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Abstract:  Methylammonium-mediated — phase-evolution
behavior of FA,_.MA Pbl; mixed-organic-cation perovskite
(MOCP) is studied. It is found that by simply enriching the
MOCP precursor solutions with excess methylammonium
cations, the MOCPs form via a dynamic composition-tuning
process that is key to obtaining MOCP thin films with superior
properties. This simple chemical approach addresses several
key challenges, such as control over phase purity, uniformity,
grain size, composition, etc., associated with the solution-
growth of MOCP thin films with targeted compositions.

Since the first use of hybrid organic-inorganic perovskites
(HOIPs) in solar cells in 2009,'! the power conversion
efficiency (PCE) of perovskite-based solar cells (PSCs) has
shot up to over 22% within a short period of time.”!
Methylammonium lead iodide (CH;NH;Pbl; or MAPDI;)
has been the most widely studied HOIP for PSCs in the
past.”’g] However, there are several issues with MAPDI;,
including the less-than-ideal band gap”-®! and low intrinsic
thermal stability,'"") thus calling for the development of
HOIPs of other compositions. Formamidinium lead triiodide
(HC(NH,),Pbl; or FAPbI;) HOIP has become a promising
alternative that exhibits a relatively smaller band gap and
much better thermal stability."'*) However, FAPbI, has two
polymorphs at room temperature—the “black” perovskite o-
phase and the “yellow” non-perovskite O-phase. But the
desirable a-phase appears to be unstable in ambient atmos-
phere.'’>" In this context, FA, MA Pbl, mixed-organic-
cation perovskites (MOCPs) with relatively larger content of
FA™ cations (typically FA,sMA,,Pbl;) are becoming state-of-
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the-art compositions. This is because MOCPs show combined
merits of enhanced light-absorption and better thermal/
environmental stability. In fact, MOCPs and/or their variants
have been used to demonstrate the best-performing
PSCs."! Despite their attractive properties, research on
MOCPs and MOCPs-based PSCs has been held back because
of the difficulty in the synthesis of MOCPs, which is mainly
due to the following reasons. First, the formation of the
undesirable d-phase non-perovskite byproduct that typically
accompanies MOCPs synthesis will compromise the phase
purity of the obtained MOCPs. Second, a higher annealing
temperature (>150°C), compared with that needed for
MAPbI;, is usually required for crystalizing MOCPs from
solution.['™!! This results in a moderate nucleation rate and
high growth rate, which is not desirable for the formation of
uniform thin films from solutions.! Thus, control over the
uniformity and microstructures (e.g. grain size) of the
solution-grown MOCPs thin films is challenging. Third, it is
a challenge to obtain MOCPs thin films with the exact
targeted compositions. For example, the popular “two-step”
methods™” that have been highly successful in depositing
single-organic-cation HOIP (MAPbI; or FAPbI;) thin films
are being considered for MOCPs."!! However, in order to
achieve a targeted MOCP composition, one needs precise
control over the competing diffusion kinetics of MA* and
FA" into the pre-deposited Pbl, solid films, which is, in fact,
very difficult.[¥

Here we report a methylammonium-mediation (MAM)
approach that addresses all the aforementioned issues in the
solution synthesis of MOCP thin films. This approach involves
simple addition of excess MA™ cations into a stoichiometric
MOCP precursor solution, which tailors the chemistry of
MOCP evolution from the solution. This results in the ready
formation of phase-pure, uniform, large-grain, and exact-
composition MOCP thin films. PSCs fabricated using MAM-
processed MOCRP thin films are shown to deliver PCEs as high
as 19%.

