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Precise Control of Lead Halide and Ammonium Salt
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The precise stoichiometric ratio of lead halide and organic ammonium salts is
a fundamental yet unresolved scientific challenge in perovskite solar cells
(PSCs). Conventional deposition techniques fail to establish a definitive
structure-performance relationship due to limitations in quantitative control,
leading to inconsistent film quality and ambiguous reaction pathways. In this
work, a precise quantitative deposition approach using drop-on-demand
inkjet printing to systematically investigate the impact of organic salt
deposition surface density on PSC performance is developed. The findings
reveal that the deposition amount significantly affects the morphology,
composition, and crystallinity of the perovskite films, influencing the overall
device performance. Low deposition surface densities below 22 ug cm=2
produce thin perovskite films with incomplete crystallization and small
crystals, hindering charge carrier transport and separation. Conversely, a high
deposition density (89 pg cm=?) results in over-reaction between the organic
salt and Pbl,, leading to low-quality perovskite films with pinholes, cracks,
and poor interfacial contact. At the optimal deposition density of 39 pg cm=2,

achieved remarkable progress. During this
brief period, their energy conversion effi-
ciency has surged from an initial 3.8%!"! to
an impressive 26.7%.!2 This rapid advance-
ment is attributed to the myriad advantages
of perovskite materials, which include tun-
able band gaps,>~! exceptionally long car-
rier lifetimes, [ adjustable composition,”*#!
and high light absorption coefficients.[*1!
Despite this progress, the precise control
over the stoichiometric ratio of lead halide
and organic ammonium salts remains a
critical scientific challenge, as it signifi-
cantly influences the crystallinity, defect
density, and interfacial properties of the re-
sulting perovskite films.

The two-step method has been widely
applied for fabricating n-i-p PSCs owing to
its ability to prepare perovskite films with
enhanced uniformity and crystallinity.'1-13]

it achieves high-quality perovskite films with large grains, reduced defects,
and improved energy level alignment, resulting in a champion efficiency of

23.3% and improved environmental stability for the devices.

1. Introduction

As a cutting-edge photoelectric material, organic—inorganic hy-
brid lead halide perovskites have garnered significant attention
in the photovoltaic community, quickly becoming a focal point of
research. Over the past decade, perovskite solar cells (PSCs) have
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The two-step spin coating technique is
extensively employed in laboratory re-
search due to its simplicity and high
throughput screening.['* Initially, a lead
halide precursor solution is spin-coated
onto a cleaned substrate and subsequently annealed to form a
uniform lead halide layer. Following this, an organic halide pre-
cursor solution is spin-coated onto the lead halide layer, and the
film is subjected to a final annealing step to induce the formation
of the perovskite phase, leading to the final perovskite film. The
final device performance strongly depends on the quality of the
perovskite film prepared by the two-step method, which is influ-
enced by the perovskite crystallinity,**! composition,!*! residual
lead iodide (PbI,) amount and distribution,['”) and defects of the
perovskite film.[18]

Overall, the two-step spin coating method is particularly suit-
able for the rapid preparation of small-area samples. Neverthe-
less, the spin coating method faces significant challenges in pro-
ducing large-area perovskite films, particularly in maintaining
uniformity and consistent thickness.[?) Additionally, the material
utilization rate is notably low, with substantial losses occurring
during spinning, limiting its broader application in commercial
settings.2021] At the same time, achieving precise quantitative
deposition with spin coating remains a significant challenge,
complicating researchers’ ability to establish a definitive corre-
lation between deposition parameters and device performance.
In stark contrast, inkjet printing technology offers a mask-free,
non-contact coating approach that affords exact control over
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material deposition and the formation of intricate patterns.[22-24]

Utilizing a computer-controlled printhead, drop-on-demand
inkjet printing can accurately deposit perovskite inks onto
the substrate surface, providing quantitative ink deposi-
tion and versatility in print shape,??°! thickness,?’] and
film composition.[?®] Inkjet printing offers significant cost-
effectiveness for large-scale PSCs manufacturing by enabling
precise, drop-on-demand deposition, and minimizing material
waste.[??30] Its compatibility with roll-to-roll processing and
existing industrial infrastructure enhances scalability, while
optimized ink formulations ensure uniform film quality. The
inkjet printing technique also faces challenges such as ink
compatibility, nozzle clogging, and stable droplet formation.*l
Incompatible inks can lead to inconsistent deposition while
nozzle clogging can disrupt the printing process. Additionally,
uniform droplet coalescence is crucial for consistent film quality.
Thus, it’s essential to optimize ink formulations by adjusting the
rheological properties to ensure compatibility with the printing
system. The printing parameters such as printing frequency,
applied voltage, and waveform should be optimized. Although
specialized equipment and tailored inks require initial invest-
ment, the long-term benefits of reduced material costs and
high-throughput production outweigh these challenges.

