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Green Solvent Enabled Perovskite Ink for
Ambient-Air-Processed Efficient Inkjet-Printed Perovskite

Solar Cells

Vinayak Vitthal Satale, Sagnik Chowdhury, Asmaa Mohamed, Do-Hyung Kim,
Sinyoung Cho, Jong-Soo Lee, and Jae-Wook Kang*

Perovskite ink based on a green or non-toxic solvent meets industrial
requirements for efficient perovskite solar cells (PSCs). Perovskite inks must be
developed with non-toxic or involve the limited use of toxic solvents to fabricate
efficient inkjet-printed (IJP) perovskite photovoltaics. Herein, y-valerolactone
is used as a solvent with a low environmental impact, and the strategy showed
category 3 toxicity, even with a small quantity of toxic solvents employed to
dissolve the perovskite salts. The structural, optical, and electronic properties
of )P perovskite films are improved by adding 1,3-dimethyl-2-imidazolidinone
(DMI) to the green perovskite ink. The IJP perovskite films developed by green
solvents with 15% (volume %) of DMI exhibited high thickness uniformity
(~97%), and thicker and smoother surfaces than their counterparts.

An additive-modified 1)P-PSC device achieved a maximum power

conversion efficiency (PCE) of 17.78%, higher than that of an unmodified
device (14.75%). The performance of the IJP-PSC device is superior

primarily because of its exceptional film-thickness homogeneity, larger

grains, and appropriate structures. These attributes significantly decreased
unwanted reactions of the perovskite with solvents, ensuring phase purity
and enhancing overall efficiency. The innovative green-solvent ink-engineering
strategy for producing large-scale perovskite films shows great promise

for advancing perovskite solar module technology (with PCE of 13.14%).

1. Introduction

Solution-processable perovskites are gaining attention due to
their outstanding light-absorption properties and remarkable
defect tolerance and are a promising competitor of silicon
solar technologies.l?] Recently, perovskite solar cells (PSCs)

have achieved an impressive power con-
version efficiency (PCE) of 26.7%.01 The
low environmental impact and sustainabil-
ity associated with perovskites, along with
the extended duration of growth processing
for controlling perovskite grain growth are
crucial to the successful commercialization
of perovskite photovoltaics. Multiple alter-
native fabrication techniques have proven
to be effective for large-scale production
including slot-die, screen printing, spray
printing, and inkjet-printed (IJP) PSCs.[*]
Piezoelectric drop-on-demand inkjet print-
ing delivers significant advantages, includ-
ing precise control over the fabrication
process, minimal waste of ink, and in-
creased throughput.’! High-quality, IJP,
triple-cation perovskite layers comprising
methylammonium, formamidinium, and
cesium have been developed with thick-
nesses exceeding 1 ym and achieved a max-
imum PCE of greater than 21%.1% Recently,
Pesch et. al., employed duel strategy (ther-
mally evaporated inorganic lead iodide and
IJP organic cation precursors) to obtain the
better-quality perovskite films and reached
their PSC (p-i-n type) device performance
up to 18.2%.7! Inkjet printing has allowed remarkable advances
in the field of scaling up the photovoltaics; Panasonic has de-
veloped an IJP perovskite solar module with a device area
of 800 cm?, achieving a PCE of =x16.09%./8] However, chal-
lenges remain, including ink stability, nozzle clogging, and the
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coffee-ring effect. Case studies must systematically address these
issues to provide justifiable solutions to inkjet printing.>-']
To attain superior-quality perovskite films and demonstrate
high efficiency in the industrial production of PSCs, sev-
eral essential measures, such as usage of non-toxic sol-
vents and additive engineering in perovskite inks must be
implemented.

A solvent mixture containing y-valerolactone (GVL), a non-
toxic compound derived from biomass, has drawn considerable
research interest. GVL can be extracted efficiently through the
hydrogenation of levulinic acid, a byproduct of the hydrolysis
of lignocellulose. While it is predominantly used as a food ad-
ditive, GVL has shown considerable promise in the separation
and conversion of biomass.['”) GVL also has low toxicity (a me-
dian lethal dose; LDy, = 8800.0 mg k™'g), a high boiling point
(207.0 °C), a high flash point (96.1 °C), and a low freezing point
(=31.0 °C).1*"5] Compared with green solvents such as isopropyl
alcohol, ethanol, DMSO, and triethyl phosphate, the GVL report-
edly enhance chemical bonding with FA™ to increase their stabil-
ity in perovskite inks and helps to form a uniform film.['216] Ad-
ditionally, [PbIx]>* complexes can promote the formation of su-
perior photoactive perovskite films with better morphology.17:18]
Given the advantages of GVL, Worsley et al. aimed to develop
a green precursor ink for IJP perovskite photovoltaic (PV) de-
vices and achieved PCEs of 12.9% and 13.82%.11%1%] Chalias et al.
modified a perovskite ink with GVL with a reduced solution
concentration.[?) Their carbon-based, hole-transport-material-
free device, an IJP PSC, achieved PCEs of 13.07% for small ar-
eas and 8% for modules. However, the performance of IJP per-
ovskite systems remains inadequate for industrial applications,
even after introducing a green solvent. Future modifications to
such types ink are essential to improve the quality of the per-
ovskite film and ensure scalability. These modifications should
involve greener solvents with minimal or limited amounts of
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), as
well as the inclusion of solvent additives with a high boiling
point!®21],

