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Abstract

The performance of large-area perovskite solar cells has been assessed for typical compositions,
such as methylammonium lead iodide (MAPDI3), using a blade coater, slot-die coater, solution
shearing, ink-jet printing, and thermal evaporation. However, the fabrication of large-area all-
inorganic perovskite films is not well developed. This study developed, for the first time, an eco-
friendly solvent engineered all-inorganic perovskite ink of dimethyl sulfoxide as a main solvent
with the addition of acetonitrile, 2-methoxyethanol, or a mixture of acetonitrile and 2-
methoxyethanol to fabricate large-area CsPbl277Bro2; films with slot-die coater at low

temperatures (40-50 °C). We thoroughly examined the perovskite phase, morphology, defect



density, and optoelectrical properties of new inks prepared with different solvent ratios and
correlated them with their respective colloidal size distribution and solar cell performance. The
optimized slot-die-coated CsPbl>77Bro23 perovskite film, which was prepared from the eco-
friendly binary solvents dimethyl sulfoxide:acetonitrile (0.8:0.2 v/v), demonstrated an impressive
power conversion efficiency of 19.05%. Moreover, the device maintained ca. 91% of its original
power conversion efficiency after one month at 20% relative humidity in the dark. We believe that

this study will accelerate the reliable manufacturing of perovskite devices.
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Introduction

All-inorganic perovskites have attracted significant attention for use in tandem solar cells
because of their remarkable thermal stability and ideal band gap (> 1.70 eV). The power
conversion efficiency (PCE) of organic—inorganic hybrid perovskite solar cells (PSCs) surpasses
26%' but their poor thermal stability originating from the volatile components such as
methylammonium (MA) impedes their practical applications.® Therefore, it is necessary to replace
the organic cations with inorganic cations such as cesium (Cs") to enhance the intrinsic stability of
the cells.® Efforts to improve the PCE of all-inorganic PSCs, such as defect engineering, have
achieved improvements of 20% with promising stability.”!! However, these reports had limitations.
First, the perovskites were prepared using toxic dimethylformamide (DMF) as the main solvent.
Second, the devices were prepared using a simple spin-coating method. These limitations hinder
the commercialization of PSCs. Therefore, it is necessary to develop an eco-friendly all-inorganic

perovskite ink that can be coated over large areas at low temperatures for the scale-up of such cells



to commercial-size devices with high compatibility for industrial-scale sheet-to-sheet or roll-to-

roll processes.

Solvent choice plays a crucial role in perovskite film properties. The solvent Gutmann donor
number (Dn) determines the solubility of perovskite precursors, with solvents with a Dy above 18
kcal/mol being able to dissolve lead halides.!*!* Acetonitrile (ACN), 2-methoxyethanol (2-ME),
dimethyl sulfoxide (DMSO), and DMF have a Dn of 14.1, 19.8, 29.8, and 30.9 kcal/mol,
respectively.'*!> Consequently, ACN cannot coordinate with Pb** nor dissolve halide perovskites,
even with the addition of organic cations. 2-ME cannot dissolve Pbl> but forms a clear perovskite
solution with the addition of methylammonium iodide (MAI)."* DMF and DMSO can dissolve
halide perovskites effectively by coordinating with Pb**; however, DMF is highly toxic. Most
highly efficient perovskite devices use DMF as the main solvent and DMSO as an additive in
precursor preparation.’ Besides DMF toxicity, DMF and DMSO have high boiling points and
exhibit a highly coordinated nature with perovskite, which requires anti-solvent dripping at the
specific very narrow spin-coating window to systematically wash out the coordinating solvents for
effective crystallization, which is a significant barrier to scaling up such processes for
commercialization. Recently, several solo, binary, and ternary solvents have been introduced
without DMF to prepare various compositions of green perovskite inks.'* 2! Sun et. al. employed
a mixture of methylammonium acetate and ACN to fabricate high-performance MAPbIxBr;—
devices, in which the ACN minimized the coordination of the solvent and perovskite solutes that
led to the formation of large micelles.?? Cassella et. al. demonstrated up to 18.0% efficiency for
the MAPDbI; PSCs from a binary solvent of 2-ME and tetrahydrofuran. Their process fabricated
highly crystalline perovskite layers at room temperature with a gas quencher to remove the

solvents without any post-processing steps.?® In general, solvent parameters such as Dy, vapor



pressure, and boiling point are the key parameters for controlling perovskite crystallization and
growth processes via supersaturation.!> ACN and 2-ME have high vapor pressure values of 9.71
and 0.823 kPa at 20 °C and boiling point values of 82 and 124 °C, respectively. The perovskite
solution prepared by the addition of these solvents formed small perovskite crystals associated
with the formation of a high density of nuclei via fast evaporation.!>?* The perovskite solution
based on highly volatile ACN formed a black perovskite layer without any post-treatment at room
temperature due to fast nucleation and crystal growth.!® 2426 Recently, efficient large-area
MAPbDIs-based PSCs were fabricated by N2-knife assisted blade coater by mixing non-coordinating

