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In contrast to the substantial efforts dedicated to additive engineering in the field of perovskite solar
cells (PSCs), the exploration of volatile solid additives has received surprisingly little attention. This study
introduces a novel approach for fabricating highly efficient and stable PSCs by employing “naturally
sourced volatile solid additives” (CP and CQ), which exhibit distinct volatilization rates and varying
degrees of Lewis base—acid interactions with perovskite. During the PSC fabrication process involving
two-stage thermal annealing, CP completely volatilized after the initial annealing step, resulting in the
formation of a densely packed Pbl, film. Conversely, owing to its robust Lewis base—acid interaction
with perovskite through bidentate coordination, a certain amount of CQ tends to persist after the first
annealing step. However, no residue was observed after the second annealing step (stepwise-
volatilization mechanism). This process yields high-quality FA-based perovskite crystallinity characterized
by large-grained perovskite and highly preferred crystallite orientation. Consequently, CQ-based PSCs
achieve a promising power conversion efficiency (PCE) of 25.00% (independently certified at 24.89%)
with exceptional MPPT stability (PCE retention of 90.1% after 1000 h, ISOS-L-1). This study underscores
the viability of the naturally sourced volatile solid additives for ecofriendly manufacturing of PSCs.

Perovskite solar cells (PSCs) are a promising candidate for next-generation photovoltaics owing to their excellent optoelectronic properties. Despite the current

drastic advancements in PSCs, various defects can emerge owing to precursor compositions and processing conditions inherent to solution processing and

rapid perovskite film growth. To address these sticking points, extensive research efforts have been devoted to additive engineering by controlling the film

formation of perovskite layers. However, in the field of perovskite solar cells, the investigation of volatile solid additives has been rarely utilized compared to

organic optoelectronics. Moreover, there are not many reports on nature-sourced additives. Herein, we report naturally derived volatile solid additives, namely
camphor (CP) and camphorquinone (CQ), which improve the efficiency and stability of PSCs. The work introduces a “‘stepwise volatilization” to explain the
working mechanism of CQ volatile additives on perovskite crystallization. As a result, the CQ-based PSC achieved an enhanced PCE of 25.00% compared to the
23.20% efficiency of the control device. This study provides a novel strategy using volatile natural additives to improve the photovoltaic performance and

stability of PSCs.

1. Introduction

cesium (Cs), B = lead or tin cation, X = a halogen anion),
garnered significant attention due to their exceptional photo-

Halide perovskites, characterized by the ABX; crystal structure
(where A = methylammonium (MA), formamidinium (FA), or
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electric properties.'”” These properties include a high absorp-
tion coefficient (~10°), a small exciton binding energy of less
than 100 meV, an extended diffusion length exceeding 1 um,
and a tunable bandgap spanning from 1.2 to over 3 ev.*™*
Remarkable progress has been achieved in the field of perovs-
kite solar cells (PSCs) in only a few years. The power conversion
efficiency (PCE) reached 26.08% through a range of strategies,
including the development of novel functional materials, engi-
neering of device interfaces, compositional tuning, and control
of crystallization kinetics.>™*°

This journal is © The Royal Society of Chemistry 2025
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Despite the current rapid advancements and ongoing enhance-
ments in PSCs, various defects can emerge owing to precursor
compositions and processing conditions inherent to solution
processing and rapid perovskite film growth. The introduction
of additives (e.g., salts, molecules, polymers, and nanoparticles)
has the potential to influence perovskite crystallization, film
formation, bulk or surface defect passivation, and interface
optimization in terms of structure and energetics.>*® Conse-
quently, extensive research efforts have been devoted to additive
engineering to address these challenges by controlling the thermo-
dynamics and growth kinetics of perovskite films.

Concurrently, in the organic electronics community, “volatile
solid additives” have demonstrated their effectiveness in directly
modulating active layer morphology, leading to improved
characteristics in organic photovoltaics, including PCE, device
stability, and reproducibility.>’>> While the use of volatile solid
additives has become a widely adopted approach for achieving
high-performance organic photovoltaics, it has surprisingly
received limited attention in perovskite-based systems. Therefore,
there is a pressing need for further research within the PSC
community to explore volatile solid additives. This endeavor aims
to develop advanced additive-related protocols and gain deeper
insights into the underlying mechanisms governing the use of
volatile solid additives.

In this study, we introduced naturally sourced volatile solid
additives, namely camphor (CP) and camphorquinone (CQ),
into the fabrication process of perovskite solar cells (PSCs). The
PSCs were produced using a two-step sequential deposition
technique that involved a two-stage thermal-annealing
process.***° Both CP and CQ are polar Lewis-base molecules
containing carbonyl groups, but they differ in the number of
carbonyl groups (Fig. 1a for their structures). This distinction
gives rise to varying rates of volatilization and different degrees
of Lewis base-acid interaction with the perovskite material.

