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lodine Modulates the MACI-Assisted Growth of FAPbI, for
High Efficiency Perovskite Solar Cells

Junnan Hu, Jae Won Ahn, Zhaojian Xu, Min Ju Jeong, Chanhyeok Kim, Jun Hong Noh,*

Hanul Min,* and Barry P. Rand*

The preferential growth of a-phase formamidinium perovskite (a-FAPbI;) at
low temperatures can be achieved with the incorporation of chloride-based
additives, with methylammonium chloride (MACI) being the most common
example. However, compared to other less-volatile chloride additives, MACI
only remains in the growing perovskite film for a short time before
evaporating during annealing, primarily influencing the early stages of film
formation. In addition, evaporation of MACI as methylamine (MA®) and HCI
can introduce a side reaction between MA® and formamidinium (FA),
undermining the compositional purity and phase stability of a-FAPbI;. In this
study, it is demonstrated that addition of iodine (l,) into the FAPbI; precursor
solution containing MACI suppresses the MA-FA side reaction during
annealing. Additionally, MACI evaporation is delayed owing to strong
interaction with triiodide. The added I, facilitates spontaneous growth of
a-FAPbI; prior to annealing, with an improved bottom morphology due to the
formation of fewer byproducts. Perovskite solar cells derived from an

The addition of MACI to the perovskite
precursor solution has been correlated
to improved crystallinity and morphol-
ogy with a preferential growth of the
visible-light-absorbing a-phase formami-
dinium perovskite (a-FAPbI;) at low an-
nealing temperature.>8] The incorpo-
ration of MACI into the FAPDI; pre-
cursor solution leads to the presence
of MA* in perovskite films at different
stages of annealing, and helps to sta-
bilize the cubic a-FAPDI, phase due to
the smaller ionic size of MA*!; un-
der typical annealing conditions, the ma-
jority of MACI is ultimately removed
from the film.[®] However, the volatility of
MACI is detrimental in numerous ways.
Compared to less volatile organoammo-

I,-incorporated solution deliver a champion power conversion efficiency of
25.2% that is attributed to suppressed non-radiative recombination.

1. Introduction

Chloride-based additives have been widely employed in process-
ing high quality perovskite films, with methylammonium chlo-
ride (MACI) among the most common choices in high efficiency
formamidinium (FA)-based perovskite solar cells (PSCs).'™

nium chloride analogs with longer alkyl
chains, MACI exits at the early stages
of annealing, making it less influen-
tial in the ultimate growth of high-
quality perovskite films.['% Additionally,
the loss of MA™ involves deprotonation with the release of methy-
lamine (MA®) and HCL'Y The MA° can react with FA* via
an addition-elimination reaction, whereby N-methyl formami-
dinium (MFA*) and N,N’-dimethyl formamidinium (DMFA®)
are observed to be the non-volatile reaction products.['>"?* The
formation of these MA-FA adducts is problematic, because this
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Figure 1. a) "H NMR spectra and b) *C NMR spectra of FA; sMA, sPbl; precursor solutions (in DMSO-dg) aged in N, under 60 °C for 24 h; ¢) 'H
spectra of perovskite thin films (fabricated with the same recipe used for PSCs) dissolved in D, O after annealing at 150 °C for 10 min; The evolution of
d) MFA*, e) MA*, and f) DMSO versus annealing time in TH NMR of samples in (c). The dashed data point in (f) represents the estimated amount of

DMSO in “With I,” that is below the detection limit.

side reaction will consume FA™* from the precursor and poten-
tially lead to a perovskite sample with nonoptimized stoichiome-
try and inferior reproducibility. A recent study also revealed that
MFAI can react with Pbl, to yield trigonal MFAPbI, that is in-
compatible with a-FAPDI,; but able to form a solid solution with
5-FAPDI, and inhibit phase transition to a-FAPbI,.[1] Ultimately,
we anticipate that the benefits of MACI additives can be further
amplified upon mitigating their volatility and subsequent side re-
action with FA.