and volatile solvents with coordinating and non-volatile solvents.'*

The perovskite precursor is generally considered a colloid solution and the colloid nature
determines the perovskite film quality and optoelectrical properties.?’° This study aimed to
develop a CsPbl2.77Bro.23 perovskite ink using eco-friendly solvent mixtures of DMSO as the main
green solvent and ACN, 2-ME, or ACN/2-ME as additive/secondary solvents. We prepared 21
CsPbl».77Bro.23 perovskite inks by designing various binary and ternary ratios of the coordinating
DMSO solvent to the highly vaporized solvents ACN, 2-ME, or ACN/2-ME and studied the
precursor colloidal sizes, film morphologies and structures, and device performance. The influence
of the colloidal properties of the precursor ink on the performance of devices prepared by a slot-
die coater at low temperatures (40-50 °C) was demonstrated. PSCs based on DMSO alone
delivered a maximum PCE of 17.80% with a large variance. Intriguingly, the binary eco-friendly
solvent-engineered CsPblz.77Bro23 perovskite ink with DMSO to ACN (DA) ratio of 0.8:0.2
demonstrated an impressive PCE of 19.05% with a short-circuit current (Jsc) of 20.91 mAcm™, an

open-circuit voltage (Vo) of 1.131V and a fill factor (FF) of 80.57% and high reproducibility.



Furthermore, DA (0.8:0.2) perovskite ink-based devices retained more than 91% of their original

PCE after being stored in air for one month at 20% relative humidity (RH) in the dark.
Results and Discussion

A total of 21 CsPbl.77Bro.23 perovskite inks were prepared systematically. Scheme 1 illustrates
the preparation of the slot-die-compatible CsPblz77Bro2;3 ink using DMSO, 2-ME, and ACN
following a binary and/or ternary solvent mixture approach. The DMSO-based perovskite ink
alone was used as the control. ACN or 2-ME alone cannot dissolve CsPblz77Bro23 solutes.
Intriguingly, by mixing non-coordinating and high-vapor-pressure ACN and 2-ME with DMSO,
we slot-die-coated all-inorganic perovskite films at low temperatures over a large area without an
additional N> knife. We found that a maximum of 50% ACN, 50% 2-ME, or 50% mixture of
ACN/2- ME (v/v) could substitute DMSO (v/v) to obtain a clear perovskite ink. Increasing the
ratio of volatile solvents above 50% (v/v) led to the formation of a cloudy perovskite ink owing to
incomplete dissolution. To find the best solvent ratio for the slot-die coated all-inorganic
CsPbl>.77Bro23 films, we optimized the ratio of DMSO to non-coordinating and high-vapor-
pressure 2-ME and/or ACN. The precursor colloidal distribution, film morphologies and structures,

and device characteristics of the 21 perovskite inks were studied in detail.
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Scheme 1. Schematic illustration of the development of all-inorganic eco-friendly perovskite inks
by solvent and colloidal engineering for scalable PSCs. The inks were slot-die coated at 40—50 °C

over a large area and annealed at 210 °C for 5 min.

We studied the influence of various mixtures of these solvents on colloidal particle distribution
in the perovskite solution, perovskite film morphologies and structures, and device performance.
We first investigated the particle size distribution of various solvent-engineered all-inorganic
CsPbl»77Bro23 perovskite precursors using dynamic light scattering (DLS). The individual
intensity-weighted DLS size distributions were measured for ten cycles for each fresh precursor
solution to maintain consistency across all precursors and the results are summarized in Figure 1a-
d. The 21 perovskite precursors were categorized into four groups. The first group (Figure la)
shows a perovskite precursor prepared from a mixture of DMSO and ACN in short DA at various
v/v ratios. The perovskite precursor prepared from DMSO only [DA (1:0)] was characterized by a
high size distribution intensity ratio of large particles (> 1000 nm) and low size distribution
intensity ratio of small particles (1-5 nm) colloids. However, when ACN was introduced into
DMSO [DA (x:y)], the size and size distribution intensity ratio of the large particles decreased.
Intriguingly, the binary DA solvent precursors exhibit a high intensity ratio of small particles (1—-
5 nm). Large aggregate colloidal particles split and formed small colloidal particles with the
addition of ACN solvent, which was also observed by Kim et al. upon the addition of I3” to MAPbI3

perovskite.>°
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Figure 1. Particle size distributions of various perovskite precursor inks measured by DLS. (a) DA
series, (b) DM series, (¢) DMA series with varied D, M, and A ratios, and (d) DMA series with

maximum MA ratio to D.

We then studied the colloidal size distributions of the perovskite inks prepared from the binary
solvents DMSO and 2-ME in a short DM (Figure 1b). A similar trend was observed in the DA
system. The size distribution intensity of the smaller particles increased as the amount of 2-ME
(0-0.4) increased. However, for DM (0.5:0.5), we observed the highest intensity of small particles.
The large particle diameters of the ink prepared with DM (0.5:0.5) increased even above that of

the DMSO-only sample, suggesting that both small and large colloids formed in the system.



