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ARTICLE INFO ABSTRACT

Keywords: Improving the efficiency of inverted perovskite solar cells (PSCs) is crucial for promoting their commercializa-
Perovskite solar cells tion. The a-FAPbI3 shows huge promise as an absorber, however, its unfavored energetically at room temperature
a-FAPbI,

make the preparation of high-quality «-FAPbI3 a challenge. In this work, the dual-additives were utilized to
enhance the phase purity of a-FAPbI3, and the underlined synergism was revealed. Both experimental mea-
surement and theoretical calculation conformed that the dual-additives of MACI and PbCl, can synergistically
enhance the ability to accelerate the direct formation of a-FAPbI3 through largely reducing its formation energy,
and inhibit the undesired 8-phase that inevitably occurs neither which additive is utilized singly. This synergism
of dual-additives supports to realize a high-quality perovskite films with enhanced phase purity, and reduced
defect density. As a consequence, the inverted PSCs achieve an impressive efficiency of 26.17 %, and the
unencapsulated device can maintain 93 % of their initial PCE after 2000 h of storage in ambient air at 20 % RH

Crystallization
Dual-additives
Phase purity

and 25 + 5 °C.

1. Introduction

Inverted perovskite solar cells (PSCs) possess remarkable advantages
of competitive high PCE [1], long-term stability, and compatibility in
tandem cells, making them promising in photovoltaic commercializa-
tion [2-4]. Attributing to the bandgap of 1.48 eV, the photoactive black
phase a-FAPbDI3 is widely used as the absorber in high-efficiency inverted
PSCs [5-7]. However, the formation of the a-FAPbI3 is thermodynami-
cally challenging, which makes it accompanied by other phases, nor-
mally 8-phase and solvent intermediate phase. The resultant films are
prone to present multiscale imperfections, such as point defects,
component heterogeneity, multiscale secondary, phases, and so on,
resulting in less optimal optical bandgap, adverse optoelectronic prop-
erties [8-10]. Hence, revealing the crystallization kinetics of FAPbI3 to
gain an in-depth understanding of crystallization and effective regula-
tion is necessary for the realization of high-efficiency PSCs.

The preparation of high-quality a-FAPDI; is the basis for obtaining
efficient PSCs, and the solution process, such as one-step spin coating
and two-step spin coating, are mostly utilized [11-16]. In the process of
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inverted PSCs, the perovskite films are normally obtained by one-step
spin coating, the method we focused on in this work [17-21]. During
the solvent process of a-FAPbI;, polytype formation and the presence of
other intermediate non-photoactive phases can readily occur, making it
difficult to obtain pure-phase perovskite film. Reducing the formation
energy of a-FAPDI3 can promote its formation, which can be achieved by
solvent engineering and additives [22-24]. For example, Bu et al.
[25,26] regulated the ratio of N, N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), or N-methylpyrrolidone (NMP) in the perovskite
precursor solvent, forming the adducts of Pbl, and solvent, reducing the
phase transition barrier of a-phase FAPbI3, and achieving complete in-
hibition of unwanted &-phase perovskite. Gao et al. [27] introduced low-
solubility, halogen-rich CsPbyBrs crystals into the perovskite solution
and the results show that the CsPbyBrs nanocrystals can induce direct
crystallization of a-phase perovskite. This direct formation of a-phase
instead of 8-phase effectively improves the crystal quality and increases
the phase purity. Among the additives, Methylamine hydrochloride
(MACI) is the most used. In 2019, Kim et al. [28] reported that MACI
successfully induced the intermediate to «-FAPbI; phase without
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annealing by reducing the formation energy. At present, the MACI
almost has become the based component of perovskite precursor.
However, even the MACI is used, a-FAPbI3 formation suffers from
adverse intermediate phase, negatively affecting the photovoltaic
property by presented defects, undesirable residues, multiscale sec-
ondary phases and so on. Based on this situation, the use of binary or
even multi-component additives is a promising option for further opti-
mization of perovskite films. In 2024, Ding et al. [23] found that the use
of 1,3-bis(cyanomethyl)imidazolium chloride ([Bcmim]Cl) in collabo-
ration with MACI could effectively inhibit the degradation of perovskite
precursors, inhibit the aggregation of MACI, preparing a homogeneous
and stable perovskite film with high crystal degree and fewer defects.
Considering the necessity of crystal regulation of perovskite films and
the wide use of MACI additive, it is meaningful and necessary to explore
the synergism between additives, and their effects on crystallization to
obtain high-quality perovskite films and corresponding efficient PSCs.