Inkjet printing technology has received considerable attention
in the field of PSCs.32737] Li et al. demonstrated the use of inkjet-
printed PbI, ink on a mesoporous TiO, layer to achieve high-
performance PSCs. A uniform ink layer was obtained by pre-
cisely controlling the droplet spacing in both the x and y di-
rections. The mesoporous structure of the TiO, layer facilitated
the complete coalescence of the Pbl, ink, which minimized ran-
dom diffusion and resulted in a uniform film. This methodol-
ogy enabled the production of high-quality perovskite films fol-
lowing the MALI vapor reaction. As a result, PSCs with small
(0.04 cm?) and large (2.02 cm?) areas achieved champion PCEs
of 18.64% and 17.74%, respectively.®®] Meanwhile, researchers
have also utilized the advantage of quantitative deposition from
inkjet printing for high-performance PSC fabrication, which can
be achieved by controlling the deposited single droplet volume
and the total droplet number.?*#% Xu et al.l?®] introduced an
advanced high-throughput technique for the automated fabri-
cation of perovskite films with diverse compositions and ex-
ceptional reproducibility through employing a drop-on-demand
inkjet printing approach. This method utilizes precise control
over the quantitative deposition of four distinct precursor inks
(FAPDI,, FAPbBr,;, MAPDI;, and MAPDBr;) by regulating the vol-
ume and quantity of ejected droplets, as well as the sequencing
of precursor application. This approach enabled the rapid syn-
thesis of 25 unique perovskite film compositions, facilitating ex-
pedited screening for optimal perovskite formulations for photo-
voltaic applications. Eggers et al. demonstrated the fabrication of
high-quality triple-cation perovskite films using drop-on-demand
inkjet printing. The film thickness could be precisely controlled
by adjusting the drop spacing during printing. At an optimal
thickness of 1.5 um, the perovskite films exhibited a columnar
crystal structure and enhanced charge carrier lifetime, result-
ing in a champion device power conversion efficiency (PCE) of
21.6%.27] Recently, Wei et al. developed a quantitative deposition
technique utilizing drop-on-demand inkjet printing to explore
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the impact of 2-adamantylamine hydrochloride (2-ADAHCI) de-
position amount on the PSC performance. By optimizing the de-
position to a surface density of 2.5 ug cm~2, they effectively min-
imized perovskite surface defects and enhanced interfacial con-
tact at the perovskite/hole transportlayer (HTL) interface, and the
optimized devices attained a champion PCE of 24.57%./*!] These
results underscore the benefits of using quantitative deposition
through drop-on-demand inkjet printing. This technique can be
further employed to explore the correlation between the amount
of organic salt deposited and the properties of devices in two-step
prepared PSCs.

The amount of organic salt deposited in the two-step method
for preparing PSCs significantly influences the crystallinity of the
perovskite, the amount of residual Pbl,, the presence of trap de-
fects, and the thickness of the perovskite film. A low organic salt
deposition amount results in small perovskite grains and a signif-
icant presence of unreacted Pbl,, leading to a thin perovskite film
with incomplete light absorption. Increasing the organic salt de-
position amount improves perovskite crystallinity and film thick-
ness while reducing residual Pbl, content. However, excessive
organic salt deposition may lead to an overly thick perovskite
film, introducing more defects, grain boundaries, and structural
inhomogeneities, ultimately deteriorating device performance.
Therefore, precise control of organic salt deposition is essential
to achieving a high-quality perovskite film with optimized resid-
ual Pbl, content and film thickness, minimizing defects, and en-
hancing both efficiency and stability. In this study, we concen-
trated on the fabrication of high-quality perovskite films by vary-
ing the deposition surface density of the organic salt solution
through drop-on-demand inkjet printing, which can be tuned
by adjusting the printed spacing between two adjacent droplets
(drop spacing). We systematically analyzed the morphology, com-
position, and crystallinity of the perovskite films prepared with a
range of organic salt surface densities from 10 to 89 pg cm™2.
The results revealed that the organic salt deposition surface den-
sity significantly influenced the quality of the perovskite films. At
surface densities below 22 ug cm=2, the perovskite films were not
fully crystallized due to insufficient organic salt deposition, re-
sulting in thin films with small perovskite crystals and excessive
residual Pbl,, which adversely affected device performance. Con-
versely, at an excessive surface density of 89 pg cm~2, while large
perovskite grains with minimal residual Pbl, were observed, the
films exhibited large pinholes at grain boundaries and separa-
tion at the perovskite/electron transport layer (ETL) interface.
Additionally, substantial defects and significant energy level mis-
matches at the perovskite/HTL interface were present, leading to
poor device performance. Optimal results were achieved at a sur-
face density of 39 ug cm™2, where high-quality perovskite films
with large grains and appropriate residual Pbl, were obtained.
These films demonstrated prolonged charge carrier lifetimes, re-
duced defects, and improved energy level alignment at the per-
ovskite/HTL interface. Consequently, devices prepared with this
optimal organic salt surface density achieved a champion PCE of
23.3%, which is the highest efficiency reported for devices fabri-
cated using the inkjet printing method. Additionally, the PSCs re-
tained over 89% of the initial efficiency after over 2000 h storage
under 20% relative humidity in ambient air, showing excellent
long-term environmental stability.
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2. Result and Discussion