Following the initial annealing step at 70 °C, CP molecules
were entirely volatilized from the Pbl, precursor, resulting in
the formation of a tightly packed PbI, film. In contrast, some
CQ molecules remained within the PbI, bulk film after the first
annealing step. However, their complete volatilization occurred
during the subsequent second annealing step at 150 °C, resulting
in a stepwise-volatilization mechanism. This mechanism facili-
tated the development of high-quality FA-based perovskite crystal-
linity characterized by large-grained perovskite structures and a
high degree of preferred crystallite orientation, enabling extremely
high PCEs of 25.00% for a laboratory scale of 0.042 cm?® (inde-
pendently certified at 24.89%). Moreover, the operational stability
of CQ-treated PSCs was considerably enhanced, which retained
over 90.1% of the initial PCE after 1000 h under maximum power
point tracking conditions (ISOS-L-1).

2. Results and discussion
2.1. Volatilization and interaction in Pbl, precursor solution

In this research, a two-step sequential deposition process was
employed to create the formamidinium-based (FA-based)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Stepwise volatilization induced by volatile solid additives. (a)
Chemical structures and electrostatic potential mappings of CP and CQ.
(b) Schematic representation of the stepwise volatilization mechanism
involving two-stage thermal annealing: an initial annealing at 70 °C for
Pbl, precursor and a second annealing step at 150 °C for perovskite (PVK)
crystallization.

perovskite film. The initial step involved the deposition of a
PbI, layer by spin-coating a PbI, precursor solution (comprising
a solvent mixture of dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) in a volume ratio of 9:1) onto the ITO/SnO,
substrate. This layer was then annealed at 70 °C for 1 min in a
N, atmosphere, constituting the first thermal-annealing step.
Subsequently, an organic ammonium salt solution (containing
formamidinium iodide (FAI), methylammonium iodide (MAI),
and methylammonium chloride (MACI) in isopropyl alcohol)
was spin-coated onto the Pbl, layer. This was followed by a 15-
minute aging process at 150 °C under ambient atmospheric
conditions (30-40% humidity), serving as the second thermal-
annealing step. The solid additives were introduced into the
Pbl, precursor solution.'®*"

Fig. 1a provides an illustration of the molecular structures
and electrostatic potential mapping of CP and CQ, along with
their respective net dipole moments. These values were deter-
mined through density functional theory calculations using the
B3LYP/6-31G* basis set.*> Notably, both CP and CQ exhibit
strong negative electrostatic potential at the carbonyl (C=0)
moiety. However, CQ possesses a larger net dipole moment
(5.39 Debye) compared to CP (3.30 Debye), as shown in Table S1
(ESIt). This difference indicates that CQ, being a Lewis base,
can effectively interact with uncoordinated Pb trap sites and
FA' ions present on the perovskite surface when introduced
into the perovskite film.*>**

As shown in Fig. 2a for typical thermogravimetric analysis
(TGA), relative to CQ, CP is a more volatile solid molecule with a
clear weight loss starting at ~40 °C. In the case of Pbl, samples
mixed with these additives (in a 1:1 (wt/wt)), similar trends are
observed. Their differential scanning calorimetry (DSC) mea-
surements identify that the volatilization of CP and CQ rather
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Fig. 2 Volatility and interaction of CP and CQ additives. (a) TGA plots of CP and CQ (pristine and blended with Pbl,). (b) The whole range and
(c) magnified FTIR spectra of CP (RT), CQ (RT), Pbl,-CP (70 °C), and Pbl,-CQ (70 °C). (d) The whole range and (e) magnified FTIR spectra of CQ, PVK-CQ
(150 °C), and PVK without CQ (150 °C). (f) 2°’Pb NMR spectra of Pbl,, Pbl,-CP, and Pbl,-CQ, where the samples were calibrated by Pb(NOs),, which
represents —2959.7 ppm. (g) Schematic diagram of the Pbl, colloids (with or without additive). (h) DLS measurements of pristine Pbl,, Pbl,-CP, and Pbl,-
CQ. The inset shows the schematic diagram of the evolution of Pbl, flakelets.

than their decomposition also occurs during the thermal-
annealing process (see Fig. S1, ESIt). Fig. S2 (ESIf) presents
their isothermal TGA curves over time at 70 °C as the first
annealing step of PSC fabrication, showing that the mass loss
rate of CP is far higher than that of CQ. Besides, it is also found
that CP has higher vapor pressure (500.64 Pa) determined by
the Langmuir equation in comparison to CQ (68.20 Pa) (see
Table S2 and Note S1 for details, ESIt). From the above results,
we can conclude that CP has very high volatilization kinetics
during the first thermal-annealing step.

To further investigate the distinct volatilities of CP and CQ,
Fourier transform infrared (FTIR) spectroscopy was utilized.
Fig. 2b illustrates the stretching vibrations of the C=O0 groups
for CP and CQ at 1741 and 1750 cm™ ", respectively. When both
additives were heated at the same temperature of 70 °C, corres-
ponding to the first thermal-annealing step, the C=O0 peak in
the CP-mixed PbI, completely disappeared. Note that this
volatilization of CP mainly occurred during the thermal anneal-
ing process rather than the spin-coating process (see Fig. S5,
ESIT). In contrast, in the CQ-mixed PbI,, the C—=0 peak still

6262 | Energy Environ. Sci., 2025, 18, 6260-6272

existed but shifted to a lower wavenumber of 1746 cm™ . This
indicates the efficient formation of coordinating bonds
between the C=O0 group of CQ and Pb** through Lewis base-
acid interactions, which reduces the electron density around
the C=O0 bond, thereby weakening its strength and resulting in
a shift to a lower wavenumber.*>*® Additionally, it is note-
worthy that the stretching vibrations of C-H peaks in 2950
cm™ " follow the same trend as that of the C=0 group (Fig. 2c).
Interestingly, during the second thermal-annealing step at
150 °C, the CQ solid additive completely volatilized, as evi-
denced by the absence of the C—=0 and C-H peaks (Fig. 2d and
e). Note that the C=N peak of perovskite film at 1712 cm ™"
should be distinguished from the C=0 group of CQ.

