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ABSTRACT:

Defects have a detrimental effect on efficiency and stability of perovskite solar cells
(PSCs) due to the structural imperfections and/or extrinsic impurities in the perovskite
films. Here, we propose to use a pre-synthesized crystalline perovskite with perfect
stoichiometry to control and lower the density of defects from precursors by the powder
engineering method. Compared with raw materials (i.e., Pbl, and FAI) based
perovskites, the average efficiency of the PSCs fabricated based on these pre-
synthesized perovskite precursors increased from 18.62% to 19.85%. Moreover, the
unwanted intermediate chemical compositions (i.e., the unreacted phases and residual
solvent) in the raw material-based perovskite films were significantly reduced in the
pre-synthesized 6-FAPbI3 and a-FAPbI; perovskites according to the secondary ion
mass spectroscopy depth profiling data. Finally, we obtained the champion efficiency
of 22.76% for a-FAPbl; and 23.05% for FAPb(lp9Bro.1); based PSCs. Long-term

operational stability of encapsulated FAPb(lo.9Bro.1); based PSCs showed a slow decay

and maintained the efficiency about 88% after 1200 hours (Tso > 2000 h). Furthermore,
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a proof-of-concept integrated perovskite solar module-lithium ion battery-light-

emitting diode device was demonstrated.

Keywords: perovskite solar cells, powder engineering, solar modules, efficiency,

operational stability

1. Introduction

The two-pioneering works on lead halide perovskite solar cells (PSCs) in 2009 and
2011 give rise to tremendous research activities on this class of materials worldwide[ 1-
2]. Up to now, an outstanding power-conversion-efficiency (PCE) of 25.5% has
recently been achieved, which is highly competitive even when compared with well-
established photovoltaic technologies such as those based on Si (a record PCE 0f 26.7%)
and CdTe (21-22%)[3-4]. Formamidinium lead iodide (FAPbI3), as a member in the
perovskite family, has been widely investigated because of its favorable band gap
(~1.48 eV), which is close to the optimal value of Shockley-Queisser optimum (i.e.,
1.34 eV)[5-7]. However, the phase transition from the black a-FAPbI3 phase to non-
photoactive isomer 8-FAPDI; phase in ambient conditions makes it difficult to achieve
a high efficiency (over 23%) and stability (more than 1000 hours) (Table S1)
simultaneously[6-8]. Although several strategies have been developed to improve the
phase stability of FAPblz based PSCs, such as cation mixing[7, 9-10], bromide
substitution[11-12], surface treatment[6, 13-15] and additive engineering[16-17], the

stability still lags behind those of the established photovoltaics. In addition, the
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polycrystalline nature of FAPbI3 perovskite films is highly dependent on the precursor
quality. Large amounts of traps induced by structural imperfections and/or extrinsic
impurities are mainly formed at the surfaces and grain boundaries, which is often
associated with the variations in device performance[18-20]. To overcome it,
incorporation of excess of serval precursor materials e.g., Pbl> and/or organic halides
(MAI, MCI) is proposed to improve the solar cell performance. The excess Pbl is
proposed to be beneficial in improving the efficiency of perovskite solar cells, because
it can passivate defects in perovskite films[21-23]. But excess Pbl; and its degradation
products (e.g., Pb and 1) can also lead to accelerated degradation of the perovskite
layer[24-26]. Additionally, excess organic halides in the perovskite films can improve
the crystallinity, enlarge grain size and provide a better energy level alignment, leading
to an improved efficiency in final devices[27-31]. However, it is worth noting that
excess organic halide sometimes will induce the formation of MA4Pbls, in which MAI
acts as a matrix structure with embedded Pbl>[32]. Moreover, a too thick layer of MAI
on the top of perovskite will lead to poorer charge transport and therefore lower solar
cell performance, as demonstrated in our previous work[29]. Therefore, making a high-
quality perovskite is an imperative way to achieve high efficiency and long-term
stability PSCs.