lodine (I,) is generally considered to be a problematic, or at
least complicated, reagent, when it comes to perovskite precur-
sor solutions. Due to the iodide-rich environment in perovskites,
presence of I, in the form of triiodide (I,7) in precursor solu-
tion indicates the oxidation of I~, which usually leads to under-
performing PSCs.['7"1] The degradation of perovskite layers un-
der stress can also slowly release I, that is unfavorable for solid-
state perovskites in that it induces formation of the undesired
5-FAPDI, and I, facilitates the self-propagating catalytic degra-
dation of the perovskite film.[?°-23] Additionally, I, can migrate to
transport layers or metal electrodes, further compromising de-
vice behavior and stability.*2¢] Numerous efforts have thus been
made to prevent formation of I,, either in the perovskite precur-
sor solution or in the solid-state perovskite film. That being said,
there are limited reports of the addition of I, to the precursor so-
lution. One notable example was the addition of I, to a mixed
alkylammonium salt isopropyl alcohol (IPA) solution in a two-
step process that resulted in record PSCs at the time.[?’] A follow-
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up study showed that a similar strategy could be applied in a one-
step processing approach, where a I;~ IPA solution was added to
perovskite solutions, reducing the colloidal size of iodoplumbates
to achieve lowered defect density and enhanced crystallinity.[?!
However, it is noteworthy that excessive I, (typically > 20 mmol
%) is reported to result in PSCs with worse performance com-
pared to controls.[?7:28]

Here we show that the addition of I, to MACI-FAPDI, precur-
sor solutions, at concentrations two orders of magnitude higher
than those previously reported to be excessive, can greatly en-
hance the performance of FAPbI;-based PSCs. We show by nu-
clear magnetic resonance (NMR) that the addition of I, sup-
presses the MA-FA side reaction, and the volatility of MACl is also
curtailed with a delayed release of MA during annealing. Both
can be attributed to the strong interaction between the alkylam-
monium cation and I;7, as further correlated to thermal gravi-
metric analysis (TGA). The I,-assisted FAPbI, layers show im-
proved crystallinity via a faster and preferential growth towards
a-FAPDI;. Solar cells based on these perovskite films exhibit a
power conversion efficiency (PCE) over 25%.

2. Results and Discussion

The ability of I, to suppress the MA-FA side reaction is first exam-
ined in aged perovskite precursor solutions. Figure 1a shows the
'"H NMR spectra of FA, sMA, s Pbl, precursor solutions that have
been sealed and aged in N, at 60 °C for 24 h. The molar ratio of
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MA to FA is increased from 28% in the perovskite precursor solu-
tion used for films and PSCs, to 100% here, to magnify the side
reaction and facilitate characterization. Unlike the spectrum of
the solution with 10 mol% added I, (denoted as “With 1,”), there
are two extra peaks in that of the control solution centered at 2.87
and 3.00 ppm, representing the methyl protons from MFA* and
DMFA", respectively, due to the MA-FA side reaction. This can be
further verified in the *C NMR spectra as shown in Figure 1b,
where the extra peaks centered at 28.49 and 155.56 ppm in the
control spectrum can be assigned to the methyl and imine car-
bons in MFA*, respectively. The NMR spectra of aged precur-
sor solutions with different molar ratios of I, can be seen in
Figure S1 (Supporting Information). Our previous study reveals
that I~ can strongly interact with both MA* and FA™* through hy-
drogen bonding.!??! Interestingly, the presence of triazine, which
is usually observed from the degradation of aged FA-only per-
ovskite solutions, is not observed in MA-FA mixed perovskite so-
lutions, with or without I,, even though our previous study sug-
gests that I, can catalyze the degradation of FA*. We suspect
that this is due to the MA-FA reaction becoming the dominant
reaction in mixed MA-FA perovskite solutions attributed to the
presence of MA* that more readily interacts with I;~.