Further, we investigated the colloidal size distributions of the ternary solvent perovskite precursor
solution by mixing DMSO, 2-methoxyethanol, and ACN (hereafter referred to as DMA) in various
ratios (Figure 1c-d). Figure 1c shows the particle information of the perovskite solutions with a
high volume of DMSO in DMA. However, as shown in Figure 1d, we added maximum amounts
of ACN and 2-ME to the main DMSO solvent. The maximum ratio of additive solvents was 50%
v/v for both the binary and ternary perovskite precursors. The perovskite solutes could not be
dissolved if the additive solvent was over 50% (v/v). In both ternary systems (Figure 1c-d), the
intensity of the small colloidal size distribution significantly increased compared to that of the
DMSO-only perovskite precursor. The colloidal size distribution and intensity may influence the
morphological and optoelectronic properties of the perovskite films. In perovskite film processing,
small colloidal sizes provide excellent nucleation sites, which can benefit the formation of compact
perovskite layers on slot-die coatings. When the colloid size is large, there is a high possibility of
aggregation and the perovskite layer generated from such nucleation sites may have a random
morphology associated with many pinholes. In general, the perovskite film quality obtained from
the slot-die coating process is influenced by various parameters, including the precursor properties,

coating gap, coating speed, coating flow rate, and coating temperature.

We fabricated CsPbl.77Bro23 perovskite layers using a slot-die coater with various precursors
and studied the top-view morphology of the layer using SEM. Figure 2a shows a top-view SEM
image of the perovskite layer, where DMSO was the sole solvent used to prepare the precursor and
a rough morphology with pinholes was formed. Subsequently, we scanned the top-view perovskite
layer prepared from the binary solvents DMSO and ACN mixed in various ratios (Figure 2b-f).
When the amount of ACN in the precursor increased, the perovskite grain size increased from 282

to 452 nm (Figure S1 shows the perovskite grain size distributions obtained from the SEM images).



As we employed the same coating parameters for all the precursors, the solvent component
influenced the perovskite film morphologies, demonstrating that the film morphologies were

related to the initial colloidal size distributions.

Figure 2. Top-view SEM images of CsPbl.77Bro.23 films prepared from the binary solvent system
by mixing DMSO and ACN in various ratios. (a) DMSO only, (b) DA (0.9:0.1), (c) DA (0.8:0.2),

(d) DA (0.7:0.3), (¢) DA (0.6:0.4), and (f) DA (0.5:0.5).

We studied the top-view morphologies of the perovskite films prepared with various ratios of
DMSO to 2-ME (Figure 3a-f). Figure 3a a shows the control perovskite prepared using DMSO
solvent. When 2-ME was mixed with small amounts of DMSO, such as DM (0.8:0.2) and (0.7:0.3),
compact perovskite layers were formed. A further increase in 2-ME resulted in rough morphologies,
particularly for the perovskite layer fabricated using DM (0.5:0.5). Similar to the morphological
trend in DA, when the amount of 2-ME increased, the number of perovskite grains increased.

Figure S2 shows the size distributions of films prepared using the DM system. However, DM



(0.5:0.5) produced a non-uniform morphology. The DLS of DM (0.5:0.5) showed colloids larger
than those formed by DMSO alone. This demonstrates that overly large colloids can result in rough
surfaces with substantial numbers of pinholes. Our DLS characterization showed that increased
amounts of added ACN or 2-ME in the precursor solution led to a decreased proportion of large
colloidal-sized particles, which were responsible for forming the non-uniform perovskite layer,
except for DM (0.5:0.5). SEM characterization revealed that the perovskite films prepared using
precursors with added ACN or 2-ME produced a uniform morphology compared to the control
perovskite films prepared from non-volatile coordinating DMSO only. However, the number of
pinholes followed a trend where initially the number of pinholes decreased with the addition of
ACN and/or 2-ME and then increased (Figure 2, Figure 3). The modulation of these surface
morphologies is related to the variation in the vapor pressure of the different solvents (DA, DM,
and DMA). The nucleation and crystal growth of these precursors followed different timescales
depending on their ratios, which defined their perovskite surface uniformity and compactness.
Perovskite films prepared from the commonly used non-volatile coordinating solvents required a
long time to reach supersaturation due to their strong coordination and slow evaporation caused
by their high boiling point and low vapor pressure.'? As a result, discontinuous perovskite layers
with pinholes or islands formed.'? Our control DMSO-prepared perovskite layers also exhibited
several pinholes. In contrast, perovskite films prepared from a combination of non-coordinating,
low boiling point, and high vapor pressure ACN and/or 2-ME, and a coordinating DMSO [DA,
DM, DMA] exhibited faster supersaturation and nucleation rates, resulting in a homogeneous
morphology with reduced pinholes. However, when ACN and 2-ME were added to DMSO in
different proportions, the boiling points and vapor pressures of the mixed solvents varied

significantly and the crystallization kinetics changed accordingly. Note that our inorganic



perovskite could not be dissolved in ACN, 2-ME, or ACN/2-ME mixtures and we employed the
partial substitution of DMSO with volatile components to tune the perovskite growth kinetics,
perovskite morphology, and optoelectrical properties. Initially, with the addition of small ratios of
volatile solvents to DMSO, the number of pinholes was significantly reduced owing to the
balanced fast evaporation and crystallization during the formation of the films and the devices
produced an improved PCE. However, when the ratio of ACN and/or 2-ME in DMSO was further
increased, the solubility of the perovskite decreased. The small colloidal particle size distribution
decreased and the large colloidal particle size distribution increased, which negatively influenced
the perovskite morphology, leading to increased pinhole formation. Overall, the solvent ratio

significantly influenced the film's growth and quality.
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Figure 3. Top view SEM images of CsPbl> 77Bro23 films prepared from DM system: (a) DMSO

only, (b) DM (0.9:0.1), (c) DM (0.8:0.2), (d) DM (0.7:0.3), () DM (0.6:0.4), and (f) DM (0.5:0.5).