Compared with spin coating, the inkjet printing method can
achieve precise and quantitative deposition of the organic salt so-
lution, which can be applied to investigate the relation between
organic salt deposition amount and the device properties. In the
process of inkjet printing, a waveform is applied to the piezoelec-
tric actuator of the nozzle to regularly eject the ink droplets to
achieve stable output.!??] For quantitative and uniform deposition
of the organic salt solution, stable droplet ejection from the noz-
zle is crucial, along with the formation of a uniform film that mit-
igates the “coffee ring” effect after deposition. In spin coating, iso-
propanol (IPA) is commonly used to dissolve the organic ammo-
nium salts for perovskite film preparation. However, due to IPA’s
low boiling point and high volatility, IPA-only inks can cause noz-
zle clogging during inkjet printing. In this work, a dual-solvent
system consisting of n-butanol (n-BuOH) and IPA was employed
for printing, with the concentration of the organic salt ink fixed
at59.3 mg mL~! (with the FAI concentration representing the or-
ganic salt concentration). This dual-solvent approach effectively
prevents nozzle clogging during printing. Additionally, the com-
bination of n-BuOH and IPA, with their differing boiling points
and surface tensions, induces Marangoni flow, which helps sup-
press the “coffee ring” effect in the printed films.[*!#2] At a vol-
ume ratio of 1:1, stable droplet ejection was achieved (Figure S1a,
Supporting Information). The drop printability of the ink can be
evaluated by the inverse (Z) of the Ohnesorge number (Oh):[22!

vWe n

W (1)

Oh = =
Re  (ypa

Z=1/Oh 2

where 7, v, p, and a are the dynamic viscosity, surface tension,
density of the ink, and the nozzle diameter, respectively. The cal-
culated Z number is 7.06 (Table S1, Supporting Information)
from Equations (1) and (2), which is among the printable range
of 4 < Z < 14 from the literature.l*3]

Meanwhile, the resulting perovskite films were uniform with
a minimized “coffee ring” effect (Figure S1b, Supporting Infor-
mation).

The process of quantitative control of organic ammonium salt
deposition by inkjet printing is briefly described in Figure 1a.
Pbl, was first spin-coated onto the SnO, layer, followed by an-
nealing at 70 °C. Next, the organic ammonium salt ink was inkjet-
printed onto the Pbl, layer at different deposition amounts. Once
deposited onto the Pbl, layer, the ink droplets, coalesced un-
der the influence of gravity and surface tension, and ultimately
merged into a liquid film. The as-prepared perovskite film was
then annealed at 150 °C for 15 min for full crystallization. The
average single droplet volume from the dual-solvent ink was cal-
culated to be 1.5 pL. With the organic salt ink concentration fixed,
the deposition surface density of organic salt is controlled by the
number of droplets deposited per unit area, which is adjusted by
modifying the printing drop spacing. In the subsequent experi-
ments, drop spacings of 30, 25, 20, 15, and 10 ym were employed
to regulate the surface density of organic salt deposition on the
perovskite film. The corresponding surface densities were calcu-
lated as 10, 14, 22, 39, and 89 ug cm~2 (Table S2, Supporting In-
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formation), based on the droplet volume, ink concentration, and
the number of droplets deposited per unit area.

To examine the morphological and structural changes in the
perovskite films, scanning electron microscopy (SEM) was per-
formed on films with varying organic salt deposition surface den-
sities. As depicted in the top-view SEM images (Figure 1b-d;
Figure S2, Supporting Information), the surface morphology of
the films changed significantly with different deposition surface
densities. For the Pbl, template annealed at 70 °C, a porous struc-
ture with slight surface undulations was observed. At such a low
annealing temperature, a Pbl,-DMSO intermediate adduct phase
was formed, as reported in the literature.[***3] This intermediate
adduct, with its porous structure, facilitates the infiltration of or-
ganic salt solutions, promoting the formation of high-quality per-
ovskite films.[“¢#7] Since the final perovskite film requires anneal-
ing at 150 °C, a top-view SEM image of the PbI, layer annealed
at 150 °C was also obtained for comparison. At this higher tem-
perature, a dense film with significant surface fluctuations was
observed, indicating the evaporation of DMSO and DMF, which
hindered the intermolecular exchange between Pbl, and the or-
ganic salt, adversely affecting the formation of high-quality per-
ovskite films.[*>8] At a low organic salt deposition surface density
of 10 ug cm=2 (Figure S2¢, Supporting Information), small per-
ovskite and Pbl, grains were observed. These crystals were un-
evenly distributed across the surface, leading to significant sur-
face fluctuations in the perovskite film. This can be attributed
to an insufficient amount of organic salt to react with the PbI,
template. Since drop spacing was used to adjust the deposition
surface density, the distance between adjacent droplets became
relatively large at lower deposition surface densities. Nucleation
began once the organic salt droplets were deposited onto the
PbI, template. However, at such low deposition surface densities,
the perovskite nuclei lacked sufficient organic salt for continued
growth, leading to the formation of small perovskite grains. As
the deposition surface density of the organic salt ink increased
to 14, 22, and 39 pug cm~2, the perovskite grains grew signifi-
cantly, while the residual Pbl, decreased substantially. It is re-
ported that an appropriate amount of residual Pbl, could re-
duce defects and suppress nonradiative recombination of the per-
ovskite films, while excess residual Pbl, could lead to hysteresis
of the devices and influence long-term stability.***% Additionally,
with the increasing deposition surface density, the perovskite and
Pbl, grains became more aligned within the same plane. Further
increasing the organic salt deposition amount to 89 pg cm=2 re-
sulted in larger perovskite grains and even lower residual PbI,.
The perovskite grain size increased with higher organic salt de-
position amounts (Figure S3, Supporting Information), suggest-
ing that enhanced organic salt deposition promoted perovskite
crystallinity. This grain growth may be attributed to the Ostwald
ripening process occurring at high deposition surface densities.
However, large pinholes were observed at the grain boundaries
of the perovskite crystals at the organic salt deposition amount of
89 ug cm~2, which could severely deteriorate the efficiency and
long-term stability of the PSCs.>1%2]