To promote environmentally friendly perovskite process-
ing using inkjet printing, we developed a green perovskite
ink with a non-toxic solvent and additon of 1,3-dimethyl-2-
imidazolidinone (DMI) as an additive. We explored the ef-
fects of this ink on film properties and assessed the per-
formance of PV devices. The greener nature and excep-
tional chemical properties of the ink suppressed nozzle-
clogging and the coffee-ring effect and formed uniform per-
ovskite films over the substrate. The green solvent with addi-
tive engineering enabled the formation of thicker, smoother,
and highly uniform films in which larger grains of a purer
perovskite phase were embedded, improving the optoelec-
tronic properties of IJP perovskite. The enhanced grain size
of the IJP perovskite films decreased the number of de-
fects dramatically and controlled charge recombination. Ad-
ditionally, the green solvent with additives improved the
surface texture, resulting in superior uniformity and im-
proved optical and electronic properties. IJP PSCs fabricated
with an environmentally friendly solvent containing a min-
imal amount of a high-boiling-point solvent as an additive
achieved an efficiency of 17.78% and demonstrated exceptional
durability.
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2. Results and Discussion

2.1. Inkjet-printed Perovskite film fabrication

Green solvent-based IJP PSCs were developed in an n-i-p type
structure using the process described in sub-point 1 of the Sup-
plementary Information (SI) with a green solvent-based IJP per-
ovskite as the primary absorber layer. Solvent characteristics are
determined primarily by their Hansen parameters, such as &,
(dispersive), 6, (polar), and 6,; (H-bonding), which are summa-
rized in Table S2 (Supporting Information). Generally, solvents
with high 6, are considered to be toxic solvents as compared
to the solvents with low 6. GVL, which reportedly has a lower
5p (16.7 MPa'/?), compared with N-methyl-2-pyrrolidone (NMP),
DMF, and y-butyrolactone (GBL), identified as a greener solvent.
Considering these benefits of GVL, Kim et al. employed GVL
with DMSO to accelerate the perovskite precursor properties and
developed eco-friendly spin-coated PSC devices with a PCE of
20%.[22] Similarly, to accelerate the chemical reaction between the
perovskite and ternary solvent system, we chose GVL with min-
imal amounts of DMF, DMSO, and DMI (Table S1, Supporting
Information). Here, we investigated GVL as a green solvent with
DMI additive at 10%, 15%, and 20% concentrations to evaluate
IJP perovskite film properties and device performance. Due to
DMTI’s high boiling point, over 20% remain in the matrix, signif-
icantly altering growth and optoelectronic properties.?!] Smaller
amounts (above 10%) have a minimal effect on perovskite ink
and film properties. To understand DMI’s impact on our green
solvent system-based perovskite ink, we focused on 10-20% con-
centrations. The toxicity of individual solvents and their effects on
humans, animals, and the environment have been investigated.
The toxicity level of mixed solvents needs to be explored to un-
derstand their potential for industrialization. To determine the
mixed solvent’s toxicity, the acute toxicity estimation (ATE) for-
mula was used (Expression S1, Supporting Information) as illus-
trated in Figure S1 (Supporting Information). The estimated der-
mal (ATE),;, for the green solvent (GVL:DMF:DMSO) at a ratio
0f 46:28:26 (v%) was 3191.6 mg k~'g, and the dermal (ATE),,;, for
green+DMI-20 (GVL:DMI:DMF:DMSO) at a ratio of 26:20:28:26
(v%) was 2560.2 mg k~'g. World Health Organization acute haz-
ard rankings for dermal ATEs are provided in Table S4 (Sup-
porting Information). The range of (ATE),;, values (Figure S1,
Supporting Information)for the green solvent and the green sol-
vent with DMI was 2000-5000 mg k~'g (category 3). These val-
ues indicate that our mixed solvent system yields only slightly or
minimally toxic and not harmful to animals, plants, or the en-
vironment. We explored the green solvent system to develop a
perovskite layer using an inkjet printer and a process elaborated
in Experimental details (S1.3,S1.4, Supporting Information). A
schematic of the inkjet printing process is provided in Figure 1a
and described in our earlier published works.[*?}] In the present
research, the drop spacing of 15 um and voltage of 29 V was used
to obtain uniform dropping and jetting.

As shown in Figure 1b, the green solvent was modified with
a DMI additive to alter the chemical properties of the perovskite
ink. DMI is a non-protic polar solvent characterized by low volatil-
ity. DMI additives in perovskite precursors enhance the disso-
lution of perovskite salts in greener solvent systems (here, GVL
with minimal DMF and DMSO). This leads to a more uniform
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Figure 1. a) Schematic of the perovskite inkjet-printing process. b) Green perovskite ink and schematic of the perovskite ink chemistry. c) Inkjet-printed
perovskite film-fabrication steps (digital pictures with optical images): wet film, intermediate phase, and crystalline perovskite film.