To further confirm the complete evaporation of CP and CQ,
'H-nuclear magnetic resonance (NMR) analysis was performed
on the ex situ taken films at each processing step, as shown in
Fig. S6-S8 (ESIt). The experimental details are described in
Note S2 (ESIt). The ex situ "H-NMR study clearly demonstrates
that CP and CQ are completely volatilized during the first
and second thermal annealing processes, respectively.

This journal is © The Royal Society of Chemistry 2025
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Furthermore, the quantification of residual CP and CQ at each
processing step was conducted using liquid chromatography-
mass spectroscopy (LC-MS) (for details, see Fig. S9-S14 and
Note S3, ESIf). As shown in Table S3 (ESIf), CP exhibits
negligible residues, whereas most of CQ remains after the first
annealing step. The remaining CQ is fully evaporated during
the second annealing step. Collectively, these results identify
CP as a volatile solid additive and CQ as a stepwise volatile solid
additive, based on their distinct volatilization kinetics.

We conducted *°’Pb NMR analysis in a deuterated DMF:
DMSO solution (9: 1, v/v) as shown in Fig. 2f. It is important to
note that we characterized the Pbl, precursors and perovskites
both without and with the optimal amounts of CP (30 mM) and
CQ (3.0 mM) solid additives, respectively. These conditions
were optimized for PSC fabrications, as detailed in the follow-
ing photovoltaic section. The **’Pb resonance signal for pris-
tine Pbl, was at 782.8 ppm, but it clearly shifted to a lower
frequency in the additives-mixed Pbl, adducts. This shift was a
result of the different Pb coordination environments induced
by Lewis base-acid interactions.?” Note that the CQ-mixed Pbl,
exhibited a more pronounced up-field shift, indicating a stron-
ger Pb—CQ coordination environment.

Moreover, we performed C-NMR spectroscopy measure-
ments to further the additive-Pbl, coordination interaction.
Fig. $15 and S16 (ESIT) display the "*C-NMR resonance signals
of the carbons in the C=0 bonds of CP and CQ molecules,
respectively. In additive-mixed Pbl, solutions, the peaks clearly
down-shifted with increasing additive concentrations. These
results are due to the different chemical environments of the
C=0 bond within the additive molecules after the Lewis base-
acid interaction with the electron-deficient Pb** moiety. These
observations align with the result of **’Pb NMR measurement
showing the up-shifted resonance signals of the additive-Pb**
adducts. Furthermore, in the results of diffusion ordered
spectroscopy (DOSY) NMR measurements (Fig. S17-S20, ESIT),
the diffusion coefficient (D) of CP and CQ decreased with
increasing concentration of Pb** sites, where the D is related
to the hydrodynamic radius of the nanostructure size in the
Pbl,-additive mixture (see Table S4 for details, ESI{). These
results indicate the increased nanocrystal sizes of additive-
mixed PbI, colloidals, which are a result of the enhanced
interaction between additives and Pb>" sites. Collectively, we
conclude that there are strong coordinative interactions
between the C—O bonds of the CP and CQ molecules and
the Pb>* site of the Pbl,.

To assess the impact of CP and CQ on the size of Pbl,
colloids, we conducted dynamic light scattering (DLS) measure-
ments of the PbI, precursor solutions (DMF:DMSO). Fig. 2g
illustrates that the pristine Pbl, colloids consist of (001) and
(101) facets. It is known that layered Pbl, structures can be
exfoliated by solvent molecules through the (101) facet or
vacancies on the (001) facet due to strong coordination between
polar solvent molecules and Pb>".*®> Fig. 2h presents histo-
grams of the colloidal size distributions, showing that PbI,-
pristine colloids exhibit flakelets along the (001) plane with a
longitudinal dimension of ~1 nm and no detectable lateral

This journal is © The Royal Society of Chemistry 2025
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dimension. In contrast, the CP- and CQ-mixed PbI, colloids
display flakelets with similar longitudinal dimensions but
significantly larger lateral dimensions of 726.7 nm and
2392.2 nm, respectively. We attribute the laterally enlarged
Pbl, plates to additional coordination interactions between
the C=0 group of the additives and Pb**, which may hinder
the intercalation of solvent molecules into the Pbl, (101) facets.
The noticeable shift of the additive-mixed Pbl, in the ultra-
violet-visible (UV-vis) spectra to a longer wavelength validates
the interpretation from DLS data (Fig. S14, ESIT).”® In particu-
lar, the significant redshift in the CQ-mixed PbI, can be
partially attributed to the chromophore in the CQ molecule,
which shows absorption in the 400 to 500 nm range in the
pristine CQ (Fig. S21, ESIY).