Recently, perovskite single crystals have been reported and widely used in
photodetectors, X-ray dector and solar cells[33-38]. The stoichiometry is close to the
ideal value and defects in single crystals are several orders of magnitude lower than that

in polycrystalline counterparts, which leads to high performance and stability[38-40].
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For example, MAPDI; single crystal-based PSCs have shown outstanding PCEs of
21.09% and 21.9%[38-39]. However, device-incompatible solution growth conditions,
complicated fabrication and low yield make the efficiency of single crystals-PSCs still
inferior to the polycrystalline films PSCs and also impede their application in large-
scale devices[41]. To increase the yield of perovskites, Zhang et al. reported the prey-
synthesized perovskite powders, and demonstrated that the synthesis of non-
stoichiometric 6-FAPbI3 powder in acetonitrile could overcome the low PCE issues
even using the low-grade Pbl, precursor[42]. But a detailed investigation on the
unreacted phases and residue solvent in these pre-synthesized perovskite powders is

currently lacking.

Here, we present a simple powder engineering method to synthesize 6-FAPbI; and
a-FAPbI3 crystalline powders with a high yield, and a detailed study on the residual
compositions (i.e., the unreacted phases and residue solvent) in the pre-synthesized
perovskite powders, which yields key information and strategy for the further
improvement of efficiency and stability. In comparison with R-FAPblz (FAPbI;
prepared by FAI and Pbl, raw powders), the pre-synthesized 6-FAPbI; and a-FAPDI;
have low trap density and lead to high performance in PSCs. In addition, secondary ion
mass spectroscopy (SIMS) measurements revealed that a small amount of non-reacted
or aggregated FAI (m/z=182-183) as well as the residual solvent was observed in R-
FAPDI;, but it decreased in the pre-synthesized 6-FAPbI; and a-FAPbI3 films. Finally,
we observed the highest PCE of 22.76% for a-FAPbI; and 23.05% for FAPb(Io.9Bro.1)3

based PSCs, respectively. The operational stability showed >88% at 1200 h and a decay

4



1 rate of approximately -0.01%/h with a Tso lifetime over 2000 h. Besides, 5 x 5 cm?
2 perovskite solar modules (PSMs) were fabricated with a champion module PCE of
3 14.22% (active area PCE=16.01%), indicating the good scalability of this technique.
4 Furthermore, a proof-of-concept perovskite solar module-lithium ion battery-light-
5 emitting diode (PSM-LIB-LED) device was demonstrated to operate well by converting
6 the light to electricity and stored in a Li battery, which can power LED under dark
7 condition. Our work provides a simple and high yield method to synthesize highly
8 crystalline powders, which enables fabrication of PSCs with both high PCEs and long-

9 term operational stability.
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a-FAPDI; precursor powders; (b) Mechanism of volume shrinkage in the FAPbI; crystal
structure. XRD patterns of (c) 6-FAPDI; and (d) a-FAPbI; (insets: Photographs of the

synthesized powders).

2. Results and Discussion

2.1. Synthesis and characterization of pre-synthesized powders.

Fig. l1a displays a schematic drawing showing the synthesis process of 3-FAPbI; and a-
FAPDI; by the powder engineering method. Formamidinium acetate (FAAc) is first
slowly mixed with hydroiodic acid (HI) with a molar ratio of 1:1.1 (eq. 1). After
dissolution of FAAc, Pbl> is added into the mixed solution to form the 3-FAPbI; (eq.
2), which is confirmed by the XRD data in Fig. 1c. Once 6-FAPbI; powders were heated
up to 90 °C for 1-2 hours, the slow conversion from the d-phase to the a-phase FAPbI;
was observed and the corresponding unit cell size reduced from 517 to 257 A3 (Fig. 1b,
eq. 3). In this step, the remaining impurities and the unreacted precursors were then
dissolved by H20 and filtered. Inspired by the previous reports about the growth of the
perovskite single crystals using y-Butyrolactone (GBL) as solvent[43-46], which not
only provides an excellent solubility of perovskites at low temperatures, but also
decreases the solubility of perovskites as the temperature increases to approximately
100 °C[44, 47]. Then GBL was used as a solvent to dissolve the less stable, non-
stoichiometric FAPbI3 phase with dangling bonds. Similarly, the cubic phase (Pm3m)
FAPbBr3 perovskite powder can be synthesized as shown in Fig. S1. Finally, high
powder yields of 93-95% for a-FAPbI3, 3-FAPDI;, respectively, and 82% for FAPbBr3

are obtained by this method.
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FAAc + I + H;0" — FAI + Ac” + H;0" (1)

