, because the components are identical, aside from
the additional MAAc. Like MABr and DMSO, MAAc has also
been shown to form H-bridges with the perovskite precursors,
and thus partakes in the intermediate phase. However, small
differences can be observed. The most pronounced difference
between the spectra is the absorbance peak at @ = 1605 cm™,
which is very pronounced for the intermediate phase of amor-
phous perovskite. This peak has previously been observed for
perovskite precursor complexes containing MAAc, and there-
fore proves the larger presence of MAAc within the intermediate
phase of amorphous perovskite than of crystalline perovskite.*¥

The differences between the final products can be under-
stood from the rate of desolvation of each intermediate phase.
MAAC is more volatile than the other Lewis bases that are com-
ponents of the organic framework in the intermediate phase.*¥
The larger the ratio of MAAc to other components, the more
rapidly the desolvation of the intermediate phase occurs. A
large fraction of MAAc increases Rgowh, While Rerysalization
remains unaltered. When Ry, is very large, the process
happens too quickly to allow for crystallization, and the ions
are trapped into an amorphous structure. The larger the ratio
of MAAc to MABr and DMSO in the intermediate phase, the
faster the desolvation, and the faster the rate of growth. When
enough MAAC is present in the intermediate phase, rapid des-
olvation occurs and amorphous perovskite is formed. Because
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the spread of organics is not perfectly homogeneous, one film
can have areas in which the ratio is large enough to satisfy the
condition, Rgowh > Rerystallization, While in other areas the rate of
crystallization is the larger. This causes films to combine amor-
phous and crystalline areas in some cases. Obtaining perfect
positional control over these rates, would mean perfect control
over the amount and location of incorporated crystalline mate-
rial within amorphous films. This could be done, for example,
by local laser crystallization.

Looking back to Figure 2b, the threshold of incorporation of
acetate into the final film can be explained by the increase of
the rate of growth. At a certain ratio of MAAc to other organics
in the intermediate phase, the desolvation happens so rapidly,
increasing Rgywin beyond the rate at which MAAc can leave the
sample. The excess MAAc will then be trapped in a solid film.
In this way, it can be both situated in the amorphous material,
or the acetate can take the place of the halide within crystalline
perovskite (Section S6, Supporting Information). The amount
of MAAc at which the Ry surpasses the escape rate of
MAAc, determines the threshold for MAAc to be incorporated
into the final film.

3. Conclusions

In conclusion, our work sheds light on the properties and for-
mation mechanism of amorphous organic—inorganic halide
perovskites. The amorphous thin films form via addition of
MAAc to a well-established synthesis method. MAAc causes
the formation of amorphous perovskite, by concurrent inhibi-
tion of nucleation and crystallization by forming an interme-
diate phase, and rapid desolvation during annealing. Using
this method, it is possible to create amorphous films, as well
as films that combine crystalline and amorphous material. Both
the crystalline and the amorphous materials formed this way,
contain organic A-site cations, lead halide cages, and acetate,
which may have partially substituted halides.

The amorphous perovskite phase has a bandgap in the UV,
which is tunable by varying the perovskite composition. This
approach is broadly applicable to formamidinium, MABr, and
iodide amorphous perovskite films, but is not successful with
the Cs cation. When crystalline perovskite is incorporated into
an amorphous film, the PL properties of the crystalline material
are improved, because of a reduction in the concentration of
active trap states compared to polycrystalline thin films.

In the future an amorphous perovskite matrix could be used
to improve the quality of crystalline halide perovskite in devices
such as LEDs or photovoltaics. For these applications, it is vital
to obtain precise control over the amount of crystalline incor-
porations within the amorphous phase. If this is achieved, the
amorphous material might prove to be viable as a passivating
contact layer, analogous to the amorphous silicon layer in
record breaking crystalline silicon solar cells.

4. Experimental Section

Sample Fabrication: MABr (99.999%), PbAc, (99.999%), FAAc (99%),
and DMSO (anhydrous > 99.9%) were purchased from Sigma-Aldrich,
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Figure 5. a) XRD pattern of the unannealed intermediate phase, and of the film after several short times of annealing, and b) a cartoon of the forma-

tion mechanism of the amorphous perovskite.

MAAc (>98%) was purchased from TCI, formamidinium iodide
(FAI) from GreatCell Solar and methylammonium iodide (MAI) from
Solaronix. All chemicals were used as received. Samples were prepared
on UV/ozone treated silicon and quartz substrates.

