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A universal co-solvent dilution strategy enables
facile and cost-effective fabrication of perovskite
photovoltaics
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Cost management and toxic waste generation are two key issues that must be addressed
before the commercialization of perovskite optoelectronic devices. We report a ground-
breaking strategy for eco-friendly and cost-effective fabrication of highly efficient perovskite
solar cells. This strategy involves the usage of a high volatility co-solvent, which dilutes
perovskite precursors to a lower concentration (<0.5 M) while retaining similar film quality
and device performance as a high concentration (>1.4 M) solution. More than 70% of toxic
waste and material cost can be reduced. Mechanistic insights reveal ultra-rapid evaporation
of the co-solvent together with beneficial alteration of the precursor colloidal chemistry
upon dilution with co-solvent, which in-situ studies and theoretical simulations confirm.
The co-solvent tuned precursor colloidal properties also contribute to the enhancement of
the stability of precursor solution, which extends its processing window thus minimizing the
waste. This strategy is universally successful across different perovskite compositions, and
scales from small devices to large-scale modules using industrial spin-coating, potentially
easing the lab-to-fab translation of perovskite technologies.
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olution-processed perovskite solar cells (PSCs) have

attracted enormous attention due to the prospect of low-

cost, easy fabrication of high-performance photovoltaic
thin-films!-6. Despite the rapid increase of PSC efficiency from
3.8% in 2009 to 25.5% in 20207, the prospect of commercializa-
tion remains bleak because of the presence of toxic lead com-
ponents and the generation of toxic waste from the precursor
solution during manufacturing®. Several research groups have
tried to replace or reduce the lead usage with other less toxic
metal elements (e.g., tin®, germanium!0, and bismuth!!), how-
ever, the stability and efficiency of lead-free or reduced content of
lead PSCs are still far behind the state-of-the-art lead-based PSCs
and the solvents used for processing are still toxic in nature.
Other strategies have recently focused on preventing the leaching
of toxic lead from solar cells, but these do not address the toxic
waste generation!2. Therefore, so far, the problem of toxic waste
generation has not been addressed scientifically despite much of it
residing in the formulation, storage, and processing steps. A
conventional perovskite precursor solution is made of high purity
lead halide salts, organic or inorganic ammonium salts, dissolved
in toxic polar aprotic solvents (e.g., dimethylformamide (DMEF),
dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP),
etc.)® and other high-boiling point solvents such as DMSO in
high concentration>!3. Although few green solvents have been
developed to replace these toxic solvents, the resulting device
performance is still not comparable with that of the DMF-based
precursor!3. In addition, these high purity perovskite raw mate-
rials (Pbl,, formamidinium iodide (FAI), methylammonium
iodide (MAI), etc.) are still very expensive (Supplementary
Table 1), which increases the fabrication cost, and have a short
shelf life due to aggregation.

Typically, a direct correlation between the thickness of the
perovskite film and the precursor solution concentration has
meant that fabrication of state-of-the-art PSCs requires a relatively
high concentration (>1.4 M) of lead components!®1> to obtain
prototypical thin films (i.e., thick, compact, highly crystalline, and
pinhole-free) for photovoltaic devices!®. Record efficiencies are
currently achieved through a combination of spin-coating highly
concentrated precursor solutions with an anti-solvent drip
approach!317. But one downside of most laboratory-based spin-
coating of high concentration solutions is precursor waste gen-
erated during processing, which cannot be addressed by lowering
the concentration of traditional precursors without also lowering
film thickness and power conversion efficiency (PCE). Such high
concentration perovskite solution with high viscosity and low
evaporation rate create obstacles to typical scalable perovskite
deposition methods in industrial applications, e.g., slot-die coat-
ing, spray coating, blade coating, ink-jet printing, roll-to-roll
printing as well as industrial-based spin coating, by slowing down
the continuous production rate and reducing opportunities for
collection and reuse of excess solution. Another downside of
concentrated solutions is their short shelf-life due to their pro-
pensity to aggregate and agglomerate, which increases toxic waste.
Therefore, there is an urgent requirement to develop an eco-
friendly strategy that can minimize the consumption of toxic
materials by simultaneously reducing toxic waste during the
processing step and by extending the shelf life of perovskite inks.

Here, we present a co-solvent dilution strategy that maintains
high-quality perovskite films with very low concentration pre-
cursor solutions. This strategy substantially reduces the quantity
of expensive raw materials in the perovskite precursor ink and
reduces the toxic waste production by spin coating through two
key routes: minimizing precursor loss during the processing of
perovskite films and enhancing the lifetime and shelf-life of the
inks by suppressing aggregation of precursor colloids. A PCE of
over 24% for laboratory PSCs could be achieved with a co-solvent

dilution to a level as low as 0.5 M. In addition, scalability of the
co-solvent dilution strategy is tested via fabrication of perovskite
solar modules (PSMs) with different sizes using industrial spin
coating. The modules fabricated by co-solvent dilution strategy
show higher PCEs and far better uniformity and reproducibility
than modules prepared with conventional perovskite inks, whilst
using a fraction of the precursor. Importantly, more than 70%
toxic waste/solvent, perovskite raw material, and fabrication cost
are projected to be reduced for module fabrication compared to
the same modules made using conventional inks by industrial
spin coating, and in doing so make spin coating a sustainable
technique for medium scale manufacturing, for instance, for
standalone modules or Si wafer-scale integration!8-21. This work
shows that through judicious selection of a greener co-solvent, we
can significantly reduce the usage and waste of toxic solvents and
perovskite raw materials, while also simplifying fabrication and
cutting costs of PSCs.