The MAM approach may appear similar to the simple
additive-assisted synthetic protocols that are widely used for
the solution-deposition of single-cation HOIPs.*7?>%! How-
ever, the underlying reaction chemistry in the MAM
approach is actually unique, as illustrated schematically in
Figure 1. The ions shown (Figure 1) in the precursor solution
are generally random and disordered. In this study, these ions
are formed in the solution by dissolving FAI, MAI, Pbl, and
MAX precursors in specific ratios (e.g. 0.8MAI-0.2FAI-
PbI,MAX for obtaining FA sMA,,Pbl; MOCP), where
spontaneous ion-exchange in the solution allows the redis-
tribution/movement of the ions in an equilibrium state.”"
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Figure 1. MAM synthesis of FA,_,MA,Pbl; MOCP from MA*-excess precursor solutions. X~ represents
an anion that does not fit into the MOCP structure. While X~ =ClI™ is a rational choice with suitable
volatility during the MAM synthesis, there may be other choices besides CI~. The composition scale
bar indicates schematically the approximate composition of the MOCP phase at each stage, with left
(blue) and right (red) extremes representing pure MAPbl; and FAPbI;, respectively.

Note that the addition of excess MA* cations must be coupled
with X~ anions to maintain neutral charge in the solution. In
order not to affect the composition of the final MOCPs, X~
must be an anion that does not fit in the MOCP crystalline
structure, and it exhibits suitable volatility for solution
processing. Based on these considerations, MACI is selected
to be the source of excess MA*.! Once the MA"-excess
MOCTP solution is spin-coated, supersaturation of the solution
occurs due to the centrifugal force, which induces the
nucleation and growth of MOCP thin films at room temper-
ature (RT). The pre-formed MOCP at this stage (Stage I) is
expected to contain a relatively larger fraction of MA™
cations as its crystallization occurs from the MA™-rich
environment. During the subsequent thermal-annealing
step, since FA'-rich HOIPs are thermodynamically more
stable phases at elevated temperatures, an ion-exchange
reaction occurs between Stage-I MOCP and the surrounding
FA™ cations,™?! Jeading to the gradual enrichment of FA* in
the MOCPs. This continues until the FA™ cations outside the
MOCEP phases are fully depleted, at which stage (Stage III)
the final MOCP forms. For describing the MAM process more
clearly, Stage II is introduced, which corresponds to the thin
film state when the thermally induced ion-exchange process is
interrupted. The composition of Stage-II MOCP has an FA™/
MA" ratio in-between that of Stage-I and Stage-1II MOCP.
Overall, during the MAM process, the composition of the as-
formed MOCP is dynamically tuned with the FA"/MA™ ratio
increasing in the thin film, and this process results in the
desired MOCP of the exact prescribed composition. This
unique process avoids the formation of the undesirable
“yellow” O-phase because the initially formed MA*-rich
HOIP does not energetically favor its existence as a non-
perovskite d-phase.

To confirm the proposed mechanisms in Figure 1, the
phase evolution in the MAM process is investigated further.
Here, we have focused on a starting precursor composition of
FA sMA,,Pbl;-MACI as a case study. Figure 2 shows XRD
patterns and UV-vis spectra of the Stage-I, Stage-II, and
Stage-III thin films. In the XRD results in Figure 2 A, well-
resolved characteristic peaks are observed, which confirms
the crystalline MOCP phases at all stages. A closer look at the
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a gradual shift to lower 26 going
from Stage I to Stage III, indicating
expansion of the MOCP crystal
lattice. The lattice parameters of
the quasi-cubic perovskite crystal
unit are calculated to be 6.300 A,
6.310 A, and 6.335 A for the Stage-
I, Stage-II, and Stage-III thin films,
respectively.  Figure 2B shows
absorption-edge red-shift from
800 nm to 815nm going from
Stage I to Stage III. Using the
Tauc plots in Figure S1 (in the
Supporting Information (SI)), the
band gaps of the Stage-I, Stage-II,
and Stage-III thin films are deter-
mined to be 1.560 eV, 1.550 eV, and
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Figure 2. A) XRD patterns and B) UV-vis spectra of the Stage-I, Stage-
Il 'and Stage-IIl thin films, which are fabricated by annealing the film at
25°C, 100°C, and 150°C for 30 min, respectively. FAI:MAI:Pbl,:MACI
ratio is 0.8:0.2:1:1.