and homogeneous distribution of perovskite complexes, improv-
ing ink homogeneity. When added to the precursor solution, DMI
interacts with metal halide ions and organic cations, influencing
the nucleation and crystallization processes during film forma-
tion. DMI with an azole and a C=0 group that effectively donates
alone electron pair from the oxygen atom of the C=0 (Figure 1b).
This interaction forms a Lewis adduct with Pbl,, which controls
the perovskite’s grain growth.[*2!] As it is less carcinogenic than
hexamethylphosphoramide and poses relatively less reproductive
toxicity, NMP facilitates the DMI approach because it provides a
safer working environment.[?!2425] Here, DMI (10%, 15%, and
20% by volume) was incorporated as an additive solvent into the
GVL:DMF:DMSO to accelerate the properties of the perovskite
ink and improve the quality of the IJP perovskite films. The dipole
moment of GVL and DMI (~4.3 D) is higher than those of DMF
(3.86 D) and DMSO (3.96 D), providing a more stable intermedi-
ate phase of triple cationic perovskite.[2) This strategy produced
a uniform IJP perovskite wet film, as illustrated in Figure 1c
by digital and optical images of IJP perovskite films. Film fab-
rication was completed by vacuum drying, which evaporated the
solvent and obtained a highly crystalline phase via annealing at
150 °C under ambient conditions. An antisolvent-free solvent
evaporation technique, i.e., vacuum evaporation of solvents at 5
X 1073 Torr for several minutes. Afterward, perovskite films were
transferred immediately to a hot plate for the annealing process at
150 °C for 20 min. These two steps help to evaporate the solvents
completely, even with a small amount of DMI (15%). The post-
annealing temperature was plugged at 150 °C to avoid the ther-
mal decomposition of the perovskite film. An excessively high
annealing temperature (>150 °C) will trigger the migration of
halide ions from the perovskite lattice and lead to the phase trans-
formation of a-FAPDI; perovskite into the Pbl, phase.[*:28]

2.2. 1)P-Perovskite film nucleation and crystallization
Incorporating the non-volatile additive DMI in the perovskite ink

substantially prolongs the growth duration of perovskites, ensur-
ing the creation of top-notch perovskite films. To investigate the
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role of DMI additive (at 0%, 10%, 15%, and 20%; v%) in the
nucleation and crystallization kinetics of the perovskite precur-
sor inks (green solvent-based), the natural drying process of the
IJP films with green and green+DMI-15 solvents was compared.
As revealed by an optical microscope, as shown in Figure 2a,
IJP films with the green solvent initially (after 10 min) formed
relatively small nuclei within the film through a random Pois-
son process.[?! These nuclei then underwent rapid 1D growth,
producing dendrites up to several hundred pm in length.[3031:26]
In contrast, with the green+DMI-15 ink, growth took 30 min,
confirming that adding the DMI additive significantly affected
the nucleation and perovskite growth processes. We found dra-
matically decreased growth rates of dendrites under natural dry-
ing, and many small grains were visible, enabling the forma-
tion of larger grains after drying and annealing.>?¢] The viscos-
ity and surface energy (at 23 °C) of the solvents are outlined in
Table S5 (Supporting Information). The viscosity of the green
ink, recorded at a room temperature of 23 °C, was 3.7 cPs. How-
ever, it increased to 4.0 cPs after introducing DMI (15%) addi-
tives. The surface energy of the ink formulated with the green
solvent and DMI-15 was 39.2 N m~!, which exceeded that of
the green solvent-based perovskite ink (38.4 N m™). The higher
surface energy observed for the green+DMI-15 perovskite ink
suggests that it could control the spreading rate.l’! The precise
distribution of perovskite ink with an environmentally friendly
solvent and DMI eliminated ink spillage throughout the print-
ing process, ensuring a uniform film. Additionally, the moder-
ately viscous perovskite ink played a crucial role in managing
the flow across the printed substrate, resulting in a consistently
high-quality perovskite film. Compared with the green ink, the
green+DMI-15 ink greatly enhanced the ink property and al-
tered the perovskite film quality. The DMI (higher boiling point
than counterparts) additive, which has the ability to control cap-
illary flow, ensured a perovskite film with superior uniformity
and morphology. The green+DMI-15 ink had a thickness unifor-
mity of ~#97%, greater than the 95% observed for the green ink.
The thickness uniformity study is included in a 3D profile plot
in Figure 2b. The IJP perovskite films formulated with a green
solvent demonstrated an average thickness of 437 + 8 nm and
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Figure 2. a) Optical microscope images of the natural drying and crystallization of green and green+DMI-15 solvent-based IJP perovskite precursor
films. b) A thickness uniformity study of green and DMI additive-engineered solvent-based IJP perovskite films (25 mm X 25 mm) measured using an

alpha step.

thickness uniformity of 95.1%. In contrast, the films produced
using a green+DMI-15 solvent achieved an average thickness of
458 + 5 nm, with thickness uniformities reaching 96.6%. This
improvement is evidence of the effectiveness of the DMI additive
in controlling capillary and Marangoni flow during printing.*’
Indeed, we observed improved film uniformity with the DMI ad-
ditive; the negligible or minor coffee-ring effect was seen after the
solvent drying and annealing process. This phenomenon was at-
tributed to solvent evaporation and crystal growth due to solution
flow, solute diffusion, solvent drying, and crystal growth. How-
ever, these negligible effects do not affect the film quality and
their optoelectronic properties significantly.3233] Inkjet printing
precisely deposits minimal amounts of ink over different types of
substrates, which has advantages over spin-coating in industrial
applications.** The perovskite films produced through inkjet
printing with the green+DMI-15 solvent exhibited excellent uni-
formity and increased thickness and are suitable for large-
area device applications. Additionally, Fourier transform infrared
spectroscopy (FTIR) analysis of the solvents and their mixture
(Figure S2a, Supporting Information) was used to investigate
the chemistry of the ink and the mechanism responsible for
perovskite growth. A major peak (Figure S2a, Supporting In-
formation) at 1680-1660 ¢m™' in the spectra for the DMI
solvent and DMI-additive—engineered inks corresponds with
C=N stretching vibrations and suggests strong interactions be-
tween the solvent and FA*/MA* complexes.®*3¢ The addi-
tion of DMI to the green ink could strengthen the bonds be-
tween the solvent and FA*/MA* complexes, slowing the ink-
drop spreading rate and perovskite grain growth, as can be
seen in Figure 2a and promoting the production of more uni-
form films. Furthermore, a shift of 1-2 cm™ in the peak to
lower energies by incorporating additives in the perovskite ink
could influence the structure of the perovskite and the hybridiza-