The NMR experiments on aged perovskite solutions indicate
that the addition of I, can suppress the MA-FA side reaction
and potentially prolong the lifetime of precursor solutions, given
that many studies have linked precursor lifetime to the degree
of MA-FA reaction.['2!°] Additionally, the annealing process fol-
lowing initial solution casting is another form of “aging” and of-
ten employs higher temperatures than those used for ink stor-
age or preparation, at a time when volatile species can readily
leave. To further explore whether the addition of iodine can play
a role during annealing, perovskite thin films were prepared us-
ing the same precursor solutions as those used for PSC fabrica-
tion. After annealing, solid-state perovskite layers were dissolved
in deuterated water for NMR. As shown in Figure 1c, similar
results were reproduced for solid perovskite films after anneal-
ing for 10 min at 150 °C, a common annealing temperature for
PSC fabrication, where films “With I,” show substantially lower
side reaction product concentrations compared to the control.
These undesired byproducts have the potential to serve as nonra-
diative recombination sites and compromise device performance
and stability.!*! To better understand the annealing process, sev-
eral key species (MFA*, MA*, and DMSO) in perovskite sam-
ples after various annealing times were monitored via 'H NMR,
as shown in Figure 1d—f. For a semi-quantitative analysis, NMR
peak integrations are further converted to molar ratios after be-
ing calibrated to that of FA* that is relatively constant since FA*
is less volatile and is the dominant species at the later stages of
annealing and film formation. The complete spectra are shown
in Figures S2 and S3 (Supporting Information). As depicted in
Figure 1d, the amount of MFA™, an indicator for the degree of
side reaction, saturates in the control at a significantly higher
level compared to that with I,. It should be noted that the analy-
sis for MFA™, especially with I, should be considered as a rough
estimate, since the MFA™ signals are so weak that they are at
the detection limit. The opposite trend is observed for MA* as
demonstrated in Figure le, where the amount of MA* in sam-
ples with added I, stays at a significantly higher level during dif-
ferent stages of annealing compared to that in the control. Specif-
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ically, the amount of MA™ in the film with added I, is &5 times
larger than that in the control from 3 to 20 min. Besides evap-
oration, the MA-FA side reaction will also consume MA™*, with
MFA* as the major side product. But the concentration of MFA*
is always below 1%, and further suppressed by I, addition as dis-
cussed above. However, the distinction in MA* with or without
I, is on a much larger scale compared to that of MFA*, which
can only be explained by different losses of MACI in the form of
MA? during annealing. The difference in MA* indicates that the
addition of I, retards the escape of MA*. More initial MACI in
the precursor can also keep more MACI within the film during
annealing, but it will lead to substantially worse MA-FA side re-
action as discussed in Figure S4 (Supporting Information). With
the presence of I, in the precursor solution, MA*, or MACl as a
whole, is less volatile during annealing with a greater influence
on modulating the growth of perovskites, presumably due to the
strong interaction between MA™ and I; ™. The effect of I, addition
in the precursor solution and during annealing is summarized in
Scheme 1. The MA* introduced as the MACI component of the
ink can produce the nucleophile MA during annealing, which
can readily evaporate i) or further react with FA* and form MFA*
as a side-product ii). However, the strong interaction between
MA* and I;~ results in an intermediate, which is relatively sta-
ble on the timescale of annealing, and slows the escape of MACI
and suppresses the MA-FA side-reaction (iii).

Notably, there is no obvious variance in the amount of DMSO
(Figure 1f), which has been previously linked to MA-FA side re-
action by facilitating proton transfer, and thus the presence of I,
does not influence the loss of DM SO.[2%3% However, it is observed
that a high rate of MFA* formation coincides with a considerable
presence of DMSO before 3 min. We speculate that as long as
one can control the side reaction at the earliest stages of anneal-
ing when there is still a large amount of residual solvent, volatile
additives like I, can still have large impacts to the side reaction
during the entire annealing process.