Results and discussion

Proof of concept. The perovskite precursor solution is prepared
with a conventional method!® (denoted as control; C). Then the
judiciously designed co-solvent THF is added to the as-prepared
perovskite precursor solution with different dilution ratios
(denoted as a target; T) as shown in Supplementary Table 2 and
Supplementary Fig. 1. Considering the precursor solubility and
film quality (Supplementary Fig. 2), we choose tetrahydrofuran
(THF) as an example of co-solvent to demonstrate our concept in
this work with the following rationale: (i) a greener solvent with
very low disability-adjusted life year (DALYs) per kg of a sub-
stance emitted among typical solvents of PSCs’ fabrication
(Human health characterization factors extracted from USEtox
2.11)22; (ii) low boiling point and a very high vapor pressure (less
energy and time required for drying) (Supplementary Table 3);
(iil) comparatively weak coordination with lead (with respect to
DMSO or DMF, see density functional theory (DFT) calculations
and molecular dynamics (MD) simulations below); (iv) miscible
with the parent solvents (DMF and DMSO) with less environ-
mental impact during air emission of the solvent removed from
the thin film?2. We note that there are a few studies using THF as
a co-solvent together with methylamine to prepare well-dissolved
MAPbI; perovskite precursor?>24 However, methylamine has
been widely demonstrated to induce the formation of a non-
perovskite phase upon reacting with FA-based perovskites?>29,
which limits the application of previous strategies towards the
fabrication of high-performance FA-based PSCs.

As a proof of concept, we investigated our co-solvent dilution
strategy with THF on the widely used triple-cation perovskites
(CSO'Os(FAO'gMAO'l)0_95Pb(10.9Br0'1)3) as illustrated in Flg 1. The
control precursor solutions were dissolved in DMF/DMSO (4/1,
v/v) mixture with various concentrations viz.,1.40, 0.93, 0.70, and
0.47 M. For our target samples, the high concentration 1.40 M
control precursor solution was diluted with different volumes of
THF (i.e., dilution of 200 v% THF obtains a concentration of
0.47 M). To simplify the labeling, 1.4 M control solution, 200 v%
DME/DMSO, and 200 v% THF co-solvent diluted solution are
hereafter denoted as C-1.40, C-0.47, and T-0.47 M, respectively.
The perovskite films were fabricated with the above-mentioned
precursor solutions using the widely adopted one-step spin-
coating with the antisolvent drip method (see details in Methods).
From scanning electron microscopy (SEM) top-view images in
Fig. 2a, we observe that the morphology in C-1.40 M showed
compact features of large grains. However, the C-0.47 M film
morphology is poor containing small grains, poor surface
coverage, and pinholes, whereas in the T-0.47 M sample the
morphology is extremely compact with large and homogeneous
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Co-solvent

Fig. 1 Schematic illustration of the co-solvent dilution strategy for perovskite deposition. Dilution of perovskite precursor inks by a cosolevnt, top part of
the panel: schematic illustration of the dilution process using tetrahydrofuran as a cosolvent. Bottom part of the panel: chemical compounds and their
structure employed in the precursor solution.
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Fig. 2 Effects of perovskite precursor concentration on the film properties. a SEM images of control and target triple-cation perovskite films with

different precursor concentrations. The insets show cross-sectional SEM images. The scale bar is 500 nm. b The relationship between perovskite precursor
concentration and film thickness. All films were prepared using identical coating conditions. The film thickness was measured by profilometry. ¢ GIWAXS
scattering intensity vs. g. d Azimuthally integrated intensity of the ring in g range of 1A~ assigned to (100) diffraction. e The change of crystal size of
perovskite phase (20 = 14°) vs. precursor composition. J-V curves (f) and IPCE spectra (g) of triple-cation PSCs are based on different precursor solutions.
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grain size. The cross-section SEM images in the insertion of
Fig. 2a reveal that C-1.4 M film has a thickness of ~480 nm which
is typical for such concentration and upon dilution from C-0.93
to C-0.47 M film, the thickness is drastically reduced to ~310 and
~210nm, respectively, which is detrimental for the light-
harvesting capacity (Supplementary Fig. 3). In contrast, by
diluting from T-0.93 to T-0.35M with our co-solvent strategy,
there is no meaningful reduction in thickness (Fig. 2b). Grazing-
incidence wide-angle X-ray scattering (GIWAXS) and X-ray
diffraction (XRD) measurements were performed to determine
the crystal structure and orientation in these samples (Supple-
mentary Fig 4a and Supplementary Fig. 5a). GIWAXS 2D
scattering maps were converted into 1D profile graphs by taking
the circular average which possesses the crystalline information
and results are shown in Fig. 2c. For C-047M film, the
diffraction intensity decreases dramatically, consistent with
excessive material loss (Supplementary Fig. 4b and Supplemen-
tary Tables 3 and 4). In contrast, the diffraction features of the
T-047M film show similar peak broadening compared to
C-14M in XRD and in GIWAXS. The (100) perovskite
diffraction powder ring at ¢ = 1A™! was integrated azimuthally
to assess the texture of the (100) planes (Fig. 2d). The C-1.4 M
sample shows four indistinct diffraction regions at +35.9° and
+65.8° which is consistent with previous reports on this
perovskite composition?’. Dilution with THF resulted in a more
uniform powder texture distribution which we attribute to rapid
solvent evaporation and phase transformation dynamics. Fig-
ure 2e shows the crystal size comparison extracted from Scherrer
analysis on the (100) perovskite diffraction from XRD and
GIWAXS measurements (Supplementary Figs. 4b and 5b and
Supplementary Tables 3 and 4). T-0.47 M films achieve a slightly
smaller crystallite size than C-1.4M, consistent with a larger
nucleation rate, whereas C-0.47 M yields a significantly smaller
crystal size.

To check the impact of co-solvent dilution on the opto-electronic
properties of perovskite film, we performed time-resolved photo-
luminescence (TRPL) decay as shown in Supplementary Fig. 6. We
performed our experiments at low fluences (<5nJ/cm?2) so that
bimolecular and Auger recombination is negligible and the TRPL
after ¢>100ns is dominated by a monoexponential decay.
Considering bulk recombination, we derive for the T-0.47 M film a
first-order rate constant for nonradiative carrier recombination of
k; =097 x 10%s~! corresponding to a lifetime of = 513.8 ns, while
the respective values for the C-1.40 M film are k; = 1.08 x 106s~1
and 7=463.0 ns. In addition, PSCs with different control and target
solutions were fabricated (as detailed in Methods) and compared to
investigate the dilution effects on the photovoltaic performances and
device stability. The PCE of the devices decreased from 19.55% to
9.43% due to the loss of absorption when the control precursor
solution concentration was decreased from 1.40 to 0.47 M as shown
in Fig. 2f, g The device fabricated with T-047 M showed an
impressive PCE of over 19% (Table 1 and Supplementary Fig. 7) with
comparable operational stability as C-1.40 M based devices (Supple-
mentary Fig. 8). This high PCE after co-solvent dilution with co-
solvent, taken together with the SEM, TRPL, incident photon-to-
current conversion efficiency (IPCE) data, and operational stability
test, demonstrate that there is no reduction in the quality or thickness
of perovskite films prepared by the co-solvent dilution strategy.