Pbl, + FAAc + I + H30™ — FAPDI; (8) + Ac” + H;0" )

A
GBL + FAPbI; (8) + Ac + HsO* = FAPbL; (o) + GBL+Ac 1 +H:0 1 (3)

The yellow color powders of 3-FAPbI; and black color powders of a-FAPbI; (Figs.
lc and 1d, inset) were characterized by scanning electron microscopy (Fig. S2) and X-
ray diffraction (XRD) to confirm the crystal structure. Rietveld refinement was
performed for the XRD data (Figs. 1c-1d) using TOPAS software (Fig. S3)[48]. Refined
lattice constants of a-FAPbI; (Pm-3m) are a=6.35743(5) A (Tables S2), slightly smaller
than the previously reported structure (a=6.3620(8))[49]. Refined lattice constants of o-
FAPbI; (P63mc) are a=8.67827(18) A and ¢c=7.9306(2) A (Tables S3, Supporting
Information). These values are slightly larger than the previously reported structure
(a=8.6603(14) A and ¢=7.9022(6) A)[50]. Moreover, for both FAPbI; materials no
peaks corresponding to impurity phases were detected, indicating the phase purity of
these two pre-synthesized materials. Fig. S4 shows the high-resolution transmission
electron microscopy (HRTEM) images of pre-synthesized 6-FAPbI; and a-FAPbI3. The
measured interplanar spacing of 5.44 A and 6.48 A for 5-FAPbI; and o-FAPbI; are
assigned to the (101) and (100) crystal plane, respectively, which agrees well with the
XRD data for the hexagonal and cubic phase of FAPbIs, respectively. The
corresponding selected area electron diffraction (SAED) patterns as shown in Figs. S4b
and S4d have highly symmetrical lattice plane, which corroborates the high crystallinity

of 5-FAPbI; and a-FAPbI3. The diffraction spots of the SAED patterns are indexed to
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the (202), (301) and (200) reflections of the hexagonal phase with the space group of
P63mc and (100) and (110) reflections of the cubic phase with the space group of Pm-

3m[49].
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Fig. 2. (a) Absorption coefficients of the R-FAPbI3, 6-FAPbI3 and a-FAPbIz as a
function of photon energy (inset: Calculated Urbach tail energy data); (b) TRPL of R-
FAPDbI3, 0-FAPbI; and a-FAPbIs; (¢) J-V curves of R-FAPbI;3, 8-FAPbI3 and a-FAPDI;
based PSCs. Solid and dash lines correspond to the reverse and forward scan,
respectively; (d) Statistical PCEs (inset: Device architecture); (¢) Operational stability
of R-FAPbI3, 0-FAPbIz and a-FAPbI3 devices under a steady voltage output and

continuous illumination in ambient condition without encapsulation.
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2.2. Pre-synthesized phase pure FAPbI; solid powders for PSCs.

Although the perovskite powders are synthesized using GBL as the solvent, the fast
nucleation rate of the perovskite crystals during the spin-coating process can lead to a
poor morphology of the perovskite film[51]. To prepare high quality perovskite films,
we first dissolved the perovskite powders into the DMF/DMSO mixture solvent (More
details can be found in the experimental section). Photovoltaic performance was
evaluated by assembling a device as seen in Fig. 2d (inset). A compact and uniform
perovskite layer with large grain sizes can enhance the light capture and reduce the
leakage path in the devices (Fig. S5). We estimated the Urbach tail energy from the
Tauc plot in Fig. S6. Due to the additional MACI additive, the optical gap of all series
of FAPDI; could be estimated as 1.548-1.549 eV[42, 52]. Fig. 2a presents the analyses
of the Urbach tail energy that elucidate the imperfections in stoichiometric and surface
defects. The corresponding tail energy values are 15.5, 14.6, and 14.6 meV for R-
FAPDI;, 86-FAPbI; and a-FAPDI;, respectively. The highest tail energy of R-FAPbI; is
due to the high absorption rate by free charge carriers inside the perovskite, which can
be considered to have a high density of defects. In parallel, steady-state
photoluminescence (PL) and time-resolved photoluminescence (TRPL) spectroscopy
measurements were performed to evaluate the charge carrier properties of the FAPbI3
films (Fig. 2b). As seen in Fig. S7, the a-FAPbI; film shows a stronger intensity than
the other two samples (6-FAPbI3 and R-FAPbI3), which indicates reduced nonradiative
recombination in the a-FAPbI; films. The 6-FAPbI; and a-FAPbIz show both slower