2.2. Morphological characterization of the Pbl, layer

The surface morphologies of the Pbl, precursor films after the
first thermal-annealing step were examined using scanning
electron microscopy (SEM). As depicted in Fig. 3a, the PbI,-
pristine film exhibits a compact texture with small grains. In
contrast, the CP- and CQ-treated PbI, films exhibited enlarged
grain sizes with a greater number of pinholes (mean cluster
sizes of 99.9 nm, 161.2 nm, and 180.5 nm for PblI,-pristine, CP-
treated, and CQ-treated Pbl, films, respectively; Fig. 3b). This
observation aligns with the changes in absorption and intensity
shifts observed in their UV-vis spectra. Specifically, the CP- and
CQ-treated PbI, films exhibit higher absorptivity with red-
shifting compared to the Pbl,-pristine film (Fig. S22, ESIf).
Additional evidence of relatively larger grains and more pin-
holes in CQ-treated Pbl, films is provided by their atomic force
microscopy (AFM) images (Fig. 3a). The increased cluster sizes
and porosities in the CP- and CQ-treated Pbl, films facilitate
the formation of a mesoporous structure, enhancing the pene-
tration of FAI into the PbI, framework. This results in a high-
quality perovskite film with fewer nucleation sites and larger
perovskite grain sizes.>****”*® To investigate the impact of CP
and CQ solid additives on the crystallinity of Pbl, films, we
conducted grazing incident wide angle X-ray scattering
(GIWAXS). In this analysis, the incident angles were set to
0.13° and 1.0° to gather information on the near-surface region
and the full depth of the films, respectively (Fig. 3c-e and Fig.
S23, ESIt). At an incident angle of 0.13°, the PbI,-pristine film
exhibits the PbI, (001) peak at approximately ¢ = 0.9 A~%,
consistent with previous reports.**®" However, when treated
with the solid additives, we observe not only additional
shoulder peaks at ¢ = ~0.87 A™* and ~0.96 A™* but also a
shift in the position of the (001) peak. These results correlate
with the broadening of cluster size distributions in CP- and CQ-
mixed PblI, (see Table S5 for a comparison of the standard
deviation values, ESIT). Specifically, the (001) peak shifts to
higher g vectors for CP-treated Pbl, and to lower g vectors for
CQ-treated Pbl, films (Fig. S24 and S25, ESIt). These observa-
tions suggest that the CP and CQ treatments induce changes in
the lattice d-spacing of the Pbl, surfaces. At a higher incident
angle (1.0°), all the films exhibit no visible shoulder peaks, and
the PbI, (001) peak is almost identical but shifted to lower g

Energy Environ. Sci., 2025, 18, 6260-6272 | 6263
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Fig. 3 Effect of CP and CQ additives on Pbl, film morphology. (a) Top-view SEM images of Pbl,-control, CP, and CQ with AFM images of the inset
(4 um x 4 pm). (b) Cluster size distribution of pristine Pbl,, Pbl,-CP, and Pbl,-CQ. (c) Schematic illustration of the angle-dependent 2D-GIWAXS
measurement. Line-cut profile of Pbl, (001) of the control, CP-, and CQ-Pbl; for (d) 0.13 and (e) 1.0° incident angles. (f) XPS spectra (Pb 4f) of Pbl, pristine,

Pbl>-CP, and Pbl,-CQ.

vectors relative to what is observed at the low incident angle.
Transmission electron microscopy (TEM) measurement was
also applied to further elucidate the influence of the CP and
CQ treatment on Pbl, lattice surfaces (Fig. S26, ESIf). The
pristine Pbl, shows the lattice distance of 3.64 A, which can
match with the (110) plane of the hexagonal Pbl, phase. Note that
the PbI, (001) lattice does not appear since the ultrasonicated Pbl,
powder dispersion method is involved to prepare appropriate
TEM samples. Interestingly, the lattice distances of the CP- and
CQ+treated Pbl, are changed to 3.46 A and 3.97 A, respectively.
These results show good agreement with the opposite trend in the
lattice d-spacing seen from the GIWAXS above.

6264 | Energy Environ. Sci., 2025, 18, 6260-6272

We conducted X-ray photoelectron spectroscopy (XPS) of the
films to characterize the core-level binding energies (BEs) of the
PbI, film surfaces (Fig. 3f and Fig. S27, ESIt). The XPS pattern
of Pb 4f for the Pbl,-pristine film displays two dominant peaks
at 137.88 and 142.68 eV, corresponding to the Pb 4f”? and Pb
a5, respectively. Both peaks are shifted toward lower BEs for
both CP- and CQ-treated PbI, films, indicating an enriched
electron environment of Pb in the additives-containing Pbl,
lattices.®® A closer examination of the XPS data reveals a slightly
larger shift for the CP-treated case, suggesting the formation of
denser Pbl, film surfaces through the complete volatilization of
CP after the first thermal-annealing step. Collectively, the data

This journal is © The Royal Society of Chemistry 2025
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presented highlight the distinct roles played by CP and CQ
solid additives during the processing of PbI, films.