Co-solvent dilution mechanism. To validate the co-solvent dilu-
tion mechanism, we employ a combination of experimental and
computational methods, including DFT calculations, ab initio MD
simulations as well as in-situ characterization of solution-processing.
We first investigated the solvent-solute interaction by DFT calcu-
lations. We calculated the interaction energies of Pb2* with pure

DMSO, DMF, THF, and their mixtures for prototypical tetra-
coordinates complexes (Supplementary Fig. 9). We find that the
interaction energy of Pb>* with THF is considerably lower than
with DMSO and DMF, as illustrated in Fig. 3a. We also find that an
intimate mixture with THF can significantly decrease the average
interaction energy of Pb** with, solvent molecules which we
anticipate may have implications on the conversion chemistry, that
is, if some THF remains coordinated, the conversion to the per-
ovskite phase might be ameliorated, as will be demonstrated later.

To further understand the finite temperature solvation effects
at the pre-nucleation stage, we performed ~15 ps ab initio MD
simulations of solute-solvent mixtures without and with THF.
Simulation details are presented in the section of Methods
(Computational methods). To evaluate the effect of co-solvent
dilution on the solvent-solute interaction, we use DMSO as a
model system in the following discussion. As shown in Fig. 3b, we
see that both Pb?t and monovalent cations (FA1 and MA™) are
highly coordinated with oxygen atoms of DMSO molecules,
forming individual small clusters in the case of perovskite
precursor in pure DMSO. This can be expected due to the high
interaction energies with DMSO (see Fig. 3a). However, in pure
THF, we find that the Pb-I edge-sharing clusters start to form
during the MD simulations (Supplementary Fig. 10). This can
also be expected due to the weaker bonding between THF and Pb
ions because of the low donor number (Dy) of THF (low-Dy
solvents coordinate less strongly with Pb2t)28 and can explain
that precursor complexes are not able to dissolve in pure THF
(see Supplementary Fig. 11). Interestingly, we find a mixed
behavior in the DMSO/THF mixed system with the formation of
small mixed Pb-I-solvent clusters and large Pb-I edge-sharing
clusters (Fig. 3c). These smaller solute-solvent clusters can also
act as nucleation centers?. Similar behavior was also observed in
the mixtures of DMSO/DMF/THF (Supplementary Fig. 12). One
of the main insights from these simulations is that the addition of
a co-solvent, like THF, can be used to tune the solvent-solute
interaction strength with a direct impact on the subsequent
conversion and crystallization process of the perovskite phase, as
will be discussed below.

We performed in situ UV-vis transmittance measurements during
spin coating to investigate the evolution of solution thickness, as well
as monitor the metallate precursor (UV absorbance) and perovskite
phase formation (visible spectrum absorbance)3%31. Transmittance
spectra were taken starting 0.5s after spin coating and show
interference oscillations (Supplementary Fig. 13) indicating a liquid
precursor (sol) film whose thickness is rapidly decreasing, as shown
in Fig. 4a. The wet sol films thin from ~5 to 8 um to a steady-state
thickness of ~1.1pym for C-14M, ~0.7pum for T-047M, and
~0.15um for C-047M by the 20s mark for anti-solvent drip.
According to these measurements, the choice of co-solvent dilution
strategy clearly dictates the steady-state thickness of the precursor
film and strongly influences the solution thinning dynamics. Next, we
seek to demonstrate the thinning behavior of T-0.47 M vs. C-0.47 M
is due to THF’s rapid evaporation rate. To do so, we cast 20 pl of 200
v% THEF-diluted DMF/DMSO mixture, a ~6.67 pl of DMF/DMSO
mixture (volume of DMF/DMSO in 200 v% THF dilution) and 20 pl
of pure THF onto a mass balance, and monitored the mass change
vs. time as shown in Fig. 4b. The solvent mixture appears to follow
Raoult’s law of mixtures whereby THF is removed from the mixture
at the same rate as pure THF. The rapid THF evaporative loss
increases the concentration and viscosity of the precursor solution of
T-047M compared to C-0.47 M, which disrupts its liquid-like
characteristics, including ejection, outflow, and related waste during
spin coating.

To further prove this point, we directly monitor the rate of
absorbance decrease of precursor metallates in situ during
solution processing. In Fig. 4c—e, we show the absorbance spectra
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Table 1 Photovoltaic performance of PSCs based on different perovskite compositions with and without co-solvent dilution.
Perovskite composition Precursor inks? Sweep Vo (V) J.c (mA/cm?) FF (%) PCE (%)b Avg. PCE (%)
CSO,OS(MAOJFA0‘9>O.95Pb(IO.QBrO.1)3 C-1.4M RS 1.09 23.65 75.70 19.55 19.38+0.18
FS 1.08 23.68 75.30 19.27 19.09 £0.19
T-0.47M RS 1.08 23.58 76.20 19.47 19.19£0.16
FS 1.07 23.66 76.20 19.32 18.92+0.21
MAPbI3 C-1.2M RS 112 22.57 78.20 19.75 18.98+0.40
FS 11 22.85 67.70 17.12 16.00 +0.97
T-04M RS 113 22.55 76.70 19.49 19.06 £ 0.37
FS 1M 22.63 71.70 18.06 17.05+0.41
FA0.97MAq.03Pbl; 91Bro.03 C-1.5M RS 117 25.52 80.60 2413 23.84+£0.17
FS 115 25.45 77.90 22.88 22.64+0.52
T-05M RS 117 25.10 81.60 24.02 23.80+0.17
FS 116 25.16 78.12 22.80 22.64+0.24
aC refers to control; T refers to target with 200 v% co-solvent dilutions.
bThe champion device.