non-radiative recombination (115=53.52 ns, T1,=53.53 ns) and radiative
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recombination[53-54] (12,5=271.08 ns, 12,,=280.79 ns) than R-FAPbI3 (11,r=50.09 ns,
12,k=254.10 ns), which indicates the R-FAPbI; has more residual impurities than d-
FAPbI3 and a-FAPDI; films. In addition, surface properties have a significant influence
on the performance of the final devices because the loss of FAI cations and
undercoordinated lead in the fabrication process are mainly located at the surface[19-
20, 55-56]. The surface potential on the FAPbI3 films was measured using Kelvin probe
force microscopy (KPFM). The low surface roughness of the R-FAPbIs, 5-FAPbI; and
a-FAPbI; films (Fig. S8) indicates uniform grain size, which is beneficial for hole
transport layer deposition. Moreover, the topography and contact potential difference
(CPD) mapping of the 6-FAPbI; and a-FAPbI3 films in Fig. S9 also exhibit a low
average surface potential difference of 3.56 mV and 3.48 mV, which is substantially
lower than that of R-FAPbI3 (9.55 mV). This low surface potential is ascribed to the
high crystallinity and no or little residue impurities at the grain boundaries, which is
helpful for carrier extraction at the interface between perovskite and hole transport

layer[57-58].

Figs. 2c-2d show current density-voltage (J-V) curves of PSCs and average PCEs
based on 10 devices. For the R-FAPbI3, the average Js, Voc, FF and PCE are 23.37
mA/cm?, 1.03 V, 0.777 and 18.62% in the case of the reverse scan (RS) and 23.34
mA/cm?, 0.99 V, 0.739 and 17.12% in the case of the forward scan (FS), respectively
(Table S4). The hysteresis index of R-FAPbI; (hysteresis index=PCErs/PCEFs) is 1.09.
In contrast, the PSCs based on 06-FAPbI; and a-FAPbl; show PCErs of 19.29%

(Jsc=23.71 mA/cm?, Voc=1.03 V, FF=0.793) and 19.85% (Jsc=23.62 mA/cm?, Vo=1.05

10
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V, FF=0.802), respectively. The corresponding PCEFrs of the 6-FAPbI; and a-FAPbI;
based devices are 18.39% and 18.78%, respectively, which indicates reduced hysteresis
indexes of 1.05 and 1.06 in comparsion with R-FAPbI;. Based on Fig. 2c, it is worth
noting that the variations in V. and FF in these three materials are significant, which
corroborates the findings of significant trap density variations in Fig.s 2a-2b. In addition,
a large spread of PCE values for R-FAPbI3 (Fig. 2d) compared with 3-FAPbI3 and a-
FAPbI; indicates that the pre-synthesized 5-FAPbl; and a-FAPbI; can help lower
variations of performance. Moreover, it is well known that short and long wavelength
generate carriers close to the electron transport layer (ETL)/perovskite and
perovskite/hole transport layer (HTL) interface, respectively[59-60]. The similar
external quantum efficiency (EQE) values (Fig. S10) at the short wavelength region
indicates that the same condition in terms of R-FAPbIz, 6-FAPbI3 and a-FAPbIz based
PSCs. However, the traps/defects are predominantly at the top surface of the perovskite
films and interface between perovskite and HTL instead of bulk films due to the
generation of undercoordinated Pb and the loss of cations in the fabrication process[19-
20, 55-56]. Therefore, a sharp edge at ~790 nm in the case of a-FAPbI; in the EQE

spectrum (Fig. S10) indicates fewer traps/defects in the a-FAPbI3 film[59-60].