To elaborate, during the first thermal-annealing step: (i) CP
entirely evaporates, resulting in the filling of voids with PbI,
and the consequent formation of a denser Pbl, film, particu-
larly on the surfaces. (ii) In contrast, the complete volatilization
of CQ molecules is constrained by their inherent Lewis base—
acid interaction, as described above. Certain CQ molecules
undergo partial volatilization, acting as a mediator for Pbl,
surface packing similar to CP. However, a number of them
remain within the Pbl, bulk film, serving as passivating agents
for Pbl, defects owing to their inherently enhanced Lewis base-
acid interaction, as discussed earlier. A schematic representa-
tion of the microstructure evolution during PbI, film formation
with CP and CQ is provided in Fig. S28 (ESIt).

2.3. Morphological characterizations of the perovskite film

To fabricate FA-based perovskite films, we initiated the reaction
with FAI, followed by the second thermal-annealing process at
150 °C, as previously described. We conducted top-view and
cross-sectional SEM analyses to assess the influence of CP and

View Article Online
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CQ on perovskite grain growth. As illustrated in Fig. 4a, the
grain sizes were approximately ~ 858 nm and ~1183 nm in the
CP- and CQ-treated perovskite films, respectively. This increase
in grain size can be attributed to the reduced nucleation density
resulting from the enlarged PbI, cluster sizes. These grain sizes
are significantly larger than those of the control perovskite
film without any additives, which had an average grain size
of approximately ~608 nm (Fig. 4b and Table S6, ESIf).
Relative to the control perovskite film, both CP- and CQ-
treated perovskite films exhibit higher absorbance, partially
reflecting the improved crystallinity driven by the larger grain
sizes (Fig. S29, ESIT).

To further investigate the crystal quality and orientation of
the perovskite films, we analyzed depth GIWAXS at different
incident angles (0.13° and 1.0°) and examined their polar
intensity profiles of the integrated semicircle (110) peak at
azimuthal angles ranging from 0° to 180° (Fig. S30, ESI{). The
CP- and CQ-treated perovskite films exhibit increased intensi-
ties of the perovskite peaks compared to the control perovskite
film. In Fig. 4c and d, intensity-corrected pole figures reveal
two peaks at azimuthal angles near 35° & 145° and 90°, which
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correspond to the orientations of perovskite crystal stacking
relative to the substrate. Across all the films, the intensity of the
latter peak is higher than that of the former, regardless of
the incident angles, indicating a greater prevalence of perovs-
kite crystal stackings oriented perpendicular to the film plane.
At a low incident angle (0.13°), the area ratios of the two peaks
(the latter-to-the former) follow the sequence of the control
(1.74) = CP (1.84) < CQ (4.01)-treated perovskite films, sug-
gesting a higher degree of preferred orientation in the CQ-
treated perovskite film (Table S7, ESIt). This difference in
preferred crystallographic orientations becomes more pro-
nounced in the bulk films, as evidenced by the ratio values of
the two peaks at a high incident angle (1.0°). These results
demonstrate that CQ can effectively manipulate the crystal-
lographic orientation, and the proposed stacking modes are
schematically depicted in Fig. 4e and f. Time-resolved photo-
luminescence (TRPL) was further measured to estimate the
carrier lifetimes of the control, CP-, and CQ-modified perovs-
kite films using a picosecond laser with a wavelength of 450 nm
(Fig. 4g). All three samples display mono-exponential decay
related to trap-assisted recombination. The corresponding car-
rier lifetimes, obtained from TRPL fitting line, were 788 ns,
1126 ns, and 2130 ns for the control, CP-, and CQ-treated
devices, respectively. These results indicated that the CQ addi-
tive improved the crystallinity and preferred orientation of the
perovskite, prolonging charge carrier lifetime and reducing
trap-assisted recombination.

We further investigated the effect of additive concentration
on the morphological changes of PbI, and perovskite films
through SEM measurement (Fig. S31, ESIt). As the concen-
tration of CP increases, both the number of PbI, clusters and
the perovskite grain size grow, achieving an optimal morphol-
ogy at 30 mM. However, at a higher concentration (60 mM),
excessively large and dense PbI, clusters were formed, which
are difficult to convert to a high-quality perovskite layer due to
inhomogeneous and disturbed perovskite crystallization. This
leads to the defects and non-uniform crystal growth of perovskite,
ultimately degrading the device performance (see PSC data later).
Similarly, in the case of CQ, concentrations up to 3 mM promoted
enlarged and smoothed perovskite grains; however, at higher
concentration of 6 mM, excessive amounts of CQ induced micro-
porous surface structures in the perovskite layer. These voids
significantly contributed to severe degradation in both device
performance and operational stability. As shown in Fig. S32 (ESIT),
the use of even higher CQ concentration (30 mM) leads to an
increase in pores from the bottom to the top, which significantly
reduced the operational stability (Fig. S33, ESIt).