DMSO:THF

Binding energy (ev)

Fig. 3 Solvent-solute interactions. a Average binding energies of Pb2+ ions with solvents and their mixtures (evaluated on the tetracoordinated complexes
shown in Supplementary Fig. 9). b, ¢ Ab initio MD simulations of perovskites precursors in b DMSO and ¢ THF/DMSO mixture after ~15 ps. All species are
shown with balls and sticks representations. Pb ions are shown with golden color, | with pink color, Cs with greenish-blue, Br with orange, C with light blue,
N with dark blue, O with red, S with yellow and H atoms with white color. In the b and ¢ panels, lead coordination polyhedra are shown within a 3.6 A cutoff.

for the three precursor solutions at multiple times ranging from
0.7s (the earliest measurable transmittance spectrum) to 10s
during spin coating. According to these measurements, the
absorbance signal drops sharply during the first 2s of spin
coating of C-0.47 M (Fig. 4d), indicative of continued precursor
loss and waste, whereas the change is less pronounced for
C-14M (Fig. 4c) and completely absent for T-0.47 M (Fig. 4e).
THF dilution is excellent at preserving the precursor absorbance
levels, and spectral features, constant, proving that our co-solvent
dilution strategy preserves the solution-cast metallate precursor
on the substrate. Based on these observations, it is clear that the
outflow step, responsible for precursor loss and toxic waste
generation during spin-coating, can be significantly mitigated by
our co-solvent dilution strategy.

We have investigated the phase transformation and crystal-
lization of the sol film upon anti-solvent drip to assess the
influence of co-solvent dilution strategy on the crystallization
behavior. First, the investigation into the phase transformation of
the sol film into perovskite upon antisolvent drip was performed
by in situ UV-vis absorbance (Supplementary Fig. 14). The
absorbance was normalized to the amount of precursor solute
based on knowledge of the sol and final solid thickness after
annealing and traced at a single wavelength. The absorbance vs.
time data reveals C-1.4 and T-0.47 M to be quantitatively similar,
indicating nominally similar phase transformations of the
perovskite (Supplementary Fig. 14e). Nevertheless, the co-
solvent appears to influence the precursor conversion chemistry

when looking at the phase distribution just after the anti-solvent
drip. Figure 4f-h shows the XRD measurements immediately
after solution processing and anti-solvent drip in the N,
environment and prior to thermal annealing. The C-1.4M
sample exhibits both perovskite and non-perovskite hexagonal
phases, while THF dilution promotes perovskite phase formation
exclusively in as-cast films. In contrast, dilution with DMF/
DMSO results in the non-perovskite phase becoming dominant,
which because the excess of DMSO could accelerate the
transformation of the black phase to non-perovskite phases.
This observation is supported by DFT and MD simulations,
which predict a moderate weakening of metallate-DMSO
interactions in the presence of THF. The “moderate” effect of
the co-solvent is critical, in our view, as it would otherwise
perturb delicate metallate-solvent interactions or upend the
precursor chemistry which underpins the conversion and phase
transformation of hybrid perovskites in the presence of DMSO/
DMEF solvents. In many ways, the failure of dilution in DMSO/
DMF is a case in point as it seems to alter the precursor
conversion chemistry and phase transformation behavior upon
anti-solvent drip (Supplementary Fig. 14).

Universality, scalability, and sustainability analysis. We took
the view that the co-solvent strategy’s moderate effects on lead-
solvent interactions mean it should be universally applicable across
other cation and halide compositions and other judiciously selected
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cast films.

co-solvents, as well as scalable to large-area perovskite modules.
Firstly, we employ our strategy for the widely investigated MAPDI;
perovskite as illustrated in Supplementary Fig. 15. The MAPbI;-
based PSCs fabricated through the co-solvent dilution strategy of
200v% THF dilution show a similar photovoltaic performance as
that of higher concentration (1.2M) control (Fig. 5a, Table 1,
Supplementary Figs. 15h and 16). For the state-of-the-art PSCs
based on double-cation and double-halide (I~, Br~) perovskite
(FAO_97MAO_03Pb12_91Bro_og) in our group, the control device with
1.5 M concentration shows a high PCE of 23.84 + 0.17%. By using
our co-solvent dilution strategy, we achieve a similar quality of
perovskite film as that of the conventional high concentration
precursor as depicted in Supplementary Fig. 17. Importantly, the
resulting devices show very good photovoltaic performance in a
wide concentration window (ranging from 0.50 to 1.50 M; Fig. 5b,
Table 1 and Supplementary Fig. 18), and even achieve high PCE
close to 24% (23.80 £ 0.17%) at very low precursor concentrations

(0.5M), highlighting the remarkable process-resilience of this
approach. To the best of our knowledge, this is the highest PCE
obtained at such a dilute concentration of the perovskite precursor.
The photovoltaic performance achieved across different perovskite
compositions with and without co-solvent dilution is summarized
in Table 1. We also compared the performance of co-solvent diluted
devices to those of state-of-the-art PSCs (PCE >23%) reported in
the literature!$1>32-37, as summarized in Fig. 5c. The latter typically
employ a 1.5M concentration to achieve PCE >23% and even
2.5M to reach 24% PCE. Encouragingly, our co-solvent dilution
strategy allows using less than 80% of the starting perovskite
material and toxic solvents to fabricate lab-scale devices with similar
high performance, which inspired us to validate our strategy on
large-scale module fabrication using industrial spin-coating
approaches commonly available in a semiconductor fab.

Based on the exceptional results achieved in small area PSCs
prepared with diluted precursors with co-solvent, we realized an
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up-scaling program through the fabrication of several batches of
PSMs with different size substrates and active areas as shown in
the inset of Fig. 5d. These modules are formed by 5 cells in series
with an active area of 10 cm? and an aperture area of 11 cm?
(hereafter nominated as mini modules) and 15 series-connected
cells with an active area of 45.6cm? and an aperture area of
53 cm? (hereafter nominated as large modules). Owing to the
applied P1-P2-P3 LASER ablation program we realized mini-
modules with a 91% geometric fill factor (GFF) and large modules
with 86% and 91% GFF values in order to maximize the ratio of
the active area vs. aperture area (Supplementary Fig. 19). Here,
with our objective to minimize the use of toxic solvents, we use
anisole as a green antisolvent alternative to the typical toxic
antisolvents (e.g., chlorobenzene and toluene) for module
fabrication383%, The optimized perovskite precursor solution
(denoted as target) used for the modules is 100 v% THF diluted
FA(o;MA 03Pbl, 91Brgge solution with a concentration of
0.75M. Meanwhile, for the fabrication of the large modules,
1.8 ml perovskite precursor solution of control was used for
deposition whereas only 1.0 ml of target solution was required,
owing to the improved wettability of co-solvent diluted precursor

solution on the large area substrates. We attribute this to the
decreased contact angle (from 56° to 14°) for promoting
improved wettability of the precursor solution on large area
substrates (Supplementary Fig. 20).