We studied the top-view morphologies of slot-die-coated CsPbl> 77Bro23 perovskite layers
prepared using ternary solvents (DMA) (Figure 4a-1). Small amounts of ACN, 2-ME, and 2-
ME/ACN in the perovskite precursor did not benefit the coating process, and the morphologies
were similar to those of the perovskite films prepared using DMSO alone. Consequently, the
perovskite films prepared with DA (0.9:0.1), DM (0.9:0.1), and DMA (0.9:0.05:0.05) exhibited
rough surfaces. When non-coordinating (2-ME/ACN) solvents were employed together with
DMSO in the ternary solvent approach to prepare the perovskite solution, the ratio of 2-ME to
ACN significantly affected the film morphology. Figure 4a-f shows the morphologies of the films
based on the ternary solvents with different ratios of 2-ME and ACN. The films prepared with
DMA (0.8:0.1:0.1), DMA (0.7:0.1:0.2), DMA (0.7:0.15:0.15), and DMA (0.7:0.2:0.1) exhibited
uniform morphologies; however, the film prepared with DMA (0.6:0.2:0.2) was rougher and
exhibited more pinholes. Finally, we studied the top-view morphologies of the perovskite layers
when the DMSO amount was half the ratio and 2-ME/ACN was the other half ratio to prepare the
perovskite solution. Figure S3 shows the grain-size distribution of the films. When the amount of
ACN decreased and 2-ME increased, the perovskite particle sizes decreased from 393 to 324 nm
(Figure S3 c-e) and from 436 to 349 nm (Figure S3 g-k), respectively, and the perovskite
morphologies became rougher (Figure 4g-1). The morphological studies demonstrated that tuning
the precursor solvent/ratio from DMSO alone to binary and ternary solvents could lead to effective
control of perovskite morphologies. The morphology trend was similar to the colloidal size

distribution trend, and a more detailed study is required.
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Figure 4. Top-view SEM images of CsPbl, 77Bro23 films prepared with the ternary solvent system
by mixing DMSO, 2-ME, and ACN in various ratios: (a) DMA (0.9:0.05:0.05), (b) DMA
(0.8:0.1:0.1), (¢) DMA (0.7:0.1:0.2), (d) DMA (0.7:0.15:0.15), (¢) DMA (0.7:0.2:0.1), and (f)
DMA (0.6:0.2:0.2). (g) DMA (0.5:0:0.5), (h) DMA (0.5:0.1:0.4), (i) DMA (0.5:0.2:0.3), (j) DMA

(0.5:0.25:0.25), (k) DMA (0.5:0.3:0.2), and (1) DMA (0.5:0.5:0).

We fabricated planar PSCs with a structure of FTO/c-TiO2/ CsPbl».77Bro.23 /Spiro-OMeTAD/Au
based on inorganic perovskite films obtained using our inks. Figure 5a-d shows the J-V curves of
PSCs based on various binary DA solvents. The control device based on a sole DMSO solvent
exhibited a maximum PCE of 17.80% with a Js. of 20.71 mAcm?, V,. of 1.109 V, and FF of

77.49%. The low device performance was attributed to the poor film morphology, which resulted



in leakage current and poor interface contact that ultimately deteriorated the device PCE.??> When
ACN was added to the DMSO, the efficiency of the device improved remarkably. The devices
based on DA (0.8:0.2) showed the best PCE of 19.05%, with a Ji 0f20.91 mAcm™, V,. of 1.131V,
FF of 80.57%, and high process reproducibility. The performance of various binary DA solvent-

based devices is summarized in Table S1.
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Figure 5. Photovoltaic parameters of the devices based on DA solvents.

We fabricated DM-precursor-based PSCs, and the results are summarized in Figure 6. The DM
(0.8:0.2)-and DM (0.7:03)-based devices exhibited excellent PCE of 18.25% and 18.51%,
respectively. The DM (0.7:0.3)-based device exhibited a Ji of 20.84 mAcm™?, V,. of 1.124V, and
FF of 79.03%. However, when the amount of 2-ME increased, the PCE of the DM-based device
decreased. The PCE of the device based on DM (0.5:0.5) was 17.46%. A summary of the PCE

based on the DM system is presented in Supplementary Table S2.
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Figure 6. Photovoltaic parameters of the devices based on DM solvents.

Similarly, we fabricated PSCs based on ternary solvent mixtures of DMSO, 2-ME, and ACN, and
the device characterizations are summarized in Figure S4-S5 and Tables S3-S4. The DMA
(0.7:0.15:0.15)-based device exhibited a Ji. of 20.93 mAcm™, V,. of 1.111V, FF of 79.00%, and
maximum PCE of 18.37%. Stretching the amount of 2-ME and ACN to 50% to minimize the
amount of the main DMSO solvent resulted in a PCE similar to that of the DMSO-based device;
however, the reproducibility was significantly improved. J-V studies indicated that perovskite
films fabricated using binary solvents (DA and DM) produced better device performances than
those fabricated using the ternary solvent system. We studied the reproducibility of the devices
based on 21 solvents, and the histogram data are shown in Figure S6a-d, where devices with DA

(0.8:0.2) and DM (0.7:0.3) demonstrated impressive PCEs and high reproducibility.