Herein, we use dual-additives to regulate the a-FAPbI3 crystallization
and investigate the underline synergism, leading to perovskite film with
enhanced phase purity and the corresponding PSCs with impressive ef-
ficiency. MACI, one of the dual-additives, has been proven to reduce the
formation energy of a-FAPbI3 and promote its formation, the crystalli-
zation process is still accompanied by the generation of §-phase. Based
on this residual undesirable &-phase, lead (II) chloride (PbCly), the other
of the dual-additives, has been used to inhibit the residual §-phase
synergistically with MACI, while synergistically enhancing the positive
effect of MACI on crystallization. The synergy of these two additives can
promote the direct formation of a-FAPbIs, leading to a high-quality
perovskite film with enhanced phase purity, reduced defect density,
and prolonged carrier lifetime. These property optimizations translate to
inverted PSCs achieved an impressive efficiency of 26.17 % with an
aperture area of 0.08 cm?, and the unencapsulated efficient device can
maintain 93 % of their initial PCE after 2000 h storage in ambient air at
20 % RH and 25 £+ 5 °C.

2. Results and discussion

Synergism of dual-additives regulates perovskite crystallization
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We employed a one-step spin-coating method to fabricate perovskite
films within a glovebox [18,20]. To investigate the impact of various
dopants on the crystallization of perovskite films, we initially charac-
terized the crystallization properties of the films, including surface
micro-morphology, grains, and surface roughness, employing scanning
electron microscopy (SEM) and atomic force microscopy (AFM). Four
experimental groups were established, the control perovskite film, the
film with MACI, the film with PbCly, and the film with MACI&PbCly,
respectively.

As shown in Fig. 1a-d, all the perovskite films show characteristics of
compact, pinhole-free, and full courage. In detail, after the use of ad-
ditives, the average grain size of perovskite films increased slightly, and
the dual-additives perovskite films obtained larger grains with the
biggest average grain size, showing the synergism effect of dual-
additives on optimizing crystallization. The cross-sectional images of
four perovskite films were also obtained, which confirms that the
thickness of approximately 700 nm, and the additives show a negligible
influence on the film thickness (Fig. 1e-h). Compared to the control film,
single additive, neither MACI nor PbCl, shows a slight effect on the
crystallization, which is consistent with the SEM images. Notably, this
optimization effect of additives on crystallization can be a collaborative
enhancement, realizing the one greater than the sums of its part, which
can be evidenced by the monolithic grain structure penetrating to the
substrate of perovskite film with MACI&PbCl,. To quantify the surface
differences of different films, AFM was used to further characterize the
surface morphology. As shown in Fig. 1i-1, where the AFM images were
consistent with the SEM images described above, all the films show
characteristics of compact, pinhole-free, and full courage. In detail, the
root mean square (RMS) values of control film, film with MACI, film
with PbCl,, and film with MACI&PbCl, are 17.24, 16.71, 17.02, and
14.82 nm, respectively. Notably, the surface roughness of perovskite
film after surface treatment was also measured and the value decreased
after incorporating additives (Fig. S1). This optimized perovskite crys-
tallization can also be validated by the film photos shown in Fig. S2, in
which the film with MACI&PbCl, shows a smooth surface with a color of
shiny black. From the above analysis results, it can be seen that the
introduction of additives can effectively increase grain size, reduce
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Fig. 1. Perovskite film morphology. (a-d) Top-view SEM images and grain size distribution of perovskite films without and with MACI, PbCl,, MACI&PbCl, additive.
(e-h) Cross-sectional SEM images of perovskite films without and with MACI, PbCl,, MACI&PbCl, additive. (i-1) AFM images of perovskite films without and with

MACI, PbCl,, MACI&PbCI, additive.
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surface roughness, and enhance the crystal orientation of perovskite,
among which dual-additives have the best effect. The reduced surface
roughness of the films is supposed to be conducive to the improvement
of the layer-to-layer contact, which is expected to lead to a reduction in
the series resistance at the interfaces [29-31].