1.535 eV, respectively. Both the XRD and the UV-vis results
confirm the dynamic composition-tuning process, which are
consistent with the proposed solid-state ion-exchange mech-
anisms hypothesized in Figure 1.

In order to ascertain the exact composition of the thin
films at each stage, XRD patterns and UV-vis spectra are
recorded for a series of FA, MA ,Pbl; MOCP thin films, with
x=0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, and are
presented in Figure S2 in the SI. The lattice parameter of each
MOCP phase is calculated, and the band gap is determined by
data-fitting; the results are shown in Figure 3. A linear
equation (a=6.3516—0.0845x) and a polynomial equation
(E,=1.535240.0133x +0.0530x%) can be used to describe
empirically the lattice parameter (a) and the band gap (E,) of
thin films, respectively, as a function of x. This is very similar
to what was reported in the case of MAPbI,_,Br,.””) By using
these two equations, the Stage-I, Stage-II, and Stage-III thin

www.angewandte.org

dte

Chemie

7675


http://www.angewandte.org

7676

@)
o
@)
Lattice Parameter(A) o

g g
0 -~ (B)
e -
9 3 8]
© o™
©
m@
2 £ 2
o | m -
- ©
3 &)
© 0 02 04 06 08 1.0 0 02 04 o0& 08 10

x in FA, ,MA,Pbl; x in FA,,MA,PbI;

Figure 3. A) XRD patterns and B) UV-vis spectra of Stage-I, Stage-Il,
and Stage-Ill thin films.

film compositions are determined as FA ;MA,Pbl;,
FA(sMA,sPbl;, and FA sMA,,Pbl;, respectively (labeled in
Figure 3). This clarifies the exact chemical reactions, along
with the MAM evolution of FA;sMA,,Pbl; MOCP, which are
as follows [Egs. (1)-(4)]:

0.8 FAI + 0.2 MAI + Pbl, + 1.0MACI — FA,,MA,(Pbl,

1
+0.4FACI + 0.6 MACI @

FAgsMA,PbL; + 0.1 FACl — FA,sMA,sPbl; + 0.1 MACI 2)
FAysMA,sPbl; + 0.3FACI — FA,sMA,,Pbl; + 0.3 MACI (3)
MACI — CH,NH, | +HCI | (4)

At Stage I, Reaction 1 occurs at RT, and FA;;MA,¢Pbl;
forms as well as the FAX by-product. After heating to some
extent, Stage II is reached, which depletes some of the as-
formed FAX by-product and FA;sMA,sPbl; forms (Reac-
tion 2). Further heating induces Reaction 3, which involves
the ion-exchange reaction between the FAX residue with
FA(sMA,sPbL;. FA sMA,,Pbl; forms at this stage (Stage I1I)
During annealing, MAX decomposes/sublimes (Reac-
tion 4),”>%1 which drives the progression of Reactions 2 and
3. The molar ratio of FA":MA" in Stage-II thin film is
determined to be 1:0.62 using nuclear magnetic resonance
(NMR) spectroscopy (see Figure S3 in the SI), which implies
that Stage-II thin film consists of FA;sMA,sPbl; MOCP and
excess 0.3 FACI. This is consistent with the fact that the MACI
by-products from solid-state ion-exchange reactions are
released instantaneously via Reaction 4. In this context, the
proposed reactions are fully consistent with our experimental
results.

Isothermal annealing experiments were also conducted,
where the as-spincoated film was annealed at two different
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constant temperatures of 100°C and 150°C, and the absorp-
tion spectra of the film with different isothermal annealing
time were recorded in Figure S4 in the SI. The absorption
edge of the film gradually red-shifts until 815 nm, which
reflects the composition-tuning process. At a higher annealing
temperature, the composition-tuning kinetics are more rapid,
which is consistent with the proposed MOCP crystallization
mechanism in Figure 1.