2.4. In situ PL measurements of perovskite film formation

To gain a deep insight into the kinetics of volatile additives in
FA-based perovskite crystallization, in situ PL measurements
were performed during second thermal annealing at 150 °C
using an excitation wavelength of 520 nm (Fig. 5a). After the FAL
solution was spin-coated onto Pbl, films, the dark brown film
was immediately transferred to a hot plate under controlled
humidity (relative humidity of 40%). The FA-based perovskite
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(a) Schematic illustration of in situ PL monitoring during the FA-based PVK
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Schematic summary showing the effects of CQ in crystallization kinetics.

crystallization starting with the annealing process was simulta-
neously monitored as a function of time in the PL response.
Fig. 5b displayed the heat maps of the PL intensity for the
control, CP-, and CQ-treated perovskite films (the detailed
spectra are shown in Fig. S34, ESIT). All three samples exhibited
instantaneous PL peaks in the initial stage of FA-based per-
ovskite film formation (from 0 to 2500 ms). The initial evapora-
tion of the remaining solvent in the precursor film leads to
supersaturation of the solute and plenteous nuclei are formed
at this stage.®*”® In the final stage, the PL spectra of the control
perovskite film reached its maximum intensity of 1.081 x 10*
for 13200 ms. Note that the PL intensity started to decrease
after reaching the peak due to thermal quenching caused by
continuous heating.®®*® Compared to the control perovskite
film, both CP- and CQ-treated perovskite films exhibit an
intermediate stage in the PL spectra between the initial stage
and final stage (Fig. 5c¢). We speculate that this preliminary
phase transition is attributed to the larger sized crystallites
due to the CP and CQ additives, as confirmed by previous DLS
measurements. These intermediate states are more pronounced
in the CQ-based perovskite film (from 5000 to 10000 ms). In the
final stage, the CQ-treated perovskite film shows the most delayed
film formation time of 22890 ms with the highest maximum
intensity of 1.770 x 10, indicating that the volatile CQ serves to

This journal is © The Royal Society of Chemistry 2025
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retard the crystallization of the FA-based perovskite for the highly
crystalline perovskite.®>® As illustrated in Fig. 5d, upon transition
from the intermediate to the final state, the volatile CQ molecules
completely evaporate, filling the voids with perovskite, and finally
resulting in the formation of a dense and vertically oriented
perovskite film.

Additionally, the evolutions of film colors during the total
process (from the initial Pbl, film to the final PVK film) were
monitored over time to additionally exhibit the retardation of
the CQ-assisted crystallization process (Fig. S35, ESI{). Com-
pared to the initial control Pbl, film, the CQ-PbI, film exhibited
a more pronounced yellow and transition to a more orange
color upon treatment with FAI solution. This more orange film
was attributed to the much disordered Pblg octahedra connec-
tivity, which was a result of the interaction between CQ mole-
cules and Pb*" ions. During 5 min of FAI penetration, the CQ
intermediate film darkened to a brown and transformed into a
distinct black FA-based perovskite film after the second-stage
annealing. This progression indicated that CQ treatment effec-
tively retarded the crystallization process, resulting in a more
compact and highly oriented perovskite structure.

a b
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2.5. Photovoltaic performances

We constructed planar n-i-p PSCs with the structure ITO
or FTO/SnO,/FA, ¢;MA, 0sPbl; perovskite layer/OAI (2D treat-
ment)/spiro-OMeTAD/Au (refer to Fig. 6a for the schematic).
These PSCs were fabricated both with and without the inclu-
sion of solid additives to investigate their impact on device
performance. After screening PSC results at various additive
concentrations (ranging from 15 to 60 mM), the optimal
concentrations were determined to be 30 mM for CP and
3 mM for CQ, respectively (Fig. S36 and S37, ESIt). Detailed
device fabrication procedures are outlined in the Experimental
section. Note that even trace amounts of the solid additives in the
PSCs, at different concentrations, induced significant variations in
device performance, underscoring their pronounced influence on
PSC characteristics. Fig. 6b illustrates the current density-voltage
(J-V) curves for the optimized control, CP-treated, and CQ-treated
PSCs (active area = 0.042 cm™ 2, under AM 1.5G 1-sun illumina-
tion), and the pertinent photovoltaic parameters are summari-
zed in Table 1. For the optimized control device with a
FA(.9oMA, osPbI; perovskite, a PCE of 22.60% was achieved, with
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Table 1 Photovoltaic performances of PSCs with different solid additives (reverse scan)

Device Voc [V] Jsc [mA em ™2 Jsc [mAcm 2] FF[%] PCE [%)]

Control 1.153 (1.148 4+ 0.017)”  24.86 (24.49 &+ 0.76)°  24.32° 78.81 (77.64 + 2.46)°  22.60 (21.84 + 0.65)°
cP 1.173 (1.163 £ 0.009)”  24.96 (24.90 + 0.56)°  24.85° 80.69 (80.00 + 1.34)"  23.63 (23.17 + 0.48)"
CcQ 1.187 (1.170 4 0.007)”  24.99 (24.97 4+ 0.35)°  24.86" 81.57 (80.29 4 0.90)°  24.19 (23.47 + 0.57)°
Control® (Champion)  1.156 25.12 25.16 79.93 23.20

CQ° (Champion) 1.183 25.95 25.81 81.45 25.00

CQ° (Certified) 1.186 25.75 — 81.48 24.89

“ Calculated Jsc by EQE measurements. ° The average values and standard deviations obtained from 24 devices. ¢ The champion device was
fabricated with the architecture of FTO/chemical bath deposited SnO,/Cs 05FA¢ o5sPbI3/OAl/spiro-OMeTAD/Au (an anti-reflecting film was used to

enhance the current density).