To further examine the structure and thickness of the per-
ovskite films, cross-sectional SEM images of the PSCs were ob-
tained, as shown in Figure le-g and Figure S4 (Supporting In-
formation). At an annealing temperature of 70 °C, a relatively
flat and porous Pbl, structure was observed, which aligns well
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Figure 1. a) Schematic illustration of quantitative deposition of the organic salt solution by inkjet printing and the corresponding perovskite films at
different deposition surface densities. b—d) Top-view SEM images of the perovskite films. The perovskite grain size increased while residual Pbl, content
decreased when increasing the deposition surface density. e-g) Cross-sectional SEM images of the perovskite films.

with the top-view SEM results. After depositing the organic salt
ink at various surface densities and annealing at 150 °C, per-
ovskite films with different morphologies were formed. At or-
ganic salt deposition surface densities of 10 and 14 pg cm™2, the
films were primarily composed of Pbl, and exhibited significant
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non-uniformity. As the surface density increased to 22 pg cm=2,

columnar perovskite grains began to form. However, large Pbl,
clusters were still present. At a surface density of 39 ug cm=2, a
uniform perovskite film with large columnar grains was formed,
and this perovskite film exhibited compact contact with both the
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ETL and HTL layers. With a further increase in surface density
to 89 ug cm2, large cracks were observed across the perovskite
film and at the perovskite/ETL interface. This was possibly due
to the over-reaction between the organic salt solution and PbI, at
an excess organic salt deposition surface density, which resulted
in cracks through the perovskite film and separation at the per-
ovskite/ETL interface. These cracks indicated that an excessive
amount of organic salt can significantly degrade the quality of
the perovskite films, adversely affecting charge carrier transport
in the PSCs.

The average thickness of the perovskite layers at various or-
ganic salt deposition surface densities, along with the thickness
of the Pbl, layer annealed at 70 °C, is shown in Figure S5 (Sup-
porting Information). The average perovskite film thickness in-
creased from 392 to 734 nm as the organic salt deposition sur-
face density increased from 10 to 89 pg cm~2. Interestingly, a de-
crease in film thickness was observed between the Pbl, layer at
70 °C and the perovskite film at a deposition surface density of
10 pg cm~2. To further investigate this thickness reduction, the
cross-sectional SEM image for the Pbl, layer annealed at 150 °C
was carried out (Figure S4b, Supporting Information). Unlike the
porous structure of the Pbl, layer annealed at 70 °C, the layer
annealed at 150 °C displayed a dense structure with significant
thickness variation (ranging from 212 to 505 nm), consistent with
the rough surface from the top-view SEM image. As the film at
the deposition surface density of 10 pg cm=2 was primarily com-
posed of Pbl,, we concluded that the evaporation of DMF and
DMSO, combined with the formation of a dense perovskite and
PbI, structure during annealing at 150 °C, contributed to the re-
duction in film thickness at a lower organic salt deposition sur-
face density.

Atomic force microscopy (AFM) measurements were con-
ducted to further elucidate the relationship between the organic
salt deposition surface density and the surface roughness of the
perovskite film, as shown in Figure S6 (Supporting Information),
with the roughness values summarized in Table S3 (Supporting
Information). The Pbl, layer annealed at 70 °C exhibited a rel-
atively smooth surface with a roughness of 11.3 nm, while the
roughness of the Pbl, layer annealed at 150 °C increased ex-
tensively to 70.3 nm, consistent with the SEM results. At a low
organic salt deposition surface density of 10 pg cm™2, the per-
ovskite film showed an increased surface roughness of 36.7 nm
compared to the PbI, layer annealed at 70 °C, which was at-
tributed to the formation of small perovskite and PbI, grains. As
the deposition surface density increased to 14 and 22 pg cm™2, the
roughness of the perovskite films decreased substantially to 31.8
and 14.8 nm, respectively. At the surface density of 39 ug cm=2,
the perovskite film exhibited the lowest roughness of 12.8 nm.
Moreover, further increasing the organic salt deposition amount
to 89 ug cm™ led to a significant rise in surface roughness
(40.2 nm), which was due to the formation of large pinholes at the
perovskite grain boundaries. We summarized the structure and
composition of perovskite films at various organic salt deposition
surface densities in Figure 1a. A low organic salt deposition sur-
face density (below 22 pg cm=2) resulted in the formation of a thin
perovskite film with small grains and substantial residual PbI,.
An optimal deposition surface density (39 pg cm™2) produced a
perovskite film with large perovskite grains, moderate residual
Pbl,, and appropriate film thickness. In contrast, an excess de-
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position surface density (89 pg cm™2) led to an overly thick per-
ovskite film with large perovskite grains, low residual Pbl,, but
also large pinholes at the grain boundaries and cracks through
the perovskite.