Furthermore, the charge trap density values based on space-charge-limited current
(SCLC) in the FAPbI3 materials are determined by using the dark current voltage (I-V)
measurement for a hole- and electron only devices with the architecture of
ITO/PEDOT:PSS/perovskite/Au and 1TO/SnO»/perovskite/PCBM/Au (Fig. S11 and

Table S5). When the applied voltage exceeds the first onset voltage, the current exhibits

11
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a quick non-linear increase (n > 3), indicating that all traps are filled by the injected
carriers. The applied voltage at the onset point is defined as the trap-filled limit voltage

(V1rL) which is correlated with the charge trap density[54, 61-62]

2
__ eNgrgpd

Vrpe = — __— 4

2&e€g

where ¢ is the relative dielectric constant for FAPbI3 (62.23)[47], d is the thickness of
the perovskite layer (820 nm, see in Fig. S11b, inset), and &, is the constant of vacuum
permittivity in free space (8.8542 x 107'* F/cm), e is electric charge (1.602 x 10" C)
and VrrL represents the onset voltage of the trap filled limit. As seen in Fig. S11 along
with Table S5, V'trL and nuap in the hole-only device decreases from 0.754 V and 7.53
x 105 ¢cm for the R-FAPbI; to 0.723 V and 7.23 x 10" ¢cm? for the 5-FAPbIs, and
0.691 V and 6.9 x 10 cm? for a-FAPbI;. The electron-only devices showed a slight
higher Ve (and niap) compared to that of hole-only devices, with 1.27 V (1.27 x 106
cm) for the R-FAPbI3, 1.163 V (1.16 x 10'6 cm™) for the 8-FAPbIs, and 1.103 V (1.10
x 10'® cm™) for a-FAPbI3. From the SCLC analysis, it is found that electron traps are
dominant in the FAPDI; films[63-64]. The a-FAPbI3 exhibit reduced electron traps, in
agreement with their higher EQE values in the longer wavelength region as shown in
Fig. S10, which indicates that the minimum defect density, dissolution and washing out
of not well-crystallized precursors during the synthesis procedure help to generate high

performing PSCs.

Additionally, the operational stability measurements (without encapsulation) was

performed under AM 1.5 G illumination conditions in ambient (55% RH, 25 °C) (Fig.

12



1 2e). A fixed bias voltage was set to be the initial the maximum power point (MPP)
2 voltage of PSCs[65-66]. It is well known that FAPbI; degrades quickly under high
3 moisture without any encapsulation. To study the influences of these three FAPbI3
4  materials on PSC operation stability, the high initial PCEs 0f 20.13%, 20.01% and 19.74%
5 for o-FAPbI;, R-FAPbI; and o-FAPbl; PSCs were chosen. After continuous
6  illumination, the devices of a-FAPbI3, 6-FAPbI3 and R-FAPDI; still kept 85.82%, 74.56%
7 and 67.27% of their initial PCEs, respectively. These results suggest that the higher
8 quality of synthesized precursors with less impurities and defects by the powder
9  engineering strategy has a great impact on the long-term operational stability as well as

10  photovoltaic performance.
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detection mode) depth profiles. (a, d) R-FAPbIz; (b, €), 6-FAPDI;; (c, f) a-FAPbI3; (g)
Simplified scheme presenting SIMS measurement; (h) Relative abundance as function

of time of m/z = 171 amu (solid) and 183 amu (dash).