To explore the generality of the MAM evolution behavior
of MOCPs, experiments similar to those in Figure 2 were
performed with a starting precursor composition of
0.6 MAI-0.4FAI'Pbl,MAX (X =Cl). The results shown in
Figure S5 in the SI indicate that the MAM evolution also
occurs in this case. Additional NMR experiments (Figure S6
in the SI) on the MAM-processed MOCP samples were
performed, which confirm that the as-obtained thin films have
the exact targeted MOCP compositions. The effect of X~ on
the MAM evolution behavior of MOCPs is further studied.
When X is an anion, such as CH;COO™ (Ac™) with higher
volatility than Cl, the dominant hybrid mixed-organic-cation
compound formed from the same process is non-perovskite,
as shown in Figure S7 in the SI. This is because of the release
of MA Ac during the RT spin-coating process, which results in
insufficient MA™ content in the as-precipitated phases, which
leads to the formation of FA-based non-perovskite com-
pounds. The NMR result in Figure S8 in the SI confirms the
substantial release of MA Ac during spin-coating. When X" is
17, which is less volatile than Cl-, the MAM evolution
behavior of MOCPs still occurs (see Figure S9 in the SI), but it
requires much longer annealing time. These results highlight
the significance of the volatility of X~ anions in the successful
MAM synthesis of MOCP thin films.

The microstructural evolution of MOCPs during the
MAM process is further investigated. Figure 4 shows SEM
images of the top surfaces of Stage-I, Stage-II, and Stage-III
thin films. In Figure 4 A (Stage I), a continuous microstruc-
ture with full coverage is observed in the thin film. However,
the grain structure is not well-defined, which is clearly related
to the presence of multiple and mixed phases. The estimated
grain size of the crystalline phases of FA ,MA,Pbl; MOCP
in the thin film is only ca. 200 nm, which is to be expected
considering that the processing is performed at RT.* The
FAX and/or MAX phases are not distinguishable in the SEM
considering due to their low crystallinity, as indicated by the
XRD results (Figure 2A). With the progression of Reac-
tions 2 and 3, the MOCP grains gradually become larger,

Figure 4. Top-view SEM images of the surface of: A) Stage-l, B) Stage-Il, and C) Stage-Ill thin films. FAI:MAI:Pbl,:MACI ratio is 0.8:0.2:1:1.
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which is expected considering the starting fine-grain micro-
structure and the inevitable coarsening at elevated temper-
atures. The final FA,sMA,,Pbl; MOCP thin film (Stage III)
shows a mean grain size of ca. 2 um, with occasional grains as
large as 4 um (Figure S10 in the SI), as determined using
image analyses based on 78 grains.””) This is more than six
times the thickness of the film (ca. 500 nm). This is striking, as
generally the grain size in thermally-coarsened polycrystalline
thin films is limited by the film thickness.l*! In this context, we
have investigated the effect of MACI amount on the micro-
structure of the final MOCP thin films. The results in
Figure S11 in the SI suggest that, in addition to thermal
energy, the MA*-cations appear to play a significant role in
the grain coarsening, as well as the MOCP thin film coverage.
This is reminiscent of numerous studies in the literature on
the role of additives in the crystallization of HOIPs.!*7-2%1 It
is interesting to note that accompanying the grain coarsening,
there is a silent composition-tuning process occurring, as
discussed above. Such composition-tuning coupled micro-
structural evolution mechanisms are not well understood,
which await further elucidation in the future. Nevertheless, to
the best of our knowledge,”!! the phase-pure, full-coverage
FA sMA,,Pbl; MOCEP thin film with ca. 2 um mean grain size
obtained here is unprecedented. Furthermore, the composi-
tion in the final MOCP thin film is uniform over the entire
substrate, as confirmed from the photoluminescence (PL)
spectra measured at several different locations on the film
(see Figure S12 in the SI).