Adv. Funct. Mater. 2025, 35, 2503717 2503717 (4 of 10)

tion state, potentially helping create a purer phase with fewer
defects®-71,

2.3. Optical, structural, and morphological study of
1)P-Perovskite film

The IJP perovskite films made using the green solvent and DMI-
additive inks demonstrated an absorption edge near 770 nm, as
shown in Figure 3a. The inclusion of DMI in the solvent resulted
in increased absorption. Analysis of the optical bandgap (E,) val-
ues, derived from the Tauc plot seen in the inset of Figure 3a,
revealed a decrease in E, from 1.65 to 1.62 eV with the incor-
poration of DMI (15%) into the green solvent. The addition of
DMI into the green solvent system tuned the optical proper-
ties of the perovskite films by influencing their absorbance and
band gap values. A well-formed perovskite film with larger gains
typically exhibits better optical properties, improving light ab-
sorption and photon-to-electron conversion efficiency in solar
cells.?) Furthermore, the structural characteristics of the IJP per-
ovskite films produced with green and DMI additive-engineered
inks were examined using X-ray diffraction. The spectral analy-
sis depicted in Figure 3b for IJP perovskite films produced us-
ing a green solvent and a green solvent with DMI additives re-
vealed a significant peak associated with the (001) plane at a 260
diffraction angle of 14.2°. In addition to this primary peak, sev-
eral other notable peaks corresponding to the (011), (111), (002),
(012), (112), (022), and (003) lattice planes were evident, confirm-
ing the cubic crystallographic phase of the perovskites.[*?}] The
intensity of the peaks for the green+DMI-15 ink was markedly
higher than that of the standard green ink, suggesting an en-
hancement in crystallinity. The crystallite sizes, seen in Figure 3c,
were estimated using the equation D = kA/fCos6, where D is the
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Figure 3. a) Ultraviolet-visible spectra and a Tauc plot (inset), b) X-ray diffraction patterns, and c) extrapolated perovskite prominent (001) peak of
the green- and green+DMI solvent-based I|P perovskite films. d) Surface morphologies with grain-size distributions (inset) of green- and green+DMI

solvent-based 1P perovskite films.

crystalline size of perovskite, kis the Scherrer constant (0.98), 4 is
the wavelength (1.54 A), and g is the full width at half maximum.
The crystalline size was 31 nm for the green film, increasing to
49 nm for the green+DMI-15 film.”! These findings highlight
the influence of additive engineering on the structural character-
istics of IJP perovskite films. An IJP perovskite film made with a
green solvent (without DMI additive) showed a smaller intensity
peak at 20 = 12.7° (Pbl,). The weak interaction of GVL to Pbl,
can produce the Pbl,-secondary phases in the film, which com-
promises the quality of Perovskites.??l However, adding DMI al-
tered the chemical reactions between the solvents and perovskite
complexes; the Pbl, peak decreased, and a pure cubic-phase
perovskite film was obtained. The strong interaction of DMI with
PbI, helps to dissolve perovskite complexes thoroughly and form
purer phase perovskites.[>?]

The surface elemental compositions of the IJP perovskite films
prepared with green and DMI additive-engineered solvents are
shown in Figure S4a—f (Supporting Information). The analy-
sis identified six key elements in both IJP films. The XPS spec-
tra for all elements were fitted individually; the peak intensity
of these elements was higher in the case of the green+DMI-
15 solvent compared with that of the green solvent, similar to
an effect reported previously.’’-*! The effect of the DMI addi-
tive on perovskite grains was studied systematically by a field-
emission scanning electron microscope (FE-SEM). The IJP per-
ovskite film micrographs in Figure 3d indicate that DMI addi-
tive (15%) films exhibit significant uniformity, compactness, and
pinhole-free surface compared to the green solvent processed
film, as illustrated in the accompanying histogram (inset). The
grains in the films produced with a DMI additive were larger
than those fabricated with the green solvent alone.?!l The esti-
mated grain sizes of the IJP perovskite film produced with the
green+DMI-15 solvent were ~335 nm in size, in contrast to the
132 nm grains observed for the films with only the green sol-
vent. The combination of DMI and GVL produced a synergistic
effect that prolonged the crystallization process and effectively in-
fluenced the gain size. Similar effects have been observed in pre-
vious works that explore the DMI additive (which has a boiling
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point of 225 °C), which allowed slower grain growth in the per-
ovskite, forming larger grains.[>?!]