The volatility of I, and its interaction with organoammonium
halides are further explored via TGA, as shown in Figure S5 (Sup-
porting Information). To better analyze different overlapping
decomposition stages, the first derivatives of the TGA curves
(differential thermogravimetric analysis, DTA), are plotted in
Figure 2a, where the temperature range is focused on the
weight loss relevant to I, (full data set can be seen in Figure
S6, Supporting Information). The valleys observed in the DTA
curves correspond to the temperature of maximum weight
loss rate (T,,.,), directly reflecting the I, volatility under var-
ious conditions. It could also be a crucial indicator for the
interaction associated with I,. As a baseline for these mea-
surements, it is noted that T, for I, is at 143 °C, which
is close to the typical annealing temperatures for FA-based
perovskite films. We also note that the curve for an MACI-L,
mixture shows a pattern reminiscent of a combination of I,
and MACIL. However, the profiles for MAI-I, and FAI-I, mix-
tures differ significantly, with loss of I, impeded until elevated
temperatures. In detail, MAI-I, exhibits a basin starting at
~200 °C that is beyond typical perovskite annealing tem-
peratures. There is no obvious T,, for FAI-L,, but the
weight loss below 200 °C is also negligible. Interest-
ingly, the curve of MACI-FAI-I, exhibits similar features
to that of MAIL-I, with similarly delayed T, suggesting

max’
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Scheme 1. The effect of iodine addition on precursor inks containing MA and FA upon annealing. i) The deprotonation of MA* and ii) the escape of
volatile MA. The MA-FA side reaction between nucleophile MA and FA* to give MFA™. iii) The strong interaction between I3~ and MAT inhibits the

MA-FA side reaction during annealing.

halide exchange within the organoammonium salts that
is likely more pronounced in solution. Based on these
observations, we speculate that I, does not interact with
organoammonium cations directly, as shown in the case of
MACIL. However, in the presence of I", I, can be converted to I;~
(or even polyiodides in the solid-state), where the loss of I, can
be retarded through interaction with organoammonium cations.
This interaction can be intuitively and macroscopically observed
in Figure 2b. While mixing MACI and I, only results in a nonho-
mogeneous solid composition, mixing I, and methylammonium

(a) :143 °C

— MACI
| — MACIH,

— MAI
— MAH,

Weight derivative (1/°C)

— FAI+,

|
|
|
|
|
| — FAI
|
|
|
|
|

— MACI+FAI
| = MACI+FAI+l,

" |
50 100 150 200 250 300
Temperature (°C)

cations in the presence of I~ gives a liquid at room temperature,
which have been identified as polyiodide compounds.3!! These
ionic melts have been reported to assist the growth of halide
perovskites in solid state or solution, and are relatively stable
due to the gain of formation entropy.***?! We suspect that the
formation of methylammonium polyiodides leads to a deferred
release of I, as well as MA, during annealing.

The effect of I, addition in precursor solutions is further veri-
fied in thin film perovskites. Figure 3a shows the X-ray diffrac-
tion (XRD) patterns of as-coated perovskite films made from

RV vAC+FAl
P +l,

Figure 2. a) DTA curves of |, as well as solid mixtures of organoammonium halide salts with or without I,. b) Photographs of 4 mL glass vials containing

organoammonium halide salts with or without |,.
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Figure 3. a) XRD patterns of as-coated perovskite thin films with different molar ratios of iodine in the precursor solution. b) As-coated perovskite thin
films on 3 cm X 3 cm substrates turn black with increased iodine loading. ) SEM images at increasing magnification of perovskite buried interfaces for

(c-e) control and f-h) with I, (5 mol%) after aging in N, at 85 °C for 1 week.