X-ray diffraction (XRD) measurements were performed to ex-
amine the crystallinity and phase variations of the perovskite
films at different organic salt deposition surface densities. As de-
picted in Figure 2a, the peak located at 12.70° corresponds to
Pbl,, with significantly higher intensity for the PbI, layer an-
nealed at 150 °C compared to 70 °C. This confirms the forma-
tion of a Pbl,-DMSO adduct and incomplete crystallization of
PbI, at 70 °C. At a deposition surface density of 10 pg cm~2,
a small peak at 14.04°, corresponding to the a-perovskite (100)
plane, was observed, with a high PbI,/a-perovskite (100) peak
intensity ratio of 13.8 (Table S4, Supporting Information). This
further confirms that Pbl, is the dominant component at low de-
position densities. As the surface density increased from 10 to
22 ug cm~2, the a-perovskite peak intensity gradually increased,
and the peak intensity ratio between Pbl, and a-perovskite (100)
plane decreased significantly. At deposition surface densities of
39 and 89 ug cm~2, the a-perovskite peaks were significantly en-
hanced, while the Pbl, peaks dramatically diminished, indicat-
ing a marked improvement in the crystallinity of the perovskite
films at these higher deposition densities. Meanwhile, the per-
ovskite film at 89 pg cm=2 exhibited an enlarged peak at 31.4°,
corresponding to the (211) plane of a-perovskite.>3] This sug-
gested that the orientation of the perovskite was not uniform at
this high deposition surface density, which could hinder charge
carrier transport.l**] Additionally, two small peaks at 6.5° and 8.8°
were observed in the perovskite film at 89 ug cm~2. This was pos-
sibly due to the presence of guanidinium ions in the formulation,
which may lead to the formation of 2D alternating cation (ACI)
perovskites at a high organic salt deposition surface density.[>>5¢]

Steady-state photoluminescence (PL) measurements were
conducted to assess the quality of perovskite films at varying or-
ganic salt deposition surface densities, as shown in Figure 2b. A
slight increase in PL peak intensity was observed as the surface
density increased from 10 to 14 pg cm~2. The highest PL inten-
sity was observed at 39 ug cm~2, followed by the film treated with
22 ug cm™ of organic salt. However, further increasing the depo-
sition surface density to 89 ug cm~ led to a significant decrease in
PL intensity, reaching the lowest value among the five tested gra-
dients. Based on the above analyses, at low organic salt deposition
surface densities (10, 14, and 22 pg cm™2), the perovskite films
were thin, contained excess residual Pbl,, and were not fully crys-
tallized, resulting in lower PL intensities. In contrast, at a high
deposition surface density of 89 ug cm=2, significant increases
in defect density, grain boundaries, and pinholes occurred, pro-
moting substantial non-radiative recombination. Meanwhile, the
presence of ultra-large perovskite grains with cracks, along with
non-uniform crystal orientation, limited carrier transport in the
thick perovskite film. These factors collectively led to a noticeable
reduction in PL intensity. The optimal deposition surface den-
sity of 39 pg cm~2 produced a high-quality perovskite film with
enhanced crystallinity and fewer defects, resulting in the high-
est PL peak intensity. Additionally, a red shift in the PL peaks
was observed with increasing organic salt deposition surface den-
sity, possibly attributed to the significant increase in film thick-
ness at higher deposition surface densities.*’*8 PL mapping re-
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Figure 2. a) XRD patterns of the perovskite films at various organic salt deposition surface densities. b) Steady-state PL analysis of the perovskite films
on glass substrates. c) Time-resolved PL decay curves of the perovskite films on glass substrates. d) Schematic illustration of the energy-level alignment
of the perovskite films at different organic salt deposition surface densities along with Spiro-OMeTAD. PVK represents perovskite.

sults (Figure S7, Supporting Information) further confirmed that
a uniform and high-quality perovskite film was achieved at a de-
position surface density of 39 ug cm=2. In contrast, films with
deposition surface densities of 10, 14, and 22 ug cm~2 exhibited
non-uniformity with visible stripe patterns and reduced photolu-
minescence. This was due to insufficient organic salt deposition
onto the Pbl, template, which impeded the formation of a uni-
form perovskite film. At an excessive deposition surface density
of 89 ug cm=2, a non-uniform perovskite film with significantly
lower photoluminescence was observed, consistent with the pre-
vious PL results.