2.4. Electronic properties and roughness of 1)P-Perovskite film

The electronic characteristics of IJP perovskite films were investi-
gated through ultraviolet photoelectron spectroscopy (UPS), as il-
lustrated in Figure 4a. To derive the band parameters, we applied
the methods listed in (Expression S2-S4, Supporting Informa-
tion). The compiled findings presented in Table S7 (Supporting
Information) indicate that the film based on the green+DMI-15
solvent exhibited a comparatively smaller conduction band off-
set and a larger valence band offset compared with the standard
green-solvent film. The enhanced charge-collection efficiency at
the interface between the electron transport layer (ETL) and the
perovskite layer is depicted in Figure 4b. The addition of DMI
altered the electronic properties of the perovskite films, possi-
bly due to the formation of the highly pure phase of perovskite
and larger grains than the green one. These findings point to en-
hanced performance of perovskite-based devices, as optimized
charge-transport mechanisms are essential for improving effi-
ciency in photovoltaic applications.[®! By carefully analyzing UPS
data and associated band-structure parameters, we can obtain
deeper insights into the electronic behavior that governs the in-
teractions between these layers, ultimately contributing to more
effective charge separation and collection in solar cells.

The charge-transfer dynamics of the IJP perovskite samples
were examined using time-resolved photoluminescence (TRPL)
spectra, as depicted in Figure 4c. The findings indicate that
the green+DMI-15 sample exhibited noticeably slower photolu-
minescence (PL) decay compared with the other samples, in-
cluding the standard green, green+DMI-10, and green+DMI-
20 configurations. This observation confirms that the strategic
incorporation of specific additives can effectively mitigate trap
states within the bulk material, enhancing the perovskite films’
overall quality. The PL decay lifetime (r,) was calculated by
fitting a quadruple-exponential decay function (Expression S5,

© 2025 The Author(s). Advanced Functional Materials Published by WILEY-VCH GmbH

O//'SdNy) SUORIPUOD pue sLB | 3U) 88 *[5202/2T/E0] Uo Areiqi auljuo AelIM ‘4O ainiisul YngBuceAo nbeeq Aq 2T.E£05202"WPe/Z00T OT/I0P/L0D" A3] 1M ARe1q 1 BUI|UO"PaoURADe//SANY W1} papeojumoq ‘O ‘5202 ‘82069TIT

'fo|m A

35UB217 SUOWIWOD) BAIIS1D) 3|eal|dde ays Aq pausenoh are sajolie YO ‘ash Jo Sa|n1 10§ AriqiTautUQ A3]IAA UO (SUO L} IPUOD-PLE


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

(a)
- = Green
2 — Green+DMI-15
o
8 z
> £
2 £
B E
c
]
‘E 25 2.0 15 10 05 0.0
- Binding Energy (eV)
17.44 eV
17.21 eV
= y T T -7.84
20 16 12 8 a4

Binding Energy (eV)

www.afm-journal.de

—_
2]
-~

[——Green

——Green+DMI-10
|——Green+DMI-15
|——Green+DMI-20

-4.30

Intensity (a.u.)

Ag

Spiro-OMeTAD
PL intensity (a.u.)

50 100 150 200 250 300
Time (ns)

Figure 4. a) The cut-off and magnified-onset regions (inset) of ultraviolet photoelectron spectroscopy spectra. b) Schematic of energy-level IJP PSC
devices developed using a green solvent with DMI-additive engineered inks. c) Time-resolved photoluminescence and steady state photoluminescence
(inset) spectra. d) Atomic force micrographs of IJP perovskite films developed using green solvents with DMI-additive—engineered inks.

Supporting Information) using the respective values for z, 7,, 75,
and 7, in Table S8 (Supporting Information).[*”) A PL mapping
study further confirmed the uniformity of the electronic proper-
ties across the film surfaces, as illustrated in the decay images in
Figure S5 (Supporting Information). The average z;, for the IJP
perovskite film increased significantly from ~109 ns for the ref-
erence green sample to ~229 ns for the green+DMI-15 sample.
This degree of enhancement underscores the pivotal role of addi-
tive engineering in suppressing trap levels, which directly reduce
non-radiative carrier-recombination centers within the bulk ma-
terial. However, adding DMI (20%) showed decreased PL inten-
sity and faster PL decay than the DMI-15. This may be due to the
thicker film formation with excess DMI. As seen in Figure 3c, the
(001) diffraction peak gradually shifted from ~14.23° to ~14.22°
as the film thickness increased by adding DMI (15% to 20%).
The peak shift to a lower diffraction angle indicated an expan-
sion of the perovskite lattice with increasing film thickness (ex-
cess DMI). This could be attributed to the strain effect induced
by the excessive DMI, which may develop unintended defects in
bulk.*! In Figure 4c, the green+DMI-15 sample has a distinct
PL emission peak at 771 nm. In contrast, the green, green+DMI-
10, and green+DMI-20 samples have emission peaks at 768, 769,
and 770 nm, respectively. The reduction of recombination cen-
ters in the IJP perovskite samples, achieved through additive en-
gineering, indicates significant improvements in both the qual-
ity and efficiency of the produced perovskite films. This paves
the way for high-performance perovskite materials that are well-
suited to a range of optoelectronic applications. The atomic force
micrographs in Figure 4d reveal a strong correlation with the re-
sults from the FE-SEM analysis. The root mean square rough-
ness values were ~29 nm for the pure-green sample, 25 nm for
the green+DMI-10, 15 nm for the green+DMI-15 sample, and
~20 nm for the green+DMI-20 sample. The green+DMI-15 sam-
ple displayed exceptional uniformity and smoothness and is an
ideal candidate for scalable device fabrication and module pro-
cessing. Such smoothness and uniformity are expected to en-

Adv. Funct. Mater. 2025, 35, 2503717 2503717 (6 of 10)

hance performance and reliability in practical applications, indi-
cating these films as a compelling choice for future developments
in the field.