To intuitively understand the effect of MACI, PbCl;, and
MACI&PDbCI, additives on the crystallization kinetics of perovskites, we
performed X-ray Diffraction (XRD) on perovskite films with different
annealing times. As shown in Fig. 2a, as for the films without annealing,
we can find that the MACI can promote the formation of a-FAPbI3 and
solvent phases comprising of MA,PblIgClg 4-2DMSO. The PbCl; can also
promote the formation of a-FAPbI3. However, the PbCl; cannot induce
the solvent phases, which differs from the effect of MACI. Although, both
the MACI and PbCl; can effectively promote the formation of a-FAPDI3,
the film without annealing is still dominated by the &-phase. Impres-
sively, after introducing MACI&PbCl,, the a-FAPbIz was apparently
promoted and the §-phase was inhibited, making the film dominated by
the a-FAPDI3. These results confirm that the synergism of dual-additives
can collaboratively promote the formation of a-FAPbI3 and inhibit the
formation of §-phase which is inevitable in film with single additive,
thereby realizing the direct formation of a-FAPbI3 and enhancing the
phase purity at the initial state. Generally speaking, the formation of the
a-FAPDI; is accompanied by other phases, normally &-phase and solvent
intermediate phase, in which the §-phase is prone to possess more
advantage in competition, which can be supported by the relatively
lower formation energy of &-phase than that of a-FAPbI3 (Fig. 2c). The
positive effect of additives can be well synergistic, leading to a much
lower formation energy of a-FAPbIs, further accelerating the direct
formation of a-FAPbI3 and companied solvent phase through circum-
venting the &-phase. In short, we think that neither the single additive
can be effective enough to make the formation of a-FAPbI3 and solvent
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phase to obviously surpass the formation of §-phase during the multi-
phase competition, only the synergistic works of the dual-additives
can eliminate the competitive advantage of &-phase and induce the
direct formation of a-FAPbDIs.

When annealing all films at different times, it is found that as the
annealing time increased, the §-phase perovskites in the control and the
MAC], PbCl; films gradually convert into a phase perovskites. As for the
film with MACI&PbCly, the directly formed a-FAPbI3 keeps increasing
and enhancing with the annealing processing, leading to a film with
enhanced crystal orientation and crystallinity (Figs. S3-S5, Notes S1 and
S2). The synergistic effect of dual-additives on promoting the direct
formation of a-FAPbI3 can also be validated by the photos of film placed
at different times (Fig. 2b), where the wet film with MACI&PbCl, shows
color of reddish-brown while other films are pale yellow. The color of
the film with MACI&PbCl; can easily turn from reddish-brown to black
in 10 s at room temperature, indicating the thermodynamically feasi-
bility of FAPbI3 crystallization. As a comparison, the control film cannot
form the a-FAPbI3 at room temperature, and the film with a single ad-
ditive just shows a color of reddish-brown even after 420 s, indicating
the partially formed a-FAPbI3. To explain the directly formed a-FAPbI;3
by synergism of dual-additives, the density functional theory calculation
was carried out to reveal the influence of different additives on the
formation energy of a-FAPbI3. As shown in Fig. 2¢, both the additives of
MACI and PbCl; possess the ability to reduce the formation energy of
a-FAPbDI3, and this ability can be collaboratively enhanced, leading to
the smallest formation energy of o-FAPbI; when using the dual-
additives. This collaboratively decreased formation energy may
explain the direct formation of a-FAPbI3. We also monitored the direct
formation of a-FAPbI3 without annealing using in situ photoluminescent
(PL) in a nitrogen glove box (Fig. 2d). In the initial phase, the precursor
solution on the film takes on a sol-gel phase with a negligible PL signal