As shown in Fig. 5e and Supplementary Tables 5 and 6, the
target modules show higher efficiency and better device-to-device
uniformity (smaller standard deviation); average PCE of
18.14+0.31% and 17.97 £0.45% overactive areas of 10 and
45.6 cm?, respectively. However, the control modules with the
same sizes present an average PCE of 17.14+0.55% and
16.40 £0.83% over active areas, respectively. The I-V measure-
ment of the champion target large PSMs are shown in Fig. 5f and
Supplementary Fig. 21 with photovoltaic parameters summarized
in Supplementary Table 7. The champion target large PSM
showed a PCE of 18.45% with a steady-state efficiency of 17.15%
(maximum power point tracking at AM1.5 G illumination, 65 °C,
and 60% RH conditions) over the active area of 45.6 cm?
(Supplementary Fig. 21b). The module achieves V., I, and FF
of 16.07V, 69.52mA, and 75.35%, respectively. The stability
of an encapsulated module fabricated by co-solvent dilution
strategy has been assessed against thermal stress. As presented in
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Supplementary Fig. 22, the module shows good stability,
maintaining over 90% of initial efficiency after 250h under
thermal stress at 85 °C.

The improved module performance uniformity with co-solvent
dilution is attributed to improved wetting and uniformity of the
perovskite film properties as compared to the control. This was
further investigated by measuring UV-vis absorbance spectra at
different positions of large area (10cm x 10cm) substrates
prepared using target and control solutions (adding the same
amount of perovskite solutions on the surface). As shown in
Supplementary Fig. 23, co-solvent diluted large-scale perovskite
solutions yield more uniform thin film absorbance across the
100 cm? surface area compared to the control perovskite film. The
unique characteristics of the THF co-solvent dilution strategy can
be well described by Fick’s equation for the nucleation kinetics*0.
Accordingly, achieving a highly supersaturated precursor solution
early during spin coating and uniformly across the substrate is a
key step for high nucleation density and uniform microstructure
across the large substrate surface. Our strategy successfully
applied a solvent mixture that effectively wetted the entire
substrate and also decreased the amount of solute by utilization of
a volatile solvent with less solubility with respect to DMF/DMSO.
This combination led to the rapid increase of the concentration of
the solute at the particle/solution interface early during spin
coating to yield a high viscosity sol which stops the outflow
behavior thus pinning the sol film thickness. Upon antisolvent
drip, the highly supersaturated sol undergoes nucleation and
diffusion-controlled growth. The concentration of the sol
accelerates the formation of uniformly sized nuclei during phase
transformation. Such an approach represents a new strategy
which differs substantially with respect to the published reports
about solvent additives (e.g, HX addition*!, SCN-42, DIO
addition*3, or other Lewis acid-base adduct formation for slowing
down the crystal growth#4), which can have a similar beneficial
effect on the uniformity of the perovskite layer without the
downside of leaving residual additives in the perovskite layer
thanks to the low interaction strength and fast evaporation rate of
THF. Importantly, this demonstrates that module fabrication
using industrial spin coating can be achieved without any
substantial upscaling efforts in regards to formulation and
processing as would normally be required when also translating
perovskite films from lab-scale spin coating to alternative
manufacturing processes. These results demonstrate that the co-
solvent dilution strategy can potentially lead to the commercia-
lization of PSCs and perovskite-Si hybrid tandems fabricated by
batch techniques, without the need to switch to completely
different coating methods'®-21, which currently underperform
compared to spin-coating.

To demonstrate the economic impact of our co-solvent
dilution strategy on large-area perovskite module fabrication
cost, we did a cost and waste generation analysis of module
fabrication from the co-solvent dilution strategy versus traditional
high concentrated solutions by industrial spin-coating. As shown
in Fig. 5g—-i, we calculated the amount of toxic solvent (DMF) and
perovskite waste produced, and perovskite material cost for 1 W
power generation. The calculation details are included in
Supplementary Note 1. Our analysis shows that we save over
1.34 mL of DMF and over 1.51 g of perovskite raw materials and
37.8 $ per W of power generated from the module fabricated with
co-solvent dilution strategy compared to the conventional
strategy when using industrial spin coating. If we scale these
numbers for a solar plant of 1 GW, we can avoid over 1.34 x 10°L
of toxic DMF, over 1.51 x 10°kg of toxic perovskite waste, and
savings approaching 40 billion $ in terms of material cost
compared to conventional inks by spin coating. In this regard,
more than 70% of toxic waste, perovskite raw material, and

fabrication cost are projected to be reduced for module
fabrication with a co-solvent dilution strategy.

Enhanced precursor solution stability. Precursor solution sta-
bility is an important issue for reproducible fabrication of PSCs
with a wide processing window and for minimizing toxic waste by
extending shelf-life as well as for the scalable manufacturing of
perovskite modules2%-264>46 Inclusion of some additives has
been reported to improve the precursor solution stability26:47:48,
Encouragingly, we found that our simple co-solvent dilution
strategy can significantly extend the shelf-life stability of per-
ovskite precursor solutions without requiring additives. We
investigated the stability of various precursor inks by storing
them in an inert atmosphere and in the dark. First, we investi-
gated the evolution over time of perovskite precursor colloids of
the high-performance double-cation perovskite ((FAPbI3)97(-
MAPbBr3)g03) by dynamic light scattering measurements. As
shown in Fig. 6a, a large amount of micron-sized aggregates
appeared in the high concentration control precursors, which
indicates the perovskite colloids are unstable in the conventional
mixtures of DMSO and DMF. In contrast, the co-solvent diluted
precursor shows excellent colloidal stability with no change in the
size distribution (Fig. 6b). Second, we investigated precursor
composition changes with respect to storage time (Fig. 6¢, d). To
further confirm a link between chemical inhomogeneity of the
solution (i.e., formation of large aggregates whose composition is
different from the target) and of the prepared film, we checked
the XRD of perovskite films made from the control and co-
solvent diluted precursors that were aged for different durations.
As shown in Fig. 6e, the controlled precursor contained large
aggregates after 6 days shows the appearance of impurity phases
below 12°. Interestingly, the co-solvent diluted precursor shows
superior shelf stability, as the high purity photoactive perovskite
phase still formed even after 12 days of aging (Fig. 6f). The UV-
Vis absorbance of perovskite film results also confirmed the
similar tendency in the XRD results (Supplementary Fig. 24).
Importantly, PSCs fabricated with aged precursor solutions
exhibit substantially different degradation rates with or without
co-solvent dilution (Fig. 6g, h). The devices fabricated from the
aged control precursor solutions showed a rapid efficiency drop
from 20.35+0.45% (fresh) to 15.54+0.39% (7 days), in agree-
ment with our observation of the film absorbance and crystal
structure changes. The devices fabricated from the aged co-
solvent diluted precursor solution experience much less efficiency
drop from 20.53 £0.32% (fresh) to 18.00 +0.28% (7 days). The
co-solvent dilution strategy can also be employed to enhance the
precursor shelf-life of other perovskites (see Supplementary
Figs. 25 and 26). Therefore, the processing window of perovskite
precursors can be significantly extended by our co-solvent dilu-
tion strategy, which also decreases the overall waste of perovskite
materials.