The FA sMA,Pbl; MOCP thin films grown using the
MAM process were assembled into PSCs for assessing their
photovoltaic (PV) performance; Figure 5SA shows a cross-
sectional view of one such PSC. The PSC structure consists of
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the MOCP layer sandwiched between a FTO/mesostructured
TiO, electron-extracting anode and a Spiro-OMeTAD/Au
hole-extracting cathode. The ca. 200 nm thick mesoporous
TiO, layer is fully infiltrated by the MOCP, and a 500 nm thick
MOCP capping layer forms on the top of the TiO, layer. The
MOCEP grains appear very large and dense, with only vertical
grain boundaries visible, confirming the desirable micro-
structure of MAM-processed MOCPs in the PSC.”’! Fig-
ure 5B shows the current density (J)-voltage (V) curves of
the PSC under reverse and forward scans, showing a PCE of
18.7% and 18.4%, respectively. Negligible J-V hysteresis is
observed, indicating balanced charge transport in the PSC."!
This is probably due to the combined merits of the large
grains, the presence of only vertical grain boundaries, the
desirable MOCP composition, and the use of mesostructured
TiO,. It appears that this unique microstructure and compo-
sition of the MOCP grains may also be responsible for the
negligible hysteresis because J-V hysteresis has been fre-
quently observed in our previously reported PSCs with similar
device architecture, but with fine-grained single-organic-
cation HOIP thin films.®"! External quantum -efficiency
(EQE) was also measured, showing an integrated current
density of 21.40 mA cm ™ (Figure 5C), which is close to the
short circuit current density (Js¢) reported in Figure 5B. The
stabilized current/power output is monitored at the maximum
power point of 0.85V; a very similar PCE of 182%
(compared to the J-V results) is observed in Figure SD. The
high reproducibility afforded by the MAM method in
fabricating high-performance PSCs is also demonstrated in
Figure S13 in the SI. The stability of a typical MAM-
processed MOCP-based PSC was also evaluated and the
results are reported in Figure S14 in the SI. The PSC shows ca.

80% retention of its initial PCE

after 500-h exposure to the ambient

~24 B) (ca. 20% relative humidity, RT).
A) 520_ This outstanding PV performance
Spiro-OMe TAD ;E( —*~ Reverse (R) affirms the efficacy of the MAM
e g ;‘16' Forward (F) method for the reliable fabrication
* Perovskite 12 of high-quality MOCP thin films.
5 g Voo Jso FF | PCE In closing, we report here an
so-TiOZ'Perovskite Q 8 R e effective approach that uses excess
et %Q’ > S g [R|108] 2292|766 187 MA* in the precursor solution to
FTO" no é 0 1"07 ‘22'44 . 76'5| 4 . mediate the solution growth of
00 02 04 06 08 10 1.2 FA,_ MAPDbl; MOCP thin films.
- 54 Voltage, V (V) The investigations into the phase
_ %@ ~21.4 mA-cm? and microstructural evolution of
{203 218- the MOCP thin films provide
Ei £ ~18.2 % insights into this MAM process. It
115 g E; is discovered that the evolution of
<o 12 the coarse-grained MOCP micro-
| 10; * § structures is coupled with unprece-
15 "3\’ E 61 dented dynamic  composition-
. = E / Lighton tuning, which is key to the success
0=="400 500 00 700 800  ° L 50 100 50 200 O the MAM approach. This study
Wavelength (nm) Time (s) represents a new research direction

Figure 5. A) Cross-sectional SEM image (false color) of a FA;3MA,Pbl;-MOCP-based PSCs made
using the MAM method. B) J-V curves of the PSC under one-sun illumination under reverse and
forward scans. Inset: PV parameters. C) EQE and integrated J plots from the same PSC. D) Stabilized

PCE and J at maximum power point of the same PSC.
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in exploring unprecedented phe-
nomena related to the highly com-
plex HOIP material systems in
a vast composition space.
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