We studied the compositional, optoelectrical, and structural properties of perovskite films
prepared using DMSO (D), DA (0.8:0.2), and DM (0.7:0.3) solvents. Figure 7a shows the FTIR
spectra of the three films, which exhibit similar functional groups without peak shifting because
the additive solvents 2-ME and ACN were completely removed from the films. The UV-Vis
absorption spectra of the perovskite films prepared from D, DA (0.8:0.2), and DM (0.7:0.3)
exhibited overlapping features with an absorption onset at 729 nm (Figure 7b). Figure 7c shows
the X-ray diffraction (XRD) data of the perovskite films prepared from D, DA (0.8:0.2), and DM
(0.7:0.3), with all films exhibiting highly crystallized CsPbl2.77Bro.23 perovskites. Furthermore, we
applied 2D-GIWAXS to study the detailed structure of the perovskites prepared with D, DA
(0.8:0.2), and DM (0.7:0.3), and a pure perovskite phase without remnants was observed (Figure
7d-g). Next, we investigated the charge recombination properties of slot-die-coated CsPbl2.77Bro.23
perovskite films prepared from D, DA (0.8:0.2), and DM (0.7:0.3). Figure 7h shows the steady-
state PL spectra of the different perovskite films on glass, where all films exhibited an emission
peak at 720 nm. The three films exhibit similar thicknesses (Figure S7). Intriguingly, the perovskite
films prepared from DA (0.8:0.2) demonstrated a significant PL enhancement of 91% compared
to the DMSO solvent-prepared layer. Additionally, the DM (0.7:0.3)-based film exhibited a 59%
PL enhancement. These PL enhancements for the DA (0.8:0.2)-and DM (0.7:0.3)-based films
suggest that charge recombination was suppressed in the binary solvent-prepared perovskite films
compared to the DMSO-prepared film. We employed time-resolved PL (TRPL) was used to
calculate the charge carrier lifetimes of the perovskite films prepared from D, DA (0.8:0.2), and
DM (0.7:0.3) (Figure 71). The average charge carrier lifetimes tave were calculated using equations
(1-2).2° DA (0.8:0.2)-processed perovskite layer exhibited an extremely long average charge

carrier lifetime (228.30 ns) compared to the DMSO-prepared perovskite film (120.78 ns). DM



(0.7:0.3) exhibited an average charge carrier lifetime of 221.32 ns. The charge carrier lifetimes are

summarized in Table S5.
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Figure 7. (a) FTIR spectra, (b) UV-vis absorption spectra, and (c) XRD data of CsPbl77Bro.23

prepared from D, DA (0.8:0.2), and DM (0.7:0.3). 2D-GIWAXS of CsPbl».77Bro.3 films prepared



using (d) D, (e) DA (0.8:0.2), and (f) DM (0.7:0.3). (g) Azimuthally integrated profile, (h) PL, and

(1) TRPL of CsPbl;.77Bro.3 films prepared from D, DA (0.8:0.2), and DM (0.7:0.3) solvents.

The morphology, crystallinity, compactness, and homogeneity of perovskite films are critical for
obtaining high-quality films and high-performance devices. Perovskite crystals and/or films with
structural and electronic defects exhibit poor device efficiencies. The final perovskite films formed
by slot-die coating were composed of polycrystalline perovskite grains, and the perovskite film
properties were highly influenced by the choice of solvents. Solvents influence the solubility of
the inorganic perovskite components, chemical reactions, colloidal size distribution, and
crystallization kinetics, which determine the quality of the perovskite film, density of defects,
optoelectrical properties, and overall device performance. For our control sample, we employed
high boiling point highly coordinated polar aprotic DMSO to dissolve the perovskite precursor,
and it produced non-homogenous, dendritic films with pinholes/grain boundaries (Figure 2a) due
to a lower degree of supersaturation (slower nucleation rate and faster crystal growth rate), which
led to the formation of a large density of perovskite defects.!> We engineered the solvent ratios in
the DA, DM, and DMA systems by mixing the DMSO with various amounts of volatile and non-
coordinating solvents such as ACN and/or 2-ME. We created a high degree of supersaturation
(faster nucleation rate and slower crystal growth rate) at the optimized ratios, which resulted in
highly uniform and compact perovskite layers with a reduced density of defects. In general, the
choice of solvent for dissolving any perovskite precursor depends on the Gutmann donor number,
dielectric constant, and Mayer bond order. The solvents not only determine the solubility of the
perovskite but also the crystallization kinetics (nucleation and crystal growth rate). The degree of

supersaturation is significantly influenced by the solvent boiling point, coordination with the



perovskite precursor, and solvent vapor pressure. Solvents affect the perovskite crystallization

kinetic rates and solubility patterns, which in turn influence the perovskite density of defects.