an open-circuit voltage (Voc) of 1.153 V, a short-circuit current (Jsc)
of 24.86 mA cm %, and a fill-factor (FF) of 78.81%. Notably,
significant performance enhancements were observed in the
devices treated with optimal CP and CQ concentrations. In parti-
cular, the CQ-treated device achieved the enhanced PCE of 24.19%,
accompanied by considerably increased Voc (1.187 V) and FF
(81.57%) values, surpassing those of both the control and CP-
treated devices. Importantly, all the devices exhibited negligible
hysteresis (Fig. S38 and Table S8, ESIt), and the Js¢ values obtained
from J-V scanning closely matched the values obtained by inte-
grating the EQE spectra (24.32, 24.85, and 24.86 mA cm ™~ for the
control, CP-treated, and CQ-treated devices, respectively, Fig. 6d).
For the control and CQ-based device, the stabilized power output
and current density agree with those obtained from j-V measure-
ments (Fig. S39 and S40, ESIt). To further validate these findings,
Fig. S41 (ESIT) displays histograms of 24 individual devices for
each case, confirming a narrower distribution of PSCs treated with
additives compared to the control devices. We further optimized
device fabrication to upgrade the champion device achieving
higher PCE. The CQ-treated champion device achieved remarkable
PCE of 25.00% with a Vo of 1.183 V, Jsc of 25.95 mA cm™ 2, and FF
of 81.45% (Fig. S42 and Table S9, ESIt), where the Jsc value was
well matched with the values obtained by integrating the EQE
spectra (25.81 mA cm™?) (Fig. 543, ESIt). One of the best CQ-
treated devices obtained a certified PCE of 24.89% from an
independent institute, which is comparable to those obtained
from the two-step-based state-of-the-art devices (Fig. S44 and Table
S10, ESIt). Additionally, the CQ-treated large-area devices (active
area: 1.0 cm®) were also fabricated to evaluate its scalability. As
shown in Fig. 6¢c, the best-performing large-area device shows a
high PCE of 22.50% with a Voc of 1.169 V, Jsc of 25.20 mA cm ™2,
and FF or 76.39%. This indicates improvement in charge-carrier
dynamics, including reduced charge recombination and enhanced
charge transport properties in the CQ-treated device, which shows
a similar trend to reported studies on the preferentially oriented
perovskite-based solar cells (Table S11, ESIt). To exhibit univers-
ality of stepwise volatilization of the CQ additive in two-step-based
fabrication methodology, we applied the CQ additive to the
Cs-containing A-cation system (CsgosFAgosPbl;) and mixed-
halide perovskite system (CSg.05FAq.05Pb(Io.05B0.05)3)." """ The
corresponding J-V characteristics and photovoltaic parameters
are summarized in Fig. S45 and Table S12 (ESIt), respectively.
In common with all systems, the CQ additive effectively enhanced
Voc and FF values. In particular, the CQ-treated Csg osFAg osPbl;
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system showed better performance than that of the FAj q,-
MA, osPblIs-based previous system, which was attributed to
the additional lattice stabilization through Cs-inclusion.

We also investigated the dependence of V¢ and Jsc on light
intensity (Ppigng) to gain further insights into the recombination
mechanisms within the devices, as depicted in Fig. 6e. The
semi-logarithmic plot of Py versus Voc can be analyzed using
Voc o (nkgT)/qIn(Prighe), where n, kg, T, and g represent the
ideality factor, Boltzmann constant, temperature in Kelvin,
and elementary charge, respectively. A lower slope approaching
kgT/q indicates a reduced contribution from trap-assisted
recombination.”*”® The calculated n values were found to be
1.69, 1.50, and 1.34 for the control, CP-, and CQ-treated devices,
respectively. Additionally, the power-law equation Jsc oC Pyign”
describes the Pyjgn, versus Jsc relationship, where « denotes the
extent of bimolecular recombination.”* The control device
exhibits an « value of 0.989, whereas the CP- and CQ-treated
devices have o values of 0.992 and 0.993, as evident from
Fig. S46 (ESIt). Combined together, these results indicate that
both trap-assisted and bimolecular recombinations are effec-
tively mitigated by the presence of solid additives, especially in
the case of CQ.

Furthermore, we conducted an assessment of how the
incorporation of solid additives affects trap-state density (V)
within the perovskite films. Dark J-V characteristics were
collected for electron-only devices with the structure of ITO/
SnO,/perovskite/[6,6]-phenyl-Ce;-butyric  acid methyl ester
(PCs:BM)/Au and hole-only devices with the structure of
ITO/MeO-2PACz/perovksite/spiro-OMeTAD/Au. As depicted in
Fig. 6f and g, the dark /-V curves for all the perovskite devices
exhibit a linear Ohmic response at low bias, followed by a trap-
filled limit regime and a trap-free space-charge limited current
(SCLC) regime. N, and the trap-filled limit voltage (Vrg1) were
determined using the equation N, = (2eg,VipL)/(qL?), where &
and ¢, represent the relative dielectric constant of the perovs-
kite (¢ = 28.8) and the vacuum permittivity, respectively, and L
denotes the thickness of the perovskite film (~730 nm).”> For
electron-only devices, the Vg, values for the control, CP-, and
CQ-treated devices were 2.09, 1.53, and 1.40 V, corresponding
to N, values of 1.25 x 10'® em™>, 0.92 x 10'® cm™>, and 0.84 x
10'® em ™, respectively (Table S13, ESIf). In case of hole-only
devices, the Vpg, values for the control, CP-, and CQ-based
devices were 0.41, 0.20, and 0.15 V, resulting in N; values of
2.45 x 10" em ™3, 1.20 x 10" em 3, and 0.90 x 10" cm 3,

This journal is © The Royal Society of Chemistry 2025
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respectively (Table S14, ESIT). These results confirm a reduction
in trap density induced by the solid additives, consistent with
the recombination studies mentioned earlier.