2600 = W 7000

a ; (100) Control a: sFapbi, b Control MACI PbCl, MACI&PbCI, d
8 ) #: o-FAPDI,| Control
;? 30 min 850
Shaml . o dq 0] ¥ -
Sphos | ol _ —
E
Elos ) 750
- 10s
: MACI
E (100) (220)
_é' 30 min 850
2 11 min 80s
[
Bl 800
E 0s, © «:MAPDCL, 20MSO # 750
2 Lt ik | Dids
:: (to0y PBC! a0
~— [30 min
2 850
E 1 min 209
% 800
Ehos 1 4 ] L
El & ¥ 750
o 0s l ] A i c
z
= AACIEPD! a-FAPDl; yacispnciz
3 ot (220)
2 [omn a-FAPbl; yac: 850
.E 1 min
£ e " a-FAPby pyciy 800
E 0%y ¥ | " I a-FAPbI, %
=] ; : . - . . , :
5 15 25 35 45 € 5 A z =2 0 20 40 60

2 Theta (degrees)

Formation energy (eV)

Spin-coating time (s)

Fig. 2. Synergism revealing. (a) Perovskite thin film XRD annealed at different times. (b) color evolution over aging time at room temperature. (c) formation energy.
(d) in situ PL spectra of the spin-coated perovskite films without and with MACI, PbCl,, MACI&PbCl, additive.



M. Wang et al.

in the range of 700-900 nm. When the anti-solvent is added to the
rotating perovskite film at about 45 s, the PL emission intensity increases
sharply within 5 s, indicating the rapid formation of FAPbI3 nuclei in the
film. MACI additives enhance the PL emission intensity of thin films
more than PbCl, additives, and once both are used at the same time, the
PL emission peak increases sharply. Among the films, the film with
MACI&PbCl; shows the highest PL peak, confirming the direct formation
of a-FAPbI3, which is consistent with the results of XRD and film photos
discussed above. Excepting from the peak intensity, we also notice the
changes of the peak profiles, especially when using the dual-additives.
Comparing to PL peaks of other samples, the peak of perovskite film
with dual-additives shows wider range and obvious red shift, in which
the wide range should result from the multiple perovskite phases with
different composition, due to the dual-additives largely reduce the for-
mation energy of perovskite and introduce excess MA™, C1~, and the red
shift should result from the transition from MA-based phase to FA-based
phase due to the cation exchange [28,38,39].

3. Optical performance of perovskite films

The previous analysis results show that the introduction of additives
can effectively improve the crystallization of perovskite films, in which
MACI and PbCl, can synergistically accelerate the direct formation of
a-FAPbI3, leading to a perovskite film with larger grains and enhanced
phase purity. After analyzing the effect of additive synergy on the
crystallization of perovskite thin films, we further analyzed its impact on
the optoelectronic properties of the films. Considering MACI additive is
recognized as a common component of perovskite precursor, in the
following discussion, we focus on discussing samples of perovskite with
MACI and perovskite with MACI&PbCly, the latter is named as the
target. We first carried out measurements of photoluminescence (PL)
mapping, time-resolved photoluminescence (TRPL), PL, and electrolu-
minescence (EL) on perovskite films. As depicted in Fig. 3a and b, the
target perovskite film demonstrates a significantly enhanced fluores-
cence intensity in comparison to the film with MACI. In addition, the
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TRPL result (Fig. 3c and Table S1.) shows that the carrier lifetime of the
target film is determined to be 1449.57 ns, more than four times longer
than that (328.65 ns) of film with MACL. The PL and EL intensity of the
target perovskite film is significantly higher than that of the perovskite
film with MACI (Fig. S7 and S8). The Kelvin probe force microscopy
(KPFM) measurement was also carried out to characterize the surface
electrical property of the perovskite films (Fig. S9). Compared to
perovskite film with MACI, the target film exhibits a lower average
surface potential, which may be attributed to the decreased surface
electronic tarp density. These results confirm that the dual-additives can
effectively reduce the defects and it induced non-radiative recombina-
tion of perovskite film.