We performed an XPS survey of the perovskite films prepared from D, DA (0.8:0.2), and DM
(0.7:0.3) to investigate their elemental compositions (Figure S8). No peak shift was observed in
the three solvent systems, with the final perovskite composition consistent for all samples. XPS
measurements were performed to determine the atomic ratios of the perovskite films (Table S6).
The Cs:Pb:I ratio was approximately 1:1:3 and the Br:I ratio was 1:28.4. Very little Br was doped
into the films, which was consistent with the EQE data. No blue shift was observed, indicating that
a very small amount of Br was doped into the films. Figures 8a-f and S9 show the surface
roughness and AFM phase images of CsPbl..77Bro23, respectively. Surface roughness values of
30.4, 32.3, and 34.9 nm were obtained for D, DA (0.8:0.2), and DM (0.7:0.3), respectively. The
phase images were consistent with the roughness data. Electron and hole traps influence charge
transport and overall device performance. We fabricated electron-only devices with the structure
FTO/c-TiOy/ CsPblz.77Bro23/PCBM/Au (Figure 8g-1) and hole-only devices with the structure
FTO/PEDOT:PSS/CsPblz.77Bro.23/Spiro-OMeTAD/Au based on films prepared with D, DA
(0.8:0.2), and DM (0.7:0.3) (Figure 8j-1). The device fabrication procedures and fitting equations

were adopted from the literature.?® The trap density was calculated using equation 3.

__ 2egoVTFL
Ntraps 7 ez 3)

31 ¢y is vacuum

where Nuaps 18 the trap density, € is the relative dielectric constant of CsPbls,
permittivity, VrrL is trap-filled limit voltage, e is the elementary charge, and L is the thickness of

perovskite films. The control device based on CsPbl» 77Bro.23 ink prepared with solvent D exhibited

an electron trap density of 5.08x10'> cm. Intriguingly, the electron trap density was significantly



suppressed to 1.18x10' cm™ and 1.84x10'° cm™ when CsPbl,.77Bro23 inks were prepared using
DA (0.8:0.2) and DM (0.7:0.3), respectively. The trap density of the DA (0.8:0.2) CsPbl».77Bro.23
ink-based device was approximately 76% lower than that of the control device, which could be the

main reason for the high PL intensity of the film.

We then fabricated hole-only devices to study the hole trap density of the films prepared with D,
DA (0.8:0.2), and DM (0.7:0.3) inks. The control device showed a hole-trap density of 1.27x10"
cm?. DA (0.8:0.2) and DM (0.7:0.3)-based devices exhibited decreased hole-trap density of
0.96x10" cm™ and 0.98x10'° cm?, respectively. The electron and hole trap densities are
summarized in Table S7. The reduced defects had a positive influence on the V,. and FF of the

cells.”3?
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Figure 8. AFM topographic and 3D-images of CsPbl.77Bro.23 films prepared using solvents (a-b)

D, (c-d) DA (0.8:0.2), and (e-f) DM (0.7:0.3), respectively. Current-voltage (I-V) curves of

electron-only devices based on CsPbl, 77Bro .23 films prepared using solvents (g) D, (h) DA (0.8:0.2),

and hole-only devices based on (i) DM (0.7:0.3), (j) D, (k) DA (0.8:0.2), and (1) DM (0.7:0.3).



The energy-level alignment of the perovskite layer influenced the charge transfer in the devices.
Figure 9a-c shows the Ecutoffand Enomo of CsPbl.77Bro23 films prepared using D, DA (0.8:0.2),
and DM (0.7:0.3) solvents measured using UPS. The three solvents barely influenced the energy
levels of the perovskite layers. Subsequently, we calculated the band gap of perovskite layers by
the Tauc plot and found that all three curves overlapped and all CsPbl;77Bro.23 films exhibited a
bandgap of 1.70 eV (Figure 9d). The energy-level alignment of the CsPbl277Bro23 layer with
respect to the other layers in the device is presented in Figure 9e. Kelvin probe force microscopy
was employed to measure the contact potential difference (CPD) of the CsPblz.77Bro.23 perovskite
films prepared from D, DA (0.8:0.2), and DM (0.7:0.3) (Figure 9f). The control sample exhibited
—350 mV relative to the tip. Intriguingly, the perovskite film prepared using the DA (0.8:0.2)
solvent exhibited a significant enhancement compared to the control perovskite film (ca. 250 mV
to the tip). Moreover, the perovskite prepared by DM (0.7:0.3) exhibited an enhanced CPD
compared with that of the control film. The CPD results suggest that a very high potential was
formed in the DA (0.8:0.2)-based films, which could be beneficial for charge transport, and Vo
enhancement was expected in these devices. The CPD data were consistent with the PL, electron,
and hole trap studies, where Voc was highly correlated with the trap density. The film based on DA
(0.8:0.2) exhibited the lowest trap density and highest PL intensity compared to the other films,

indicating the significant potential of the high Voc of the cells.
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Figure 9. UPS spectra of CsPbl, 77Bro.23 films prepared using solvents (a) D, (b) DA (0.8:0.2), and
(c) DM (0.7:0.3). (d) Tauc plot of CsPblz77Bro.23 films prepared using D, DA (0.8:0.2), and DM
(0.7:0.3) solvent. (e) energy level alignment diagram of the perovskite layer with respect to other
layers in the devices with a structure of FTO/c-TiO2/CsPblz.77Bro23/spiro-OMeTAD/Au. (f)
Contact potential difference of various CsPbl>.77Bro23 films measured using Kelvin probe force

microscopy.