2.3. Elemental visualization of FAPbI3 based on the SIMS depth profiles.

To identify the bulk chemical composition and the impurities in perovskite films
(glass/SnOx/perovskite), SIMS depth profiling (Fig. 3) was performed by sputtering the
films with Ar* at 1 keV under ultra-high vacuum (10~ Torr) (Fig. 3g). A myriad of
positive fragments of CH(NH>).Pbl; films fabricated from different precursors were
observed in Figs. 3a-3f. The first molecular ion peak at approximately 412 m/z is
assigned to the fragments of PbIsDMSO (dimethylsulfoxide), which suggests that the
DMSO is not evaporated completely because DMSO is strongly attached to Pbl> and
remains in the films even after heating at 150 °C for 15 min. The peak intensity of
PbIeDMSO in R-FAPbDI; is one order of magnitude higher than that of a-FAPbIs. The
m/z = 332 amu is assigned to [Pb-I]", and the m/z bands between 252~250 amu and
207 amu (Pb") correspond to the [(CH(NH2)2)Pb]" parent molecule and its fragments.
Figs. 3d-3f show enlarged element bands for m/z =150 to 200 amu. The formamidinium
iodide [CH(NH2)21]" fragments between 170~171 amu is observed. In the case of R-
FAPbIz and 8-FAPDI3, additional bands at around 182-185 amu are observed, which are
not related to the remaining solvents and or lead derivative elements. These fragment
peaks are not iodine related compounds, to which a fragment of DMF (N,N-
dimethylformamide) or DMSO is bound. These bands are assigned to 185 amu =
[CoH3(NH2)2I]" ~ 183 amu = [C2(NH2)21]". The amount of these elements (m/z = 182-

185 amu) decreases from R-FAPbI3 to a-FAPbIz (Figs. 3d-3f). Moreover, these bands
14
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can be observed with a higher concentration in the bulk than at the surface (Fig. 3h).
These bands originate from agglomerated non-reacted FAI inside the bulk of perovskite
film. It demonstrates that the formation of FAPbI3 is not fully processed due to the
evaporation of the solvents during the post-annealing. Due to a large solubility gap
between Pbl> and FAI, unreacted FAI can be formed inside the perovskite film, which
acts as an electrical resistance between grains for the photogenerated free carriers
leading to the V. losses in PSCs (Fig. 2c¢).

Further detailed analysis of molecular peaks between 0-80 m/z leads to the
observation of DMF parent molecule and its fragments (73~28 amu). The relative
amount of residual DMF in R-FAPbI; is higher than 6-FAPbI; and a-FAPbIs. Though
the boiling point of DMF (153 °C) is relatively lower than DMSO (189 °C), it is still
inside the perovskite film, which can be a major influence on the operational stability.
The individual DMSO molecule (m/z = 78 amu) is not observed in our SIMS profiles,
but it appears always combined with lead. DMSO and DMF are the most frequently
used solvents in the perovskite field, and they are one of the factors that lead to
degradation during solar cell operation. The formamidinium cation FA™ (=CHsN;")
parent molecule appears at m/z = 45 amu and its fragments between 45 ~ 28 amu. The
m/z = 41 amu assigned as CHN;" (=41 m/z) is higher in R-FAPbI; than in -FAPbI;
and a-FAPbI;. The magnitude of this peak varies depending on the quality of the
materials and/or method of synthesis. Imperfection of stoichiometry by residual FAI
inside the FAPDI; perovskite not only degrades the photovoltaic performance but also

hinders the vaporization of residual solvent during the annealing process, which
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influences the overall FAPbI; PSC operational stability.
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Fig. 4. (a) Current density-voltage (J-V) curves of the best-performing o-FAPbI3 and
FAPDb(Io.9Bro.1)3 based perovskite solar cells using PEAI. Average performance values
are shown as inset; (b) The corresponding external quantum efficiency and integrated
Jsc of a-FAPbI3 and FAPb(Io.9Bro.1)3; (¢) PCE, Vo, Jsc and FF values obtained from 16
devices of a-FAPbI3; and FAPb(lo.9Bro.1); based perovskite solar cells; (d) Operational
stability measurements of encapsulated a-FAPbIz and FAPb(Io.9Bro.1); devices under a
steady voltage output and continuous AM 1.5G illumination without UV cutoff filter in
ambient (55% RH, 25 °C). Inset shows the schematic illustration of the encapsulated

device.