We also measured the optical properties of perovskite films using
temperature-dependent PL emission. From Fig. 3d and e, it can be seen
that the operating temperature has a significant impact on the PL
luminescence of perovskite thin films. At a low temperature of 80 K, the
film emits significant light due to the suppression of phonon emission.
As the temperature increases, there is a marked reduction in the in-
tensity of the PL peak. Furthermore, to delve deeper into the exciton
dynamics within the perovskite material, the integrated intensity of the
variable temperature photoluminescence (PL) peak was analyzed and
fitted according to the Arrhenius equation [32]. of I(T)=1Io/(1 +
Ae " B/KT) (1) is the maximum signal, A is a constant, E}, is the thermal
activation energy, Ky is the Boltzmann constant, and I(T) is the photo-
luminescence intensity at 0 K). If no other nonradiative decay pathway
exists in the recombination process, the thermal activation energy can
be regarded as the exciton binding energy [33]. As shown in Fig. S10,
after using dual-additives, the exciton binding energy of the perovskite
film is 30.14 meV, while the perovskite film with MACI is 40.39 meV.
This result further confirms that dual-additives are beneficial for charge
separation and charge extraction in the device, which is beneficial to
reducing carrier recombination [34,35]. In addition, we quantitively
evaluated the defect density (Ny) of both types of films through the test of
the space charge limited current of the electron-only device (F-doped tin
oxide (FTO)/TiOy/Perovskite/ETL/Ag) and hole-only device (FTO/
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Fig. 3. Photoelectrical property of perovskite films. (a,b) PL mapping of MACI and target films. The detected size is 30 pm x 30 pm. (c) TRPL spectra of MACI and
target films. (d, e) Temperature-dependent Photoluminescence of MACI and target films. (f) The defect density of MACI and target films was measured by using SCLC
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HTL/Perovskite/2,2,7,7-tetrakis (N, N-dipmethoxyphenylamine)-
9,9'spirobifluorene (Spiro-OMeTAD)/Ag) according to the equation of
Ny = 28,:»:0VTFL/eL2 (er is the relative permittivity, gy the vacuum
permittivity, e the electron charge, L the perovskite film thickness, and
Vrrr the limiting voltage full of traps). As depict in Fig. 3f, after using
dual-additives, the calculated N; from the electron-only device
decreased from 3.56 x 10'° cm ™3 t0 3.06 x 10> cm 3, the calculated Nt
from the hole-only device decreased from 0.81 x 10'® em ™ to 0.74 x
10%% cm 3. The energy distribution of trap state density (tDOS) is used to
visually measure the defect states in target PSCs and PSCs with MACI
(Fig. S13). This result suggests that dual-additives can effectively reduce
the density of deep trap states [40]. In addition, the influence of dual-
additives on interfacial carrier dynamic was also explored using mea-
surements of open circuit voltage decay (OCVD) and transient photo-
current (TPC) with both results indicate that the dual-additives show a
positive effect on promoting interfacial carrier transport (Fig. S14). The
reduction of defects in the perovskite film and promoted interfacial
carrier transport help to inhibit non-radiation recombination, contrib-
uting to improving the photovoltaic performance of the PSCs [41,42].

4. Photovoltaic performance of PSCs

Based on the obtained high-quality perovskite film through
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synergism of dual-additives, we prepared inverted PSCs structured as
FTO/nickel oxide (NiOy)/[4-(3,6-Dimethyl-9H-carbazol-9-yl) butyl]
phosphonic  Acid (Me-4PACz)/perovskite/Fullerene  (Cgo)/Bath-
ocuproine (BCP)/Ag and investigated the effects of dual-additives on the
photovoltaic performance. After determining the optimal concentration
of additives (Figs. S15-S17, Note S3), the target PSCs achieved a
champion PCE of 26.17 %, with short-circuit current density (Jsc) of
26.17 mA cm’z, open-circuit voltage (Voc) of 1.187 V, fill factor (FF) of
84.24 %, and the hysteresis is negligible (Fig. 4a and Fig. S18). As a
comparison, the PSCs with MACI achieved a champion PCE of 24.91 %,
with Jsc of 26.15 mA em™2, Vo of 1.161 V, and FF of 82.06 %. The
corresponding spectra of external quantum efficiency of target PSCs and
PSCs with MACI are shown in Fig. 4b, and both the values of integrated
Jsc show small variation with that in Fig. 4a. In addition, the stabilized
power output of both PSCs was measured. The stabilized PCE of target
PSCs is approximately 25.69 %, while the stabilized PCE of PSCs with
MACI is approximately 24.62 % (Fig. S19).