In summary, we report a co-solvent dilution strategy for the
formulation of stable perovskite precursor inks that yields high
efficiency while substantially reducing toxic waste generation
during fabrication and through enhanced shelf-life, fabrication
cost, widening solar cell processing window, thus taking an
important step toward commercialization of small- to medium-
scale modules via industrial spin-coating, the most widely used
batch solution-processing method in the field. This strategy
involves the usage of a volatile co-solvent which dilutes perovskite
precursor inks to very low concentrations (<0.5M) while
retaining similar film quality and optoelectronic features as a
high concentration (>1.4 M) precursor when using facile spin
coating. PCEs of over 24% for a small area PSCs could be
achieved with a co-solvent dilution to a level as low as 0.5 M.
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Furthermore, this co-solvent diluted solution shows good
scalability which was demonstrated by fabricating modules with
different sizes up to 10 cm x 10 cm. The modules fabricated by
co-solvent dilution strategy show higher PCEs and better
reproducibility than those of the control modules, making a case
for use of spin-coating as a sustainable and low-cost fabrication
method for medium-scale manufacturing. To validate the co-
solvent dilution mechanism, we employ a combination of
experimental and computational methods, including MD calcula-
tions as well as advanced in situ characterizations. The co-solvent
tuned precursor colloidal properties also contribute to the
enhancement of the stability of precursor solution, which extends
its processing window thus minimizing the waste. This strategy is
also successfully applied across different perovskite compositions,
substrate areas, as well as device and module sizes hence making
it a universal strategy. Importantly, compared to conventional
inks, this strategy reduces more than 70% of toxic waste/solvent,
perovskite raw material, and fabrication cost. This work provides
a strategy that can potentially accelerate the pace of innovation in
perovskite optoelectronics and revolutionize the fabrication of
perovskite photovoltaics at a commercial scale.

Methods

Materials. Lead iodide (Pbl,) is purchased from Alfa Aesar. Formamidinium
iodide (FAI) and titanium dioxide paste (TiO,-30 NRD) are purchased from
Greatcell. 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(Spiro-OMeTAD) is purchased from Xi’an Polymer Light Technology Corp.
Methylammonium lead tribromide (MAPDbBr;) was purchased from Share Chem.
Ultra-dry dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethanol
(EtOH), and chlorobenzene (CB) are purchased from Acros. Cesium iodide (CsI),
4-tert-butyl pyridine (TBP), lithium bistrifluorosulfonylimide (LiTFSI), acetonitrile
(ACN), tetrahydrofuran (THF), acetylacetone, titanium diisopropoxide bis(acety-
lacetonate) 75 wt% in isopropanol, and methylammonium chloride (MACI) are
purchased from Sigma-Aldrich. Fluorine-doped tin oxide (FTO) (10 Q/sq) con-
ductive glass is purchased from Nippon Sheet Glass (NSG). (Poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine) (PTAA: 115kDa) is purchased from Solaris Chem
Inc. All the chemicals are used as received without further purification.

Perovskite film preparation and laboratory cell fabrication. Fluoride-doped tin
oxide glass substrates (FTO, 4.0 mm-thick, 10 Q/sq, Nippon Sheet Glass) were
patterned using zinc powder and concentrated hydrochloric acid (1 M). The

patterned FTO substrate (2.5 cm x1.7 cm) was sequentially cleaned by 2% com-
mercial detergent (Hellmanex) water solution, deionized water, ethanol, and
acetone in an ultrasonic bath for 15 min, rinsed with deionized water, and then
dried by air blowgun. After Os/ultraviolet treatment for 15 min, the 20-40 nm
compact layer TiO, (c-TiO,) was deposited on cleaned FTO substrate by spray
pyrolysis at 450 °C using a precursor solution of titanium diisopropoxide bis(a-
cetylacetonate), 75 wt% in isopropanol is diluted with ethanol with a volume ratio
of 1:9 and addition 4% volume ratio of additional acetylacetone and oxygen as
carrier gas. After cooling down to room temperature and Os/ultraviolet treatment
for 15 min, the mesoporous TiO, (mp-TiO,) was spin-coated at 4000 rpm for 20 s
onto the ¢-TiO, using a commercial paste (Dyesol 30 NR-D) diluted in ethanol
(1:6, weight ratio) to achieve 100-150 nm thickness. After drying at 80 °C for

10 min, the TiO, films were gradually sintered to 450 °C, kept at this temperature
for 30 min, and cooled to room temperature. Before use, the films were treated with
0.1 M solution of Li-TFSI in acetonitrile by spin coating at 3000 rpm for 20 s and
then were sintered at 450 °C for 30 min. After cooling down to 150 °C, the sub-
strates were transferred to a dry-air glovebox (relative humidity < 15%) for
deposition of perovskite films. Perovskite films with different compositions were
deposited onto the mp-TiO, substrate from a precursor solution with a different
dilute ratio of co-solvent. Considering the solute solubility, a 100-200 v% dilution
ratio can be used for most of the perovskite materials. Thanks to the improved
wettability, the THF-diluted solution showed very good surface coverage even at a
low loading amount, i.e.,10 uL, while a fully covered control perovskite film needs
at least 30 puL precursor solution (Supplementary Fig. 27 and Supplementary
Videos 1 and 2). Therefore, we use a 30 uL precursor solution for comparison in
our study.