2.4. PSC performance with surface passivation.

Based on the above findings, we have confirmed that our pre-synthetized FAPbI;
16
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powder precursors by powder engineering led to high efficiency and better stability by
effectively eliminating the residual compositions resulting in a high crystallinity
perovskites. Two additional strategies were implemented to further boost up efficiency
and operational stability: (i) the phenethylammonium iodide (PEAI) treatment on the
surface to passivate the surface defects[67]; and (ii) substitution of I by a smaller ion
for Br to form the mixed-halide FAPb(I.9Bro.1); perovskite, which favors the formation
of the cubic structures and improves operational stability[11]. As shown in Fig. 4a, for
the best performing a-FAPblz PSC with the PEAI treatment, we attained an average
PCE of 22.57% (PCE=22.76%, Jsc=24.78 mA/cm?, Vo.=1.13 V, FF=0.815 for reverse
scan; PCE=22.38%, J«=24.91 mA/cm?, Voc=1.12 V, FF=0.800 for forward scan). As
comparison, the PEAI treated FAPb(Io.9Bro.1); based PSC generated only a slightly
lower average PCE of 22.17% (PCE=23.05%, J«=24.26 mA/cm?, V.=1.21 V,
FF=0.785 for reverse scan, and PCE=21.29%, J«=24.12 mA/cm?, V.~=1.18 V,
FF=0.749 for forward scan). It is notable that an average V.. of 1.19 V is achieved by
adding 10% of FAPbBr; with the surface treatment of PEAIL The hysteresis index was
1.017 for a-FAPbI; and 1.082 for FAPb(Io.9Bro.1);. EQE measurements showed a high
quantum yield throughout the entire wavelength range (Fig. 4b), leading to an
integrated photocurrent density of 24.25 and 23.35 mA/cm? for o-FAPbI3 and
FAPb(lo.9Bro.1)3, respectively. Statistical analyses of the photovoltaic parameters from
16 devices reveal that the performance is reproducible with minimal variations (Fig.
4c). Therefore, our strategy of FA-perovskite synthesis is effective in improving the

stoichiometry, thereby leading to a considerable enhancement in PCE.
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Next, we investigated the operational stability of a-FAPbI; and FAPb(lo.9Bro.1)3
devices encapsulated with an UV-curing polymer (Fig. 4d, inset). The continuous
operational stability of a-FAPbI; and FAPb(Io.9Bro.1)3 devices encapsulated with an UV-
curing polymer were performed by recording the devices power output under a steady
voltage output and one sun illumination in ambient conditions (Fig. 4d). It is known
that there are two kinds of decay behaviors in the operational stability profiles of PSCs.
One is the fast initial exponential decay, which can be recovered. The other decay is the
linear one, which is irreversible and associated with the permanent degradation
process[65, 68]. In the FAPbI3 perovskites, FA cation can be decompose to acid-base
decomposition (formamidine + HI) and/or HCN + NH3 and Pbl; is prone to release Pb’
and > gas[69]. It is worth noting that all of above degradation reactions are reversible.
The a-FAPbI; based PSC showed the characteristic 2-stage degradation processes[65,
68], i.e., a fast decay that began at about 30 min after starting the test, followed by a
slow permanent decay that took place for about 13-14 hours. The PCE continuously
decreased and eventually reached ~60% of the initial PCE after about 280 hours. In
contrast, the mixed halide FAPb(Io.9Bro.1); perovskite showed an operation stability
profile with enhanced stability maintaining 88% of the initial PCE even after 1200
hours. The fast burn-in decay process in the first 300 hours is possibly associated with
the thermal effect because the continuous light illumination would generate iodine,
which induces a faster perovskite degradation[24-25]. In addition, the encapsulated
PSCs can be regarded as a closed system, and once the released FA cation and I, gas

reach a certain concertation, it leads to a thermodynamic equilibrium between
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perovskite and I». In this case, the degradation of perovskite is retarded[24-25, 61].
More discussions can be found in Supplementary Note. Therefore, a slight increase of
the performance after the burn-in decay is likely a result of the recovery of the
perovskite film, which is consistence with previous operational stability results[11, 61].
Finally, a slow decay of the performance with a slope of approximately -0.01%/h

follows after the burn-in loss, which corresponds to a Tgo lifetime over 2000 h.
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Fig. 5. (a) Photo of a 5x5 ¢cm? PSM; (b) J-V curves of the best-performing 5x5 cm?
PSM under reverse and forward scan direction; (c¢) Photos showing the operation of a

proof-of-concept perovskite solar module-lithium ion battery-light-emitting diode

(PSM-LIB-LED) device.