We fabricated PSCs with a structure of FTO/c-TiO2/CsPbl.77B10.23/Spiro-OMeTAD/Au, where
perovskite inks were prepared using D, DA (0.8:0.2), and DM (0.7:0.3) solvents. The device
parameters are summarized in Figure 10a-d, with the device with DA (0.8:0.2) demonstrating the
highest performance and a narrow statistical distribution (Figure 10e). Figure 10f-h shows the best
performance of the PSCs prepared using the D, DA (0.8:0.2), and DM (0.7:0.3) solvents. The

control device demonstrated a maximum PCE of 17.80% under reverse bias and 16.97% under



forward bias, with a hysteresis index (HI) of 4.66%. Interestingly, the device prepared with the DA
(0.8:0.2) solvent demonstrated a superior PCE of 19.05% with a reduced HI of 2.67%. Furthermore,
the DA (0.8:0.2) solvent-based device exhibited the highest V. of 1.132 V and FF (80.57 %). This
indicates that structural and/or electronic defects in the perovskite films were suppressed using our
eco-friendly DMSO/ACN mixed solvent. Our results were achieved using green solvents and slot-
die-prepared perovskite layers, which is one step closer to commercializing all-inorganic PSCs. In
addition, the device based on DM (0.7:0.3) exhibited a maximum PCE of 18.51% and HI 0f 2.49%.
The stabilized PCE data of the control, DA (0.8:0.2), and DM (0.7:0.3) solvent-prepared devices
are presented in Figure 101. All the devices exhibited stable PCE at their corresponding maximum
power point (MPP) for 300 s, which inferred that the all-inorganic PSCs were highly stable.
Subsequently, we studied the details of the charge dynamics process by electro-impedance
spectroscopy (EIS) in the dark. EIS was used to inspect the series resistance, capacitance, and
charge recombination resistance of the devices. Figure 10j shows the EIS plot recorded at a 0.91
V bias and their equivalent circuit is presented in Figure S10. The fitting results are summarized
in Table S8. The semi-circle in the high-frequency region was correlated to the charge
recombination resistance and geometrical capacitance.?® The control device with DMSO solvent
only showed a series resistance (Rs) of 60.83 Q, and this parameter was reduced to 39.37 Q for the
device based on DA (0.8:0.2) ink. Intriguingly, the charge recombination resistance (Rrec)
significantly was improved (> ten-fold) for the DA (0.8:0.2) ink-prepared device compared to the
control device (2079 Q vs 177.40 Q), which conclusively confirmed that the perovskite defects
were successfully repressed in the DA (0.8:0.2)-based device, leading to enhanced photovoltaic
parameters in the device. Figure 10k shows the EQE of the devices. The integrated Jsc values of

the D, DA (0.8:0.2), and DM (0.7:0.3) solvent-based devices were 18.39, 18.85, and 18.63 mA



cm 2, respectively. The discrepancy between the integrated Jsc and Jsc obtained from the J-V curves

was within 20%, suggesting reasonable data.*’
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Figure 10. (a-d) Champion photovoltaic parameters of CsPbl,.77Bro23-based devices prepared
using D, DA (0.8:0.2), and DM (0.7:0.3) inks. (¢) PCE histograms of PSCs using D, DA (0.8:0.2),
and DM (0.7:0.3) inks. J-V curves of the champion devices are based on (f) D, (g) DA (0.8:0.2),

and (h) DM (0.7:0.3). (i) Stabilized power output of the control device at MPP = 0.86 V, DA



(0.8:0.2)-based device at MPP=0.92 V, and DM (0.7:0.3)-based device at MPP=0.89 V. (j) Nyquist

plots and (k) EQE of devices based on D, DA (0.8:0.2), and DM (0.7:0.3).

Finally, we studied the long-term stability of the PSCs prepared from D, DA (0.8:0.2), and DM
(0.7:0.3) inks (Figure 11). For reliability testing, we measured the four devices every four days for
one month. The devices were stored in air at RH below 20% in the dark. The control device
maintained approximately 70% of its original PCE. Intriguingly, the DA (0.8:0.2)- and DM
(0.7:0.3)-based devices maintained more than 90% of their initial PCE under the same conditions
and durations. Figure S11 shows the operational stability of devices prepared using different
solvents. When testing the thermal stability under 85 °C, the devices based on D:A (0.8:0.2) and
D:M (0.7:0.3) maintained ~80% of the original PCE, compared to ~55% for the control device
(Figure S11 a). When subjected to MPP tracking for 200 h, the devices based on D:A (0.8:0.2) and
D:M (0.7:0.3) maintained 90% and 80% of their original PCE, respectively, compared with 50%
for the control device (Figure S11 b). The improved device stability was attributed to the high-
quality perovskite films with few defects prepared using the engineered solvent method. A solar
module with 6 sub-cells and an area of 10 x 10 cm? was fabricated based on the solvent of D:A
(0.8:0.2) and achieved a PCE of 8.07%, as shown in Figure S12 a. Figure S12b shows the stability
of the solar module, showing that 54% of the original PCE was maintained when the module was
stored in air in the dark for ~250 h (RH < 20%). The device with an active area of 2.5 x 2 cm?
obtained a PCE of 16.03%, as shown in Figure S12 c and d. The device maintained approximately