1. Typical triple-cation perovskite Csgos(MAg 1FA¢9)0.05Pb(I99Bro 1);. Briefly,
a 30 uL 1.4 M mixed cation Csg o5(MAg 1FAg9)0.05Pb(IooBrg1); perovskite
precursor solution with 3 mol% excess of Pbl, in the mixed solvent of DMF:
DMSO (4/1; v/v) was spin-coated at 2000 rpm (acceleration of 200 rpm s~ 1)
and 6000 rpm (acceleration of 2000 rpm s~!) for 10 and 30s, respectively.
During the last 10s of the second spin-coating step, 200uL of
chlorobenzene antisolvent was drop-casted. The perovskite film was then
dried on a hot plate at 100 °C for 60 min to form the perovskite layer.

2. High-performance double-cation perovskite (FAPbI;)g9;(MAPbBr3)0s. The
double-cation perovskite films were deposited onto the mp-TiO, substrate from
a precursor solution containing lead iodide (1.51 M), formamidinium iodide
(1.47 M), and methylammonium bromide (0.03 M), lead bromide (0.03 M), and
methylammonium chloride (0.6 M) in the mixed solvent of DMF: DMSO (8 /1;
v/v). 30 uL precursor solution was spin-coated in a two-step process at 1000 rpm
for 10 s and 6000 rpm for 25 s, respectively. During the second step, 200-300 pl
of chlorobenzene was dropped on the spinning substrate 5 s prior to the end of
the process. The substrates were sequentially heated at 150 °C for 10 min for
perovskite crystals formation.

3. Typical single-cation perovskite MAPbI;. Briefly, a 30 uL 1.2 M MAPDI;
perovskite precursor solution with 3 mol% excess of Pbl, in the mixed
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solvent of DMF: DMSO (4 /1; v/v) was spin-coated at 4000 rpm
(acceleration of 2000 rpm s—1) for 30's. During the last 10s of the second
spin-coating step, 200 uL of chlorobenzene antisolvent was drop-casted. The
perovskite film was then dried on a hot plate at 65 °C for 10 and 100 °C for
10 min to form the perovskite layer.

For high-performance devices, the perovskite layer was treated with a crown
ether complex solution3. A hole transport materials solution containing 75 mM
spiro-OMeTAD in chlorobenzene with 40 mM Li-TFSI and 270 mM tBP additives
was dynamic spin-coated onto the substrate at 3000 rpm for 30 s. The device
fabrication is completed with the deposition of the gold electrode (~80 nm) by
thermal evaporation.

PSM fabrication. In order to fabricate PSMs, we adopted the P1-P2-P3
patterning procedure by means of a Nd:YVO4 ns laser (A = 355 nm). For the large
modules, 15 series-connected cells, with cell width of 4.5 and 67.5 mm whereas for
the mini-modules 5 series-connected cells, with cell width of 5mm and 40 mm
length with 10 cm? active area were optimized following a systematic procedure
and design reported in our previous*’. A raster scanning laser (Nd:YVO, pulsed at
80 kHz average output power P =10 W) was applied to etch the FTO/glass
substrates (Pilkington, 15 Q cm~1). FTO substrates (10 cm x 10 cm for large and
5.6 cm x 5.6 cm for mini modules) were washed with detergent, distilled water, and
isopropanol for 5 min for each step, then the P1 process was realized, with a
Fluence of 10. 2 J/cm?, to insulate the FTO photoanodes of neighboring cells. Next
step, the substrates were kept on a hot plate, reaching 460 °C in 40 min. The
solution for spray was prepared and deposited as our previous method?® reaching a
TiO, blocking layer with a thickness of 50 nm. Mesoporous TiO, (Dyesol 30 NR-
D) paste was diluted in ethanol (1:6, weight ratio) and deposited by spin coating
method at 4000 rpm with an acceleration rate of 2000 for 20 s, then substrates were
annealed using the annealing program ramp3°. 0.034 M fresh solution of Li-TFSI in
acetonitrile was prepared®” and deposited on the mesoporous layer by spin coating
at 2000 rpm for 10's for large modules and for mini-modules with 3000 for 10's,
and subsequently sintered with the same annealing program of the mesoporous
layer. The substrates were immediately transferred to the N,-filled glove box while
the temperature reached 150 °C before perovskite deposition. The double-cation
perovskite solutions were prepared aforementioned as for small-area cells. For the
target module, perovskite solution was diluted with THF as a co-solvent with a
volume ratio of 1:1. For the large modules, 1.8 mL control and 1.0 mL target
perovskite solutions were deposited on the substrate at 3000 rpm for 60 s with an
acceleration rate of 1000, respectively; during the last 30 s anisole (a green
antisolvent) was spin-cast on the substrate to form the final perovskite following
the annealing on the hotplate at 150 °C for 10 min, followed by 100 °C annealing
for 10 min. For the mini-modules, perovskite solution was spin-coated in a two-
step process at 1000 rpm for 10 s and 5000 rpm for 25 s, respectively. After that, the
perovskite layer was treated with a crown ether complex solution3. The spiro-
OMeTAD solution was prepared according to our reported method®!. Briefly,
73.2 mg of spiro-OMeTAD in 1 mL CB solvent was prepared, the solution was
doped with 26.8 uL of TBP, 16.6 uL of Li-TFSI solution (520 mg in 1 ml of
acetonitrile), and 7.2 uL of FK209 cobalt complex (stock solution 375 mg in 1 mL
acetonitrile). Then, for the large modules, the prepared spiro-OMeTAD solution
was spin-coated with 2000 rpm for 20 s on the perovskite film. For the mini-
modules, (Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine) PTAA solution was
deposited as hole transport material (HTM) following our reported method>®.
Briefly, 0.173 mM solution of 115kDa PTAA in 1 ml CB was prepared, and the
solution was doped with Li-TFSI (1.8 M in acetonitrile), TBP, and FK209-Co(III)-
TFSI (0.14 M in acetonitrile) with a ratio of 20:78:2 mol%. After the deposition of
HTM layers, the P2 patterning process was applied to remove the ETL-Perovskite-
HTLstack from the underneath FTO, to realize vertical contacts between the latter
and the subsequently deposited electrode. We operated the P2 step with a Fluence
of 163 mJ/cm?. Finally, 100 nm gold was deposited via evaporation. After the gold
evaporation, the P3 laser patterning step was realized to insulate the counter-
electrodes of the single cells, employing a Fluence of 59 mJ/cm?.