precursors with x mol% of I, (x =5, 10, and 15) (denote as x%
L,) or without I, (control). It should be noted that there is an av-
erage 15 min aging at room temperature for each sample before
XRD characterization. In contrast to the control that only displays
a peak of 6-FAPbDI, at 11.8°, that of 5% I, shows a largely sup-
pressed peak of §-FAPDI, and a new peak at 13.9° that is assigned
to a-FAPDI,. Interestingly, 10 or 15% I, loading results in films
that only show the peak for a-FAPbI; at 13.9°, though the peak
intensity is much lower for 15% I,. Similar results can be seen
in previous work where less volatile long-chain alkylammonium
chloride additives were used.['%! This trend can also be seen in
Figure 3b, where the colors of as-coated films gradually evolved
from the yellow 5-FAPDI, to the black a-FAPDbI; with increased
I, loading. This observation is consistent with the fact that, with
I, addition, MACI can be anchored within thin films longer dur-
ing processing, and plays a more pivotal role in suppressing the
undesired 6 phase. Additionally, the minimal presence of side
products such as MFA™, which has been revealed to form trig-
onal MFAPDI; and prevent the formation of a-FAPbI;, might
also contribute to the abrupt conversion to a-FAPDI,.['°] During
the later stages of the annealing process, the solvent and MACI
are less likely to escape from the layer. Solvents like DMSO pos-
sess high boiling points and have been linked to promoting the
MA-FA side reaction due to proton transfer!??3%; they can even
be trapped at the bottom interface, undermining its stability.3}]
With the accumulation of solvents and MACI, one can expect
a larger degree of MA-FA side reaction at the bottom interface
during annealing. Figure 3c-h shows scanning electron micro-
scope (SEM) images of buried perovskite interfaces after aging.
In the control sample (Figure 3c), there are voids of ~200 nm in
size, randomly distributed on the interface. These voids are sur-
rounded by less conductive white regions, which could continue
to expand and initiate degradation at the buried interface.?3! In
addition, smaller particles with a size <20 nm reside preferen-
tially at grain boundaries, as shown by images with higher mag-
nification in Figure 3d,e. These white regions and small particles
are already visible before aging as shown in Figure S7 (Support-
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ing Information). Since trigonal MFAPbI; is not compatible with
cubic a-FAPbDI;, we speculate that upon aging MFAPDI, prefer-
entially forms and segregates into particles at grain boundaries.
The formation of voids and particles will destabilize the buried
interface and impede carrier collection. On the contrary, there
are significantly fewer voids and particles on samples with 5% I,
addition, as shown in Figure 3f~h, demonstrating the role of I,
in mitigating the side reaction and enhancing interfacial stability
at the buried interface. The top surfaces where the side reaction
is less likely to occur exhibit no obvious difference as shown in
Figure S8 (Supporting Information).

To investigate the impact of the addition of I, on PSCs,
we fabricated devices using the pristine FAPDI, precursor
solution and precursor solutions with various I, loadings.
The devices comprised multiple layers: glass/fluorine-doped
tin oxide (FTO)/SnO,/perovskite/ 2,2',7,7'-tetrakis[N,N-
di(4-methoxyphenyl)amino]—9,9’-spirobifluorene (Spiro-
OMeTAD)/Au. Figure 4a depicts the PCE distribution of 24
devices for each category. Although the amount of I, consider-
ably exceeds prior attempts,[??8] the addition of I, improved all
three photovoltaic parameters: short-circuit current density (J.),
open-circuit voltage (V,,) and fill factor (FF) (Figure S9, Sup-
porting Information). We attribute this improvement to reduced
non-radiative recombination and improved charge collection
resulting from the reduction of the undesired byproducts at the
buried interface, as well as the prolonged presence of MACI
during the annealing process. Figure 4b compares the current
density-voltage (J-V) characteristics and forward and reverse
bias sweeps for the best-performing PSCs fabricated with 5% I,
(denoted as the target) and controls without I, addition. The J,
V.., FF, and PCE of the target were 25.4 mA cm™2, 1.18 V, 84.2%,
and 25.2%, respectively, while these metrics for the control
were 25.2 mA cm™2, 1.16 V, 82.4%, and 24.2%, respectively.
The hysteresis in forward and reverse sweep was negligible at
~0.2% absolute efficiency in both the control and the target.
The integrated ], calculated from the external quantum effi-
ciency (EQE) of the target (25.0 mA cm™2) was higher than
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Figure 4. a) PCE distribution of 24 devices with various |, molar ratios in the precursor solutions (center line, median; small square, mean; box, 25-75%
standard deviation; whiskers, outliers). b) J-V curves of the champion devices from the control and target. c) EQE spectra and integrated Jsc for the
control and target. d) V,, as a function of light intensity for the control and target. e) Dark J-V characteristics for the control and target. f) Steady-state
PL spectra for the control and target perovskite thin film illuminated from the SnO, side (bottom side).

that of the control (24.4 mA cm2), which is consistent with
the J-V characteristics (Figure 4c). In addition, cross-sectional
SEM images of devices prepared with the control and the tar-
get show no significant differences (Figure S10, Supporting
Information).