85% of its initial PCE when stored in air in the dark for 250 h (RH < 20%).
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Figure 11. Long-term device stability of CsPblz77Bro.23-based devices: (a) short-circuit current
(Jse), (b) open-circuit voltage (Voc), (¢) fill factor (FF), and (d) PCE. The devices were stored in

the air at RH below 20% in the dark.
Conclusion

All norganic perovskite inks for a slot-die coater with a composition of CsPblz77Bro23 were
developed from eco-friendly binary and ternary mixed solvents for the first time using coordinating
DMSO and non-coordinating and highly volatile ACN and 2-ME. DLS investigations showed that
the number of small particles (<10 nm) increased when the amount of volatile ACN, 2-ME, and
the ACN/2-ME ratio increased. Perovskite films with uniform and compact morphology can be
achieved by mixing coordinating solvents and highly volatile non-coordinating solvents, rather

than using DMSO alone. We found that optimum ratios of the two solvents are required to achieve



high-quality perovskite layers. With an optimized ratio of DA (0.8:0.2), the PSCs demonstrated
excellent optoelectrical and J-V properties, with a superior PCE of 19.05%. The control DMSO-
based device exhibited a low average V,. and FF and less reproducibility owing to the nonuniform
film formation caused by the strong coordination of DMSO in the slot-die coating. The device
prepared using 50% DMSO and 50% volatile solvents displayed a PCE comparable to that of the
control solvent and improved reproducibility. Our ecofriendly all-inorganic perovskite inks for
slot-die coaters can be employed in roll-to-roll or sheet-to-sheet processes for further optimization.
This study opens a new avenue for the development of green and scalable perovskite inks for the

commercialization of PSCs.

Experimental Section

Materials. FTO substrates were purchased from Youxuan TECH (China). Cesium iodide (CsI)
was acquired from STREM Chemicals, Inc. Dimethylammonium Iodide (DMAI) was purchased
from GreatCell Solar Materials. Lead iodide (Pbl,) and lead bromide (PbBr2) were obtained from

TCI Chemicals.

Device Fabrication. The FTO patterning and cleaning protocol,> 337 and ¢-TiO, layer
preparation were adopted from our previous literature.'® 2° 0.8 M CsPbl, 77Bro23 perovskite inks
were prepared by mixing 0.208 g Csl, 0.208 g DMALI, 0.306 g Pbl>, and 0.050 g PbBr; with various
compositions of eco-friendly solvents, such as dimethyl sulfoxide (DMSO = D), acetonitrile
(ACN=A), and 2-Methoxyethanol (2-ME=M). A total of 21 perovskite precursor solutions were
prepared. Subsequently, the perovskite inks were slot-die coated on 10x10 cm? ¢-TiO> at a coating

speed of 1.5 mm™!, flowrate of 2.28 pLs™!, and coating gap of 75 pm at 40—50 °C and less than 20%



RH. Subsequently, the wet films were annealed at 210 °C for 5 min. To study the photovoltaic
parameters, the large area perovskite films were cut to small sizes of 1.5x1.5 cm? and the spiro-
OMeTAD hole-transport layer was coated according to our previous publication.* Finally, an Au

electrode (80 nm) was prepared following our work.*

DLS Sample Preparation. To study the colloidal size distribution of the perovskites, various
solvent-engineered perovskite inks (1.5 mL) were prepared. Fresh samples with similar
preparation durations and protocols were used to remove the influence of ink aging on the colloidal

sizes. Each DLS measurement was recorded over ten cycles.

Film / Device Characterizations. X-ray diffraction (XRD), grazing incidence wide-angle x-ray
scattering (2D-GIWAXS), Fourier-transform infrared spectroscopy (FTIR), ultraviolet
Photoemission Spectroscopy (UPS), x-ray photoelectron spectroscopy (XPS), ultraviolet-visible
(UV—vis) absorption, photoluminescence (PL), Time-resolved photoluminescence (TRPL),
Kelvin probe force microscopy (KPFM), contact potential difference (CPD), maximum power
point (MPP), electro-impedance spectroscopy (EIS) and scanning electron microscope (SEM)
were employed to study the structural, morphological, and optoelectrical properties of the
CsPbl, 77Bro 23 films following our previous work.?%*? Current density—voltage (J-V) and external
quantum efficiency (EQE) of the perovskite devices were recorded using the same equipment and

conditions as in our previous work.>® The active area of the devices was 0.1 cm?.

Statistics: Figures S1-S3 show the mean size obtained by counting the sizes of approximately 100
particles and plotting the size distribution using Origin 2018. The average values in Figures S4—

S5, Figures 5-6, and 10—11 were obtained using the software Origin Statistics function.
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We developed CsPblz.77l023 slot-die inks via the colloidal engineering of scalable large-area

perovskite solar cells. Eco-friendly solvents such as dimethyl sulfoxide (DMSO), acetonitrile

(ACN), and 2-methoxyethanol (2-ME) were used. Film growth was controlled by varying the

solvent ratio. The cells based on films prepared by slot-die coating exhibited an efficiency of

19.05 %.