Time-resolved photoluminescence (TRPL) spectra were em-
ployed to investigate the charge recombination behavior of per-
ovskite films at various organic salt deposition surface densities,
as shown in Figure 2c. The decay curves were fitted with a bi-
exponential function, and the corresponding parameters are pro-
vided in Table S5 (Supporting Information). An improvement in
charge carrier lifetime was observed as the deposition surface
density increased from 10 pg cm™2 (r,,, = 225 ns) to 39 pg cm >
(Taye = 729 ns), while a significant reduction in carrier lifetime
was recorded at an excess deposition surface density of 89 g
cm™? (t,,. = 147 ns). These findings further confirm that a high-
quality perovskite film with markedly suppressed non-radiative
recombination was achieved at the optimal organic salt deposi-
tion surface density of 39 ug cm=2. UV-vis absorption measure-
ments were also conducted to assess the absorption behavior of
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the perovskite films across the various deposition surface densi-
ties (Figure S8a, Supporting Information). The absorption spec-
tra revealed that increasing the organic salt deposition surface
density resulted in enhanced absorption, which can be attributed
to the formation of thicker films with larger perovskite grain sizes
as the deposition surface density increased. Optical bandgap (Eg)
values, calculated from Tauc plots (Figure S8b, Supporting In-
formation), showed a decrease from 1.580 eV at 10 ug cm™2 to
1.545 eV at 89 pg cm~2. This reduction in Eg was possibly at-
tributed to the dramatic increase in film thickness when increas-
ing deposition surface density.l*”]

To investigate the energy level of the perovskite films, UV pho-
toelectron spectroscopy (UPS) was performed for films with or-
ganic salt deposition surface densities of 22, 39, and 89 pg cm—2
(Figure S9, Supporting Information), with the corresponding
energy-level diagrams shown in Figure 2d. A slight downshift
of the valence band maximum (VBM) was observed as the de-
position surface density increased from 22 pg cm=2 (—5.62 eV)
to 39 pg cm™? (—5.64 eV), while a more pronounced shift to
—5.74 eV occurred for the film with at 89 ug cm™. The closer
alignment of the VBM to the Spiro-OMeTAD HOMO energy level
at low and moderate organic salt deposition densities suggested
reduced energetic mismatch at the perovskite/HTL interface. In
contrast, the substantial VBM downshift at the highest deposition
density indicated a significant energetic mismatch, which could
impair charge carrier transport and adversely affect the device’s

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. Characterization of the devices at different organic salt deposition surface densities. a) J-V curves of the devices in the dark condition. b)
Mott—Schottky analysis at T kHz. c) Nyquist plots of the electrochemical impedance spectroscopy of the devices at a bias of 1.0 V under dark conditions.
The inset showed the equivalent circuit. d) Transient photovoltage decay curves. e) SCLC results of the hole-only devices. f) EQEg, as a function of

current density at electroluminescence.

efficiency.>%! Based on the film characterizations, we conclude
that organic salt deposition surface densities below 22 ug cm=2
yields thin, low-quality perovskite films with incomplete crystal-
lization and excess Pbl,. Conversely, a deposition surface density
of 89 ug cm=? results in poor-quality films with non-uniform per-
ovskite orientation, large pinholes at grain boundaries, interfacial
separations at the perovskite/ETL interface, and severe energetic
mismatch at the perovskite/HTL interface. At an optimal deposi-
tion surface density of 39 ug cm~2, high-quality perovskite films
are obtained, featuring large grains, appropriate residual PbI, for
defects passivation, and improved energy level alignment at the
perovskite/HTL interface.

To study the performance of devices at various organic salt de-
position surface densities, we conducted a series of device char-
acterizations. Based on the previous perovskite film characteriza-
tion results, three groups of devices with deposition surface den-
sities of 22, 39, and 89 pg cm~2 were tested. Figure 3a illustrates
the dark current analysis of devices prepared with these different
organic salt deposition surface densities. A notable reduction in
dark current density at 0 V was observed for the device prepared
with 39 pg cm~2 organic salts compared to that with 89 pg cm™2,
indicating effective suppression of leakage current.[®!) The Mott—
Schottky analysis (Figure 3b) revealed varying built-in potential
(Vi) values for each group. The V,; values were found to be
0.954, 0.979, and 0.936 V for devices prepared with 22, 39, and
89 ug cm™ of organic salt, respectively. The higher V,; value
in the 39 pg cm™ organic salt-prepared devices indicated en-
hanced photogenerated carrier separation and transport, which
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could contribute to an improved open-circuit voltage (Vi ).l%!

Figure 3c presents the Nyquist plots derived from the electro-
chemical impedance spectroscopy (EIS) tests. The charge recom-
bination resistance (R,..), extracted using the inset equivalent cir-
cuit, was measured to be 3533, 8858, and 1190 Q for devices pre-
pared with 22, 39, and 89 pg cm™ of organic salt, respectively.
These results indicated that the device prepared with 39 ug cm=2
of organic salt demonstrated the highest carrier separation ca-
pability, while the device with 89 pug cm=2 of organic salt showed
the lowest. To further examine the carrier recombination dynam-
ics, transient photovoltage measurements were conducted on de-
vices with varying organic salt deposition surface densities. As
shown in Figure 3d, the device prepared with 39 pg cm=2 of or-
ganic salt exhibited the longest V,, decay lifetime, indicating su-
perior suppression of recombination and enhanced charge sepa-
ration. To evaluate the defect states of the perovskite films, space
charge limited current (SCLC) measurements were performed
through the hole-only devices with the structure of FTO/PEDOT:
PSS/perovskite/Spiro-OMeTAD/Ag. As shown in Figure 3e, the
trap-filled limit voltage (Vi) was significantly lower for the de-
vices prepared with 39 pg cm™? of organic salt (0.158 V) com-
pared to those with other deposition surface densities (0.172 V
for 22 pg cm= and 0.413 V for 89 pg cm=2). The trap state den-
sity of the perovskite films can then be evaluated by Vg and the
following equation:

— €08, VL
N

©)
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where ¢, €,, ¢, and L are the vacuum permittivity, relative per-
mittivity of the material, elementary charge, and the thickness
of the perovskite film, respectively. The trap state densities were
calculated to be 2.05 x 10%, 1.29 x 10", and 2.21 x 10" cm™
for the films prepared with 22, 39, and 89 pg cm=2 organic salts,
respectively. To investigate the surface Pb/I ratio and defects
of the perovskite films, X-ray photoelectron spectroscopy (XPS)
was performed at various organic salt deposition surface den-
sities (Figures S10 and S11, Supporting Information). The Pb:
I elemental ratios for the perovskite films were 1:2.85, 1:3.03,
and 1:3.10 at surface densities of 22, 39, and 89 pg cm™?, re-
spectively. This trend indicated that as the organic salt deposi-
tion surface density increased, the film surface composition ap-
proached the ideal Pb/I ratio of 1:3 of the perovskite structure.
The small peaks in the Pb XPS spectra were identified as metallic
Pb (Pb°) peaks.[®*] The integral area ratio of Pb?/(Pb° + Pb**) de-
creased from 6.09% at 22 ug cm= to 5.85% and 5.83% at 39 and
89 pg cm™2, respectively. This suggested that Pb® defects were
significantly suppressed when the deposition surface density in-
creased from 22 to 39 ug cm™2, but a further increase in the sur-
face density to 89 pg cm~2 had little additional effect on the sup-
pression of Pb® defects. Additionally, the 1 3d peaks shifted to
lower binding energy values with increasing deposition surface
densities, indicating a possible reduction in iodine vacancies.!%
The Pb 4fpeaks, on the other hand, shifted to higher binding en-
ergies, suggesting an increase in defects associated with under-
coordinated Pb?* as the deposition surface density increased.!®!
Overall, the analysis revealed that different types of defects dom-
inated the perovskite surface at different organic salt deposition
surface densities, with the perovskite film at 39 pg cm~2 showing
the lowest trap state density.

To further assess non-radiative recombination in the de-
vices, external quantum efficiency (EQE) of electroluminescence
(EQEy,) tests were conducted for devices with different organic
salt deposition surface densities. As shown in Figure 3f, the de-
vice prepared with 39 ug cm=2 of organic salt yielded the high-
est EQE, value (7.58%) at an injection current density equal to
the short-circuit current density (Jsc) under 1 sun illumination
(Table S6, Supporting Information), significantly outperforming
devices prepared with 22 pg cm=2 (2.97%) and 89 ug cm=2 (0.97%)
of organic salt. The V. loss of PSCs can be calculated using the
following equation:

k,T
AVoc = AVocra + AV, 4 =AVocrna + B? InEQEy  (4)

C,nonra

Using the measured EQEp; values and the corresponding
equation, the non-radiative recombination induced AV, was
estimated to be only 66.79 mV for the device prepared with
39 pug cm~? of organic salt. In contrast, devices with insufficient
or excess organic salt deposition surface densities exhibited sig-
nificantly higher AV, values, at 91.04 mV (22 pg cm™2) and
120.20 mV (89 pg cm™2), due to increased non-radiative recom-
bination. These findings suggested that trap-assisted recombi-
nation was substantially minimized at the optimal organic salt
deposition surface density of 39 pg cm=2, contributing to a sig-
nificant improvement in V.. Conversely, devices with insuffi-
cient or excess organic salt deposition suffered from more defect-
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assisted recombination, correlating with the poor quality of the
perovskite films.