The improvement in V. and FF in the target device can be
attributed to the mitigation of non-radiative recombination in the
perovskite bulk or at interfaces. We measured V,_ as a function of
light intensity to obtain the ideality factor (n;), which reflects the
degree of non-radiative recombination in the devices (Figure 4d).
The n; was calculated via

Voo = 1; (ks T/q) In(I) + a (1)

where kg, T, g, I, and a represent the Boltzmann constant, tem-
perature, elementary charge, light intensity, and a constant, re-
spectively. The n,; value of the target (1.34) was closer to 1 than
that of the control (1.92), indicating a more ideal diode behavior
with less non-radiative recombination in the target device. We
further conducted J-V characteristics of the control and the tar-
get in the dark to compare leakage current (Figure 4e). We can
quantitatively assess leakage current and the shunt resistance by
using the equation:

V eV eV
J= o4 (77 =1) g (e -1) @
Rsh
where R, J,, J;, m,, and m, are the shunt resistance, recombi-
nation current density, diffusion current density, and constants,
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respectively.?* The calculated R, J,, and J,; are summarized in
Table 1. The increased Ry, and decreased J, are consistent with
the improvement of FF of the target devices. Furthermore, by us-
ing the equation:

In(EQE) = C+ % (3)

u

where C and hv are a constant and the photon energy, respec-
tively, we derived the Urbach energy (E,) (Figure S11, Supporting
Information) of the control and the target from the EQE spectra
(Figure 4c). The small E, value indicates higher optoelectronic
quality of the device. The E, of the control was 15.2 meV, whereas
it was 13.5 meV for the target.

We carried out steady-state photoluminescence (PL), with a
404 nm wavelength excitation source, from the Spiro-OMeTAD
(top) and SnO, (bottom) sides. Due to the high absorption coeffi-
cient of the perovskite layer, a relatively short wavelength can only
penetrate a few tens of nanometers into the perovskite layers.
Therefore, the PL response from the bottom side can represent
the buried interface, while the top side represents the perovskite

Table 1. Ry, J,, J4 derived from fitting dark J-V of PSCs in Figure 4e.

Condition Ry IMQ cm?] J, [mAcm™? Jg [mAcm™?
Control 0.26 1.05 x 10°° 1.49 x 1071
Target 0.49 8.16 x 1077 1.19 x 107

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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surface.l”) While the PL intensity from both top and bottom sides
of the target is higher than that of the control, the difference is
more pronounced on the bottom side (Figure 4f; Figure S12, Sup-
porting Information), suggesting significantly fewer interfacial
defects at the bottom side for the target, attributed to the reduced
formation of byproducts primarily occurring at the buried inter-
face. The ideality factor, leakage current, Urbach energy, and PL
were in good agreement with the V__and FF improvement in the
target devices. Furthermore, we observed that the addition of I,
into the precursor solution does not compromise stability of de-
vices (Figure S13, Supporting Information) even if I, has gener-
ally been regarded to be detrimental to the stability of solid-state
PSCs. This might be due to the fact that iodine will only stay in
the precursor solution during crystallization, and can be fully re-
moved upon annealing.

3. Conclusion

In summary, we demonstrate how I, additives alter the dynam-
ics of MACI in FAPDI, precursor solutions, based on strong in-
teraction between triiodide and organoammonium cations. We
showed that the detrimental MA-FA side reaction during anneal-
ing can be largely mitigated with an enhanced perovskite bottom
contact. In addition, owing to suppressed volatility, MACI can
play a persistent role in facilitating the fast preferential growth
of a-FAPbI, during annealing. The external I, strategy can fur-
ther boost the device PCE to 25.2%, notably based on an already
highly optimized recipe. Given that I, will not remain within the
perovskite thin films after annealing, we expect that this strat-
egy is compatible with other FAPDI, recipes featuring the use of
MACI or other chloride-based alkylammonium additives.

Supporting Information

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