Solutions were prepared in a glovebox by dissolving 6 M of organic
halide precursor (MABr, MAI, or FAI) and 2 m of PbAc, in DMSO. To
obtain samples labeled 33.3% to 66.7%, a percentage of organic halide
precursor was replaced by organic acetate (MAAc or FAAC) precursor,
always keeping the combined molarity of organic precursors at 6 m. The
precursor solutions were subsequently drop casted, spin coated, and
annealed at 70 °C for 2 h.

Adv. Funct. Mater. 2021, 2010330 2010330 (8 of 10)

Characterization: Powder XRD patterns were recorded using a Bruker
D2 phaser, equipped with a Cu Ko tube.

Scanning X-ray nano-diffraction microscopy (nano-XRD) experiments
were performed with the hard X-ray nanoprobe of the Center for
Nanoscale Materials (CNM) at sector 26-ID-C of the Advanced Photon
Source, Argonne National Laboratory. The monochromatic and partially
coherent incident X-ray beam (photon energy 10.0 keV, 1 = 1.240 A)
was focused on the sample, by an Au Fresnel zone plate of 150-um
diameter and 16-nm outermost zone width, with a FWHM spot size of
20-25 nm.[?] Diffraction images were recorded by a Pilatus area detector
with 0.5 s exposure at every step that the X-ray beam mapped on the
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sample. 0.5-1 um step size was used for mapping. The thin films were
aligned to the 002 Bragg diffraction with respect to the X-ray beam.
Microdiffraction image was collected by opening the parallel beam with
50-um beam size and exposing the beam for 10 s. The 40% MAAc thin
film was rocked by £0.5° to bring the tilted region into diffraction.

Optical microscopy images were taken with a Zeiss axio imager.A2m
in dark field mode.

To measure steady-state absorbance spectra, a LAMBDA
750 UV/vis/NIR spectrophotometer (Perkin Elmer) was used, equipped
with a deuterium and tungsten excitation source (wavelength range
between 250 and 800 nm), an InGaAs detector, and an integrating sphere.

Steady-state PL spectra were measured with a confocal imaging
microscope (WITec alpha300 SR). The samples were excited with a
405 nm diode laser (Thorlabs STFC405). The resulting PL was collected
in reflection mode via an objective, filtered with a 488-nm long-pass filter
and measured by a spectrometer (UHTC 300 VIS, WITec) connected to a
CCD (Andor iDus DV401A BV).

DFT calculations were performed using VASP in order to calculate the
optical bandgap of crystalline halide perovskite incorporating acetate.l?l
The optical bandgap was calculated at the T'-point of a 2 X 2 X 2 unit
cell by using the HSEO06 exchange correlation functional with spin-
orbit coupling and an energy cutoff of 500 eV on the PBEsol optimized
structures.l

SEM images were obtained with a FEI Verios 460 SEM. EDS
measurements were performed in a FEI Verios 460 SEM, equipped with
an Oxford Instruments EDX detector, at 10 kV and 100 pA.

Time-of-flight secondary ion mass spectroscopy elemental analysis
was done on a nanoTOF Il (Physical Electronics, US) instrument
with a LMIG gun (Bi source) with an ion dose above the static limit
(117 x 10" ions cm™2), on sample areas of 40 x 40 um. Depicted error
bar ratios resulted in three different measurements on three different
sample area and on three different days.

PL decay curves were measured with a home-built setup, equipped
with a PicoQuant PDL 828 “Sepia II”, a PicoQuant HydraHarp
400 multichannel picosecond event timer, and TCSPC module. The used
excitation source was a 485 nm pulsed laser (PicoQuant LDH-P-C-485),
and the photoemission was filtered with a 500-nm long-pass filter before
being detected by a single-photon avalanche diode detector (Micro
Photon Devices, MPD-5CTD). The measurements were done under
wide-field illumination, using a lens to spread the laser light over an area
of about a quarter squared millimeter. Using neutral density filters, the
total intensity of the laser light was lowered to 8.5 uW at continuous
wave.

PLQY maps were obtained using a home-built integrating sphere
setup equipped with a supercontinuum laser (FianiumWL-SC-390-3),
combined with an acousto-optic tunable filter and a piezoelectric
stage. The signal was measured using both a Thorlabs PDA100A-EC Si
detector and a Newport model 818-UV-L photodetector. To distinguish
between PL and excitation light, measurements were done twice, using
a long-pass filter (Thorlabs FELH500) and a short-pass filter (Thorlabs
FESH500). The samples were excited at A = 480 nm. Finally, the PLQY
was calculated by dividing the map of emitted photons by the map of
absorbed photons.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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