To evaluate the performance and reproducibility of the de-
vices at different organic salt deposition surface densities, PSCs
with the structure of FTO/SnO, /Perovskite/Spiro-OMeTAD/Ag
were fabricated, as depicted in Figure 4a. The statistics data for
Jsc» Voe, fill factor (FF), and PCE of the devices are presented
in Figure S12 (Supporting Information). The devices fabricated
with 89 pug cm™2 organic salts showed the lowest [y, V¢, and FF
values, which can be attributed to large pinholes at the perovskite
grain boundaries, along with cracks through the perovskite film
and at the perovskite/ETL interface, leading to inefficient charge
carrier transport and increased film defects. In contrast, the de-
vices prepared with 22 pg ecm= organic salt showed improved
Jsc» Voo, and FF values, but these values did not reach their op-
timum due to excess Pbl,, insufficient perovskite content and
crystallization, and thinner films at lower deposition surface den-
sities. At the optimal organic salt deposition surface density of
39 ug cm~2, a significant improvement in V. was observed, cor-
responding with reduced non-radiative recombination as previ-
ously discussed. The enhanced J in these devices indicated that
a high-quality perovskite film with optimal thickness and effi-
cient charge separation and transport was achieved. Additionally,
the dramaticimprovementin FF further demonstrated the reduc-
tion of film defects and improved energy level alignment at the
perovskite/HTL interface under optimal deposition conditions.
Figure 4b presents the reverse scan J-V curves of the champion
devices, along with their corresponding photovoltaic parameters.
Devices prepared with 89 pg cm™=2 organic salts showed the low-
est PCE of 16.94%, with low . (22.76 mA cm™2), Vi, (1.087 V),
and FF (68.50%) values, owing to the low quality of the perovskite
film. The devices fabricated with 22 pg cm™ exhibited an im-
proved PCE of 19.27%, with low V(. (1.086 V), slightly improved
Jsc (23.27 mA cm™2), and FF (76.23%) values. The slightly im-
proved Jq. and FF values were attributed to reduced film defects
and improved energy level alignment with the HTL. However, a
relatively thin perovskite film with excess Pbl, resulted in a low
Vo value. The 39 ug cm~2 organic salt devices, benefiting from
enhanced Jqc (25.05 mA cm™2), Vo (1.170 V), and FF (79.54%),
achieved the highest PCE of 23.30%, marking the best perfor-
mance among inkjet-printed devices (Figure 4c; Table S8, Sup-
porting Information). The incident photon-to-current conversion
efficiency (IPCE) spectra, shown in Figure 4d, yielded integrated
current densities of 23.40, 24.71, and 22.66 mA cm~2 for the 22,
39, and 89 pg cm~2 devices, respectively, which corresponded
well with the [ results from the J-V curves. Figure S13 (Sup-
porting Information) presents the forward and reverse scans of
the J-V characterizations, with the corresponding device param-
eters listed in Table S7 (Supporting Information). The hystere-
sis values were 2.03%, 0.88%, and 5.94% for devices prepared
with 22, 39, and 89 pg cm™? of organic salt, respectively. The
notably reduced hysteresis at the optimal deposition density of
39 pg cm? indicated the formation of a high-quality perovskite
film with fewer defects and enhanced charge carrier transport.
These results confirm that optimal organic salt deposition plays
a crucial role in minimizing hysteresis and improving device
performance. To evaluate the effectiveness of our quantitative
organic salt deposition strategy, we compared the statistics of
the perovskite solar cells fabricated by inkjet-printed organic salt
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Figure 4. a) Schematic illustration of the device structure. b) Reverse scan J-V curves of the champion devices. c) Summary of the PCE evolution of

devices fabricated via the inkjet printing method over time.[?’
ambient air condition with RH of 20% at 25 °C.

at the optimum deposition surface density of 39 pg cm™? with
the cells prepared by the spin coating method. As shown in
Figure S14 (Supporting Information), the inkjet-printed PSCs ex-
hibited slightly higher average V. and Jg, and thus a slightly
higher average PCE of 22.24% than those prepared by the spin-
coating method (21.78%). This further proves the robustness of
our quantitative organic salt deposition strategy. To assess long-
term stability, unencapsulated devices were tested under ambient
conditions (20% relative humidity) for over 2000 h (Figure 4e).
Devices prepared with 22 and 39 pg cm™ organic salts retained
89% and 77% of their initial PCE, respectively, while the PCE of
the 89 pg cm~? devices dropped to 62% after 1000 h. These re-
sults demonstrated that perovskite films prepared at the optimal
deposition surface density of 39 pg cm~2 significantly enhanced
the long-term stability of PSCs.

3. Conclusion

In summary, we highlight the critical role of precise organic
salt deposition in optimizing perovskite film quality and enhanc-

Adv. Sci. 2025, 12, 2416634 2416634 (9 of 11)

28,32,33,36,38,66-70] d)

IPCE spectra of the devices. e) Moisture stability test results under

ing the efficiency and stability of PSCs in this study. By devel-
oping a quantitative deposition approach via drop-on-demand
inkjet printing, we demonstrated that controlling the organic
salt surface density is essential for achieving a balanced per-
ovskite crystallization process, minimizing defects, and improv-
ing charge carrier dynamics. Specifically, devices prepared with
an optimal organic salt deposition surface density of 39 ug cm™2
achieved a champion PCE of 23.3%, the highest reported for
inkjet-printed PSCs. Moreover, the devices exhibited excellent
long-term environmental stability, retaining over 89% of their
initial efficiency after 2000 h of storage in ambient air under
20% relative humidity. These findings not only deepen the un-
derstanding of film formation mechanisms in the two-step fab-
rication method but also offer a scalable and reproducible strat-
egy for enhancing PSC performance. Furthermore, this work has
broader implications for enabling large-scale, high-throughput
manufacturing of perovskite photovoltaics. The precise con-
trol of the deposition process through inkjet printing for high-
quality perovskite films paves the way for roll-to-roll fabrica-
tion, improving device uniformity while minimizing material
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waste, and ultimately accelerating the commercial viability of
PSCs.
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the author.
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