2.5. 1)P-Perovskite solar cell device performance

We undertook a comprehensive investigation of the performance
of n-i-p type IJP PSC devices that use green- and green+DMI
solvent-based perovskite inks. The fabrication process for these
devices is depicted in supporting information (sub-point 1.4) and
a schematic IJP PSC device is illustrated in Figure 5a. We at-
tempted to shed light on the effects of environmentally friendly
solvents on solar cell efficiency and overall effectiveness, high-
lighting the significance of sustainable energy solutions in con-
temporary technology. The cross-sectional image in Figure 5b
confirms the successful formation of all functional layers within
the green+DMI-15 IJP-PSC device. This illustrates the proper
stacking and arrangement of these layers and highlights the im-
pressive development of larger perovskite grains. This is robust
evidence of the successful development and distinct advantages
of an innovative perovskite solar cell design. The device param-
eters were systematically derived from the current-voltage (J-V)
characteristics analysis, as depicted in Figure 5c. Our investiga-
tion focused on the effect of additive-engineered perovskite inks
on device performance. The resulting parameters are thoroughly
outlined in Table 1.

We observed that PSCs developed with green+DMI-15 ink
achieved a PCE of 17.78%, significantly exceeding that of the
devices that used green ink alone (14.57%). Additionally, PSCs
produced using green+DMI additives at varying concentra-
tions (green+DMI-10 and green+DMI-20) demonstrated rela-
tively high efficiencies of #16.45% and 15.99%, respectively. Con-
trol experiments were conducted using spin-coated PSCs with
the same green and green+DMI-15 inks to validate these results.
The comparative results in Figure S6a (Supporting Information)
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Figure5. a) A schematic representation and b) a cross-sectional FE-SEM image of a green solvent-based I|P-PSC device. c) Current—voltage characteristic,
d) external quantum efficiency spectra along with integrated /s, and e) steady-state Jsc (at the maximum power) of the green solvent and DMI additive-
engineered ||P perovskite device. f) PCEs value of green-solvent IJP PSCs devices compared with previous reports.

illustrate the performance differences among the various formu-
lations. Spin-coated PSC devices with the green solvent (PCE-
15.71%) showed lower PCEs than the green+DMI-15 devices
(PCE- 18.22%). Green solvent-based precursor ink is effectively
used in well-known methods such as spin coating.!**) Compared
to existing technologies, PSCs excel in energy efficiency, material
usage, and cost, but scaling issues persist. Re-evaluating costly
materials and energy-intensive methods could improve their en-
vironmental impact. Inkjet printing is a promising non-contact
method suitable for different materials, patterns, and substrates,
making it ideal for large-scale applications. Its low cost and use of
nontoxic solvents provide significant advantages for scalable de-
velopment in the solar industry.*”) This analysis establishes the
effectiveness of the green+DMI-15 formulation in enhancing the
efficiency of solar cells. The IJP PSC devices produced using a
blend of green and DMI-15 solvents matched the performance
of spin-coated counterparts, achieving a high PCE. The hystere-
sis study (Figure S6b, Supporting Information) of green+DMI-
15 with low HI value indicates a better quality of device forma-
tion. Larger grains (as seen in Figure 3d) strongly correlate with
improved charge-transport properties (Figure 4a) and enhance
overall device performance. Also, it can be attributed to superior
film uniformity, increased crystallinity, and high absorption of
light, all of which are crucial to maximizing light tracking and en-
ergy conversion. It confirms that adding DMI additives in green-

solvent systems can create ideal conditions for producing devices
with superior efficiency and stability, a similar effect of DMI as
seen in previous studies.[2133]

These devices exhibited a J5- 0of 19.75 mA cm~2, exceeding the
18.34 mA cm~? achieved by devices produced using the green sol-
vent without DMI. Additionally, the proposed devices show a sig-
nificant improvement in V. to 1.158 V compared with 1.055 V
for green-solvent-alone devices. The compactness of the film and
larger grains in the green+DMI-15 devices enhanced both charge
separation and transport.’] We further investigated trap den-
sity (N,) for IJP PSC (ITO/SnO,/IJP-perovskite/ PCBM/Ag) via
the space charge limited current (SCLC) method (Figure S7a,b,
Supporting Information). The trap-filled limited voltage (Vip)
was extracted from Figure S7a (Supporting Information), and N,
was estimated using Expression S7 (Supporting Information).
The defect density was reduced by adding the DMI additive to
the green solvent system from 5.165 X 10 cm™ (green) to
1.972 X 10'¢ cm=3 (DMI-15). The trap density was considerably
reduced with DMI (up to 15%), confirming that DMI can in-
crease the grain size and effectively suppress the recombina-
tion center.[>***] In contrast, the trap density increased upon
increasing the DMI concentration (i.e., 20%), leading to unin-
tended defect formation, further affecting the device V.