2.5. Proof of concept, Solar module-lithium ion battery-light emitting diode.
We have also performed some proof of concept experiments to evaluate the
upscalability of this method. A 5 cm x 5 cm ITO substrate consisting of seven sub-cells

was used as the substrate with a designed area of 22.4 ¢cm? (Fig. 5a and Fig. S12a).
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Often it is found that the efficiency drops when upscaling devices from lab-scale PSCs
to larger-size PSMs. This efficiency decrease can be ascribed to the following
factors:[70-72] (i) amplified effects of imperfections such as defects, impurities and
pinholes in the perovskite films of larger size solar cell devices, which leads to higher
carrier recombination; (ii) the increase of the series resistance of transparent conductive
oxides (i.e., ITO substrates and the SnO> layer). Based on the above findings that the
pre-synthesized perovskite powder not only has high crystallinity, but also reduces the
residue solvent and unreacted intermediate chemical compositions, which can reduce
the amplified effects of imperfections as discussed in (i) above. The same a-FAPbI; and
FAPbBr3; pre-synthesized powders were used to fabricate the perovskite solar modules
(PSMs) with a configuration of ITO/SnO2/FAPb(lo.9Bro.1)3/Spiro-MeOTAD/Au (Figs.
S12b-12c¢). The champion module PCE of 14.22% was obtained with a Vo of 7.29 'V,
Jse 0 2.92 mA/cm? and FF of 0.669 under reverse scan as seen in Fig. 5b. The resultant
active area PCE up to 16.01% was achieved with a geometric fill factor of 0.888 (Fig.
S13)[61]. Furthermore, statistical analyses of the performance based on 10-PSMs gave
an average PCE of 12.45% £ 1.27% (Fig. S14 and Table S6), which indicated the good
upscalability of this method. Furthermore, a proof-of-concept perovskite solar module-
lithium ion battery-light-emitting diode (PSM-LIB-LED) device was fabricated as
shown in Fig. 5S¢ and Supplementary Video. Initially, a homemade LIB (See in method)
was fully discharged and could not power the LED to work under dark condition (step
1). Then the PSM was illuminated under a solar simulator (1 sun), which is able to

charge the LIB (step ii). After 2 min illumination, the solar simulator was turned off
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and LED was switched on. As we can see in Fig. 5c (step iii), the LED started to give
off a strong light. This simple PSM-LiB-LED device exemplifies the promising

integration capability of our PSM with various other functional devices in the future.

3. Conclusions

We successfully synthesized highly crystalline phase pure 6-FAPbI3 and a-FAPDI;
powders with almost no unwanted intermediate chemical compositions (i.e., the
unreacted phases and residual solvent) by a simple powder engineering method.
Employing SIMS depth profiling, unreacted molecules at 182—183 m/z and PbIsDMSO
at 412 m/z were detected in the films, which may have detrimental effects on the
efficiency and operational stability of PSCs. Perovskite films prepared by a-FAPbI;
crystalline powders showed a substantial reduction of these aggregates compared to o-
FAPbI3 and R-FAPbI; films. The best efficiency of 22.76% for a-FAPbI; and 23.05%
for FAPb(lo9Bro.1)3 were achieved using pre-synthesized powders via the powder
engineering method. The continuous operational stability of the FAPb(Io.9Bro.1); PSC
still maintained >88% at 1200 h with Tso over 2000 h. Furthermore, our 5 x 5 cm?
PSM achieved a PCE of 14.22% (active area PCE of 16.01%) and the pre-synthesized
powder strategy also showed great potential for upscaling. A simple proof-of-concept
PSM-LIB-LED device was demonstrated, which exemplifies the integration capability

of our PSM with other functional devices in the future.
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