Transient photocurrent/photovoltage (TPC/TPV) decay
curves were analyzed to investigate the behavior of charge
carriers within the devices. TPC and TPV measurements were
conducted under short-circuit and open-circuit conditions,
respectively.”® Fig. 6h reveals that photocurrent decay times,
extracted from TPC, were 7.8 us, 5.2 ps, and 1.2 ps for the
control, CP-, and CQ-treated devices, respectively. The photo-
voltage decay time extracted from TPV (Fig. 6i) was 3.3 ps for
the control device, but increased to 5.9 pus and 9.5 ps after
treatment with CP and CQ, respectively. These results confirm
the reduced recombination and improved charge extraction,
especially in the case of CQ.

2.6. Stability evaluation

Finally, we compared the storage and thermal stabilities of the
control, CP-, and CQ-treated devices. The storage stability test
was conducted at 25 °C under 10% relative humidity without
encapsulation, with the devices periodically exposed to simu-
lated light for J-V testing. As depicted in Fig. 7a, the CP- and
CQ-treated devices exhibited over 91.5% and 96.7% retention of
their initial PCE values during 1608 hours, while the control
device retained only 86.8%. Notably, the degradation in perfor-
mance is primarily attributed to decreased FF, reflecting
the decomposition of the perovskite crystals. We assessed the

View Article Online
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thermal stability of the devices at 85 °C in a nitrogen atmo-
sphere. To exclude the influence of thermally unstable spiro-
OMEeTAD, the hole-transporting layer was replaced with PBDB-
T-2F. Compared to a significant PCE degradation of 73.2%
observed in the control device after continuous thermal stress
for over 256 hours, the CP- and CQ-treated devices demon-
strated excellent PCE retentions of 88.2% and 92.8% for over
312 hours, respectively, as depicted in Fig. 7b. Furthermore, we
evaluated the operational stability of the encapsulated control
and CQ-treated devices by maximum power point tracking
(MPPT) under 1 sun illumination under ambient conditions
(ISOS-L-1 protocol: temperature of 25 °C, ambient condition,
Fig. 7c). The CQ-treated device maintained 90.1% of its
initial PCE after 1000 h of MPPT, whereas the control device
degraded to 80.8% of its original PCE after 500 h (Fig. S47 and
Table S15, ESIT).

Additionally, the stability under combined heat and humid-
ity stress was evaluated using the more rigorous ISOS-L-3
protocol, which involves MPPT at a temperature of 65 °C and
a relative humidity of 50%. As shown in Fig. 5d, the CQ-treated
device exhibits enhanced endurance against heat and humid-
ity, maintaining 91.8% of its original PCE after 250 h, on the
other hand, the control device degraded to 81.3% after 250 h.
These improved stabilities can be attributed to the high-quality
perovskite films with preferred orientation, as demonstrated
previously, which provide a robust barrier against heat and
light soaking conditions.
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Fig. 7 Stability evaluation. (a) Storage stability of the control, CP-, and CQ-treated PSCs stored in a dry cabinet (~25 °C, RH of ~10%). (b) Thermal
stability test of the control, CP-, and CQ-treated PSCs (~ 85 °C, N,-filled glovebox). MPPT testing for the control and CQ-treated PSCs using (c) ISOS-L-1
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3. Conclusions

In summary, we introduced nature-sourced volatile solid addi-
tives, namely, CP and CQ, into PSCs to enhance their photo-
voltaic performance and stability. Through a comprehensive
analysis using various characterization techniques, we
observed distinct behaviors in the presence of these additives
during the fabrication of PSCs via a two-stage thermal-
annealing process. CP demonstrated complete volatilization
during the first thermal-annealing step, resulting in the for-
mation of a denser PbI, film. In contrast, CQ exhibited a
stepwise-volatilization mechanism due to its stronger Lewis
base-acid interaction with perovskite, facilitated by its biden-
tate coordination capability. This unique behavior resulted in
high-quality FA-based perovskite crystallinity characterized by
large-grained perovskite structures and a highly preferred crys-
tallite orientation. As a result, the treatment with these solid
additives significantly improved the efficiency and stability of
PSCs compared to the control devices, with CQ treatment being
particularly notable. It achieved an impressive PCE of 25.00%
with a certified PCE of 24.89% and demonstrated excellent PCE
retentions of 90.1% after 1000 hours under MPPT conditions.
This study reports a pioneering advancement in enhancing
PSCs using nature-sourced solid additives, furthering the eco-
friendly processability of PSCs. This approach shows promise
for enhancing other perovskite-based optoelectronic devices
as well.
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