The combination of a green solvent and a DMI additive can
improve the performance of IJP PSCs, paving the way for more

Table 1. Photovoltaic performance of green solvents and additive-engineered IJP PSC devices.

Devices Voc [V] Jsc [mA/cm?] FF [%)] PCE [%)] Avg. PCE ¥ [%]
Green 1.055 18.34 75.34 14.57 1420 + 0.7
Green+DMI-10 1.149 19.24 74.37 16.45 15.27 £ 0.6
Green+DMI-15 1.158 19.75 77.76 17.78 17.42 +0.2
Green+DMI-20 111 18.82 76.51 15.99 15.68 + 0.8

? Statistical data for the average PCE of 20 devices.

Adv. Funct. Mater. 2025, 35, 2503717 2503717 (7 of 10)

© 2025 The Author(s). Advanced Functional Materials Published by WILEY-VCH GmbH

85UB017 SUOWILIOD BA1TE8.D) 8[edl|dde a1 Ag peuienob a2 sajofe YO '8sN JO S9InJ 10} ARIq1T 8UIIUO A3 UO (SUONIPUOD-PUE-SWSILIOY A8 |1 Aleq1pul|Uo//:Scy) SUORIPUOD pue sws | 189S *[6202/2T/£0] Uo Ariqiauliuo As (1M 'O imiisul sngbuceAo nbeeq Aq £T/£05202 WiPe/Z00T OT/I0p/ W00’ A8 1M Alelq 1ol juo"peoueApe//:scily Wol) papeojumoqd ‘0 'S20Z ‘820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

(@) (C) 1P-Perovskite film
PCE retention: ~95% =
° ~ g
< oa E
e aao
;\? 154 PCE retention: ~84% E
o 2
8 [
o (7]
104 T 8 PCE ~16.78%
H —o—0.09 cm?
—a—Green E 4 ——105cm?
—a— Green+DMI-15 o ——2.10 cm? PCE ~15.35%
5 T T T 0 r T r r T T
10 100 1000 0.0 0.2 04 0.6 0.8 1.0 1.2
Time(hrs) Voltage (V)
(d) Schematic of Perovskite solar module (e) .
— = — T r
— E
2°
i Parameters Reverse Forward
G2 Voc [VI- 5.361 5.328
3 Jsc [mA/em?]- 3,61 3.54
s FF[%]- 67.8 67.1
g1 Pyax[mW]- 132 121
5 PCE [%]- 13.14 12.65
(3]
0 T T T T T
1 3 4 5
Voltage (V)

Figure 6. a) Device stability of green- and green+DMI-15 solvent-based IJP perovskite devices measured at ambient conditions. b) J—V curves of green
solvent with additive modified I|P-PSCs device different active areas (inset; actual picture of 2.10 cm? active area device). c) Actual picture of 50 mm
x 50 mm of the 1JP-perovskite film made with additive-engineered ink. d) Schematic of IJP-perovskite solar module. e) J-V characteristic of the I|P

perovskite solar module made with additive-engineered ink.

efficient and high-quality photovoltaic devices. Integrated J ¢ val-
ues for green and additive-engineered (DMI-15) devices were ob-
tained using external quantum efficiency (EQE) data, as shown
in Figure 5d. The [, values for green (18.10 mA cm™2) and
DMI-additive (19.15 mA cm~2)-engineered devices were closer to
the value obtained from the J-V curve. No perovskite film thick-
nesses exceeded 600 nm, and parasitic absorption loss may have
occurred at the interface between the absorber and the hole trans-
port layer (HTL), resulting in lower EQE signals near 700 nm
compared with those near 550 nm.3546-1] Moreover, the IJP PSC
devices demonstrated enhanced light-soaking stability after be-
ing illuminated for 500 s, as shown in Figure 5e. The shelf-life
of the IJP PSCs with the green+DMI-15 solvent significantly
outperformed those of devices made with green solvents alone,
showcasing the superior light-soaking capability of the additive-
engineered device. To confirm our findings, we compared de-
vice efficiencies against those reportedly previously. The data in-
dicate that the device efficiencies of IJP PSCs made with the
green+DMI-15 solvent exceeded consistently and outperformed
those of other green solvent systems, as illustrated in Figure 5f
and detailed in Table S10 (Supporting Information). These re-
sults emphasize the advantages of using a DMI additive in green
solvents and provide crucial insights into the future of high-
performance perovskite PV technologies, with significant impli-
cations for various applications in the field. The reproducibil-
ity of the IJP perovskite devices was validated by testing 20 in-
dividual devices, as illustrated in Figure S8a,b,c,d, Supporting
Information). The devices manufactured with the green+DMI-
15 solvent achieved commendable performance metrics, includ-
ing an average maximum V. of 1.139 + 0.01 V, a Jg. of 19.77
+ 0.1 mA cm™?, a fill factor (FF) of 77.38 + 0.6%, and a PCE
of 17.42 + 0.2%. These results fall within a remarkably narrow
distribution of performance values, highlighting the high con-
sistency and reproducibility of the device fabrication process.