To assess the reproducibility of the two types of PSCs, we collected
photovoltaic parameters of 40 PSCs with MACI and target PSCs,
respectively. The histogram of the PCE distribution showed that both
PSCs exhibits good reproducibility. In detail, the target PSCs show an
average PCE of 25.57 %, which is much higher than that (24.25 %) of
PSCs with MAC] (Fig. 4c). Fig. 4d shows the distribution of
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corresponding Jsc, Voc and FF, where the target PSCs show an average
Jsc of 25.90 mA cm_z, average Voc of 1.179 V, average FF of 83.74 %,
and the PSCs with MACI only show an average Jsc of 25.73 mA cm ™2,
average Voc of 1.159 V, average FF of 81.33 %. From the detailed
photovoltaic parameters, we can find that the increment of PCE mainly
results from the increment of both V¢ and FF, which may be attributed
to the suppressed non-radiative recombination that we are going to
discuss in the following. We performed several measurements to
investigate the physical properties of the device after using dual-
additives, including the electrochemical impedance spectroscopy
(EIS), dark J-V curves, and calculation of ideal factor (njp). Fig. 4e shows
the EIS spectra of both PSCs, in which the target PSCs show a higher
recombination resistance (8.08 x 10° ohm) than that (5.35 x 10° ohm)
of PSCs with MAC], indicating the reduced recombination in target PSCs.
In addition, the relationship between Vo and light intensity was
explored, further calculating the nyp according to the equation of Voc =
% In(1) (kg is the Boltzmann constant and q represents the elementary

charge). We calculated njp to be 1.96 and 1.68 for PSCs with MACI and
target PSCs, respectively (Fig. 4f). The smaller njp indicates the reduced
trap-assisted non-radiative recombination within the PSCs, and this
reduced non-radiative recombination can also be validated by lower
leakage current in the dark J-V curves (Fig. 4g) [36,37]. Based on the
calculated ideal factor (mpp), we further calculate the analytical
maximum FF according to the following equation:

Voe — In(Upe + 0.72)
Voe +1

_ qVoc

FFp o = ith =
max WIUN Vo nIDkBT

Then, we added the S-Q FF value and experimental FF value to make a
direct comparison to reveal that the increment of FF mainly results from
the reduced non-radiative recombination loss (Fig. S20).

In addition to demonstrating the positive effect of the dual-additives
on efficiency, we also explored its effect on the stability of PSCs. To
evaluate the stability of PSCs under ambient conditions at 20 % RH and
25 + 5 °C, we monitored the PCE evolution of unencapsulated PSCs after
aging for 2000 h. As shown in Fig. 4h, target PSCs can maintain 93 % of
their initial efficiency, while PSCs with MACI can only maintain 80 % of
their initial efficiency after 2000 h. The operational stability was also
investigated with the PSCs were continuously illuminated (white LED,
100 mW cm™~2) in the Ny-glovebox. The target PSCs can maintain 92 %
of the original PCE after operating for 200 h, while the PSCs with MACI
decline to 79 % of their initial value (Fig. S21). The enhanced device
stability should be attributed to the optimized perovskite film with
enhanced phase purity and reduced defect density.

5. Conclusion

In summary, we have achieved high-efficiency inverted PSCs
through the synergism of dual-additives composed by the MAC] and
PbCl,. The dual-additives of MACI and PbCl, are proven can synergis-
tically enhance the ability to accelerate the direct formation of a-FAPbI3
through largely reducing its formation energy, and inhibit the undesired
d-phase that inevitably occurs neither of which additive is utilized
singly. Owing to the optimized perovskite film with enhanced phase
purity, reduced defect density, and prolonged carrier lifetime, the
resulting inverted PSCs achieved a PCE of 26.17 % with a high V¢ of
1.187 V, much higher than that (24.91 %) of PSCs only incorporating
MACIL. In addition, the device can maintain 93 % of the initial PCE after
aging in ambient air for 2000 h, showing enhanced stability. We believe
our approach of dual-additives and the revealed synergism provide a
new idea for solving the bottleneck issues regarding the preparation of
high-quality a-FAPbI3 films, and more opportunities to achieve PSCs
with excellent photovoltaic performance.
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