Adv. Funct. Mater. 2025, 35, 2503717 2503717 (8 of 10)

In contrast, devices produced with green-only, green+DMI-10,
and green+DMI-20 displayed greater variability in performance.
The gree+DMI-15 has larger grains (Figure 3d) than (green and
green_DMI-10), which strongly correlates with improved charge-
transport properties (Figure 4a) and enhances overall device per-
formance. Also, green+DMI-15 is attributed to superior film uni-
formity, increased crystallinity, and higher light absorption than
counterparts (green, green_DMI-10, and green+DMI-20), all cru-
cial to maximizing light tracking and energy conversion. It con-
firms that adding DMI additives (15%) in green-solvent systems
significantly created ideal conditions for producing high-quality
devices with superior efficiency and stability. Also, the superior
reproducibility of the green+DMI-15 devices positions them as
exceptional choices for developing scalable PSCs.

2.6. Stability and scalability of I)P PSCs

Figure 6a demonstrates the long-term stability of two IJP PSCs:
those using green solvents and those engineered with addi-
tives. The devices were stored under ambient conditions for 2.5
months (>1600 h) to assess the effects of aging on performance.
The results revealed a notable contrast between the two formu-
lations, with the solar cells of standard green solvents achieving
a PCE retention of 84%, while devices with green solvents and
an additive (DMI-15) displayed a relatively high PCE retention of
95%. The superior retention rates of PCE underscore the superior
durability of these green+DMI-15 devices due to the better qual-
ity of IJP films (purer crystallinity, smoother, and uniform sur-
face). The water contact angle increased from § =47 °to § = 55 °
by incorporation of DMI into the green solvent system (Figure
S9, Supporting Information). Our previous work shows that the
additive DMI can produce larger grains with smother films,
forming hydrophobic surfaces that repel water. These findings
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Table 2. Photovoltaic performance of IJP PSC devices with different active
areas and modules.

Devices active area [cm?] Voc IVl Jsc [mA/cm?] FF[%] PCE [%]

0.089 1.158 19.75 77.76 17.78
1.05 1.152 19.52 74.62 16.78
2.10 1.142 19.09 70.34 15.35
~13 (Module) Reverse  5.361 3.61 67.88 13.14

Forward ~ 5.328 3.54 67.07 12.65

indicate that DMI additive engineering significantly enhances
IJP-PSC devices’ water and moisture stability, positioning them
as potential candidates for scalable applications in real-world
energy solutions.[>3}] To study the scalability of green+DMI-15
solvents-based IJP-PSC devices, we have fabricated the devices
with different active areas such as 0.089, 1.05, and 2.10 cm?. The
J-V measurements of [JP-PSC devices with different active areas
are shown in Figure 6b, and detailed -V parameters are listed
in Table 2. The scale-up process for green+DMI-15 exhibited a
higher PCE retention (~86%) with increased active area from
0.089 to 2.10 cm?. The performances of large-area IJP PSCs were
also highly consistent and reproducible.

Further, we fabricated an IJP large-scale perovskite film over a
50 mm X 50 mm substrate using green+DMI-15 perovskite ink,
as shown in Figure 6¢. Thickness was measured using the alpha
step to study thickness uniformity over the IJP perovskite film,
and the estimated average thickness uniformity was 92%, as de-
picted in Figure S10a,b, Supporting Information). The IJP per-
ovskite solar module was fabricated to cover 50 mm x 50 mm
indium tin oxide substrates with additive-engineered ink; details
of the process are provided in suplimentary information, sub-
point-1.4. A schematic of an IJP perovskite module is depicted in
Figure 6d, and the actual picture under light is shown in Figure
S10c (Supporting Information). The module comprises six cells
connected in series, and the fabrication recipe follows that of our
previous works.[] In the present research, we used a condition
that has been applied to small-scale devices and obtained the J-V
curve depicted in Figure 6e. The module displayed a maximum
PCE of ~#13.14% with a V- 0f 5.361 V, a J5- 0of 3.61 mA cm~2, and
an FF of 67.88% (Table 2). The results support the importance of
our contributions to enhancing PSC technology through printing
techniques. This method offers the potential for low-cost, sus-
tainable, and scalable production. Inkjet printing enables precise
material deposition while minimizing waste, making it an effec-
tive manufacturing approach. Furthermore, the scalability of the
technique is crucial for moving PSC from laboratory settings to
commercial applications, addressing the growing demand for ef-
ficient solar energy alternatives.

3. Conclusion

This study describes a successful perovskite ink-engineering
strategy using green solvents and minimal use of toxic solvents
for efficient IJP PSCs. This innovative approach was demon-
strated in an ambient atmosphere by combining DMI into the
green-solvent system as an additive for the first time. By incorpo-
rating DMI, we successfully reduced ink toxicity while extending

Adv. Funct. Mater. 2025, 35, 2503717 2503717 (9 of 10)
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the growth processing time of the films. This enhances safety
and paves the way for environmentally friendly and smoother
perovskite films that offer superior qualities without the need
for harmful anti-solvents. The unique properties of the green
solvent and additive prevent coordination with perovskite inks,
resulting in compact, crystalline, and uniform structures that
minimize the coffee-ring effect. Our additive-engineering strat-
egy produces larger grains and smoother IJP perovskite films.
IJP PSCs processed with this green solvent and a DMI ad-
ditive achieved higher PCEs comparable to those associated
with traditional green-solvent-based perovskite inks. The highest-
performing DMI additive-engineered IJP PSC device achieved
a maximum PCE of 17.78%. These findings represent a crucial
advance in the development of green, low-cost, and scalable IJP
PSCs that can be applied to industrialization and sustainable en-
ergy solutions.

Supporting Information

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