Photovoltaic performance measurements. The prepared PSCs were measured
using a 300 W Xenon light source from Oriel. The spectral mismatch between AM
1.5G and the solar simulator was calibrated by a Schott K113 Tempax filter
(Prazosopms G; as & Optik GmbH). Before each measurement, the exact light
intensity was determined using a calibrated Si reference diode (certified and cali-
brated by Newport Corporation PV Lab, Bozeman, MT, USA) equipped with an
infrared cut-off filter (KG-3, Schott). Keithley 2400 is used for the current-voltage
scan by applying an external voltage bias and measuring the response current with
a scan rate of 50 mV/s. The device area was 0.25 cm? (0.5 cm x 0.5 cm). The small
cells were masked with a black metal mask with an area of 0.16 cm? No pre-
conditioning (e.g., bias and light soaking) was used for the photovoltaic mea-
surement. IPCE was recorded with a commercial apparatus (Aekeo-Ariadne, Cicci
Research s.r.l) based on a 300 W Xenon lamp. The stability of the cells was
measured under a white light-emitting diode lamp with biologic MPG2 poten-
tiostat and was performed under the open air. The device area is masked to around
0.13 cm?. The spectral mismatch between AM 1.5 G and the solar simulator was
calibrated by a Schott K113 Tempax filter, whose light intensity is calibrated with a
silicon diode. The light intensity is around 100 mW cm~2, and the actual current is
adjusted according to the in-time calibration result from the silicon diode. The

stability data is acquired from MPP tracking of unencapsulated devices under a
continuous nitrogen flow at 25 °C. The stabilized output power of the unencap-
sulated modules was analyzed through continuous power point tracking under
AM1.5 G standard light irradiation, 65 °C temperature, and ~60% R.H. conditions.
Thermal stability of the mini-module (PTAA as HTM) was assessed by exposure of
the encapsulated modules (previously reported encapsulation procedure3®) against
85 °C thermal stress (in the oven).

SEM measurements. The morphologies of the films were characterized using a
high-resolution scanning electron microscope (Zeiss Merlin) with an in-lens
detector.

PL, TRPL, and UV-vis measurements. UV-vis absorptions were measured using
Varian Cary 500 spectrometer (Varian USA). Photoluminescence lifetime (TCSPC)
was measured using an Edinburgh Instruments life spec II fluorescence spectro-
meter; a picosecond pulsed diode laser (EPL-510, excitation wavelength 510 nm,
pulse width <60 ps, fluence < 3 nJ/cm?) was used. Photoluminescence spectral
photon flux was measured using an Andor Kymera 193i spectrograph and a

660 nm continuous-wave laser set at 1-Sun equivalent photon flux (1.1 pm beam
full-width half-maximum, 632 uW); photoluminescence was collected at normal
incidence using a 0.1 NA, 110 pm-diameter optical fiber. UV-vis measurement for
the large area perovskite films (10 cm x 10 cm) was measured with a BLACK-
Comet UV-vis Spectrometer.

In situ UV-vis transmittance/absorbance and wet film thickness measure-
ments. The in situ UV-vis transmittance measurements were performed using an
F20-UVX (Filmetrics) spectrometer inside an N, filled glovebox with moisture and
oxygen levels below 0.1 ppm. All the measurements were performed on SnO,
coated glass substrates for thinning behavior extraction as TiO, substrates were
thick and porous which caused weak and scattered transmittance signals. Trans-
mittance spectra are collected at a repetition rate of 10 Hz and an integration time
of 100 ms. Transmittance is converted to absorbance using the relation

A =2-log;o(T), where T represents the transmittance. The thickness of the wet
film is obtained using a model fit of a transparent thin film on glass to individual
transmittance spectra (Fig. S13, Supplementary information) using the Filmetrics
software, FilMeasure. In this software, the stack of the film is created as air/
perovskite film/SnO2/glass/air in transmittance mode. By having initial informa-
tion on the thickness (d) and refractive index (n) of glass and SnO, layer as well as
the n value of the perovskite layer, various d values of the wet perovskite layer are
given to the model as input until a >99% good of a fit to the spectra is achieved.

Solvent mass change vs. time. These measurements were conducted inside N,
filled glovebox with oxygen and moisture level below 0.1 ppm using a Mettler
Toledo XPE105 scale with a glass petri dish placed on it. Plots in Fig. 3b were
achieved by running 3 separate measurements in which 20 pl of 200% THF-diluted
DMF/DMSO mixture, 20 pl of pure THF, and ~6.67 ul of DMF/DMSO mixture
which corresponds to the amount of DMF/DMSO present in 20 pl of 200% THF
diluted DMF/DMSO, were dropped onto the glass petri dish. Change in solvent
mass due to the evaporation was recorded vs. time.

Grazing incident wide-angle X-ray scattering. GIWAXS measurements were
carried out at CMS beamline, NSLS II. The monochromatic X-ray with the energy
of 13.5keV shone upon the samples at the grazing incident angle of 0.5. A Pila-
tus800K detector was placed 259 mm away from the sample. The typical exposure
time was 10s.

Viscosity test. The measurements were performed using a Brookfield DV-1.
Viscometer with a small sample adapter (SSA18/13RPY).

Perovskite film thickness measurements. The measurements were performed
using a profilometer (DektakXT, Bruker).

Solution aging measurements. The solutions were kept in the dark inside an
Argon glovebox. The precursors were periodically taken and conducted the rele-
vant measurements.

Computational methods. We use the Gaussian 16 program package®? to perform
electronic structure calculations for binding energies. All calculations were carried
out at the level of DFT with the Becke-Lee Yang Parr (B3LYP) hybrid
functional®>>* and with a LanL2DZ> basis set for Pb and 6-311 G + (d, p)
basis®> for C, N, S, O, and H atoms. All Pb-solvent clusters are shown in
Supplementary Fig. 9: (a) Pb with 4 DMSO (noted as DMSO in Fig. 2a), (b) Pb
with 4 DMF (noted as DMF in Fig. 2a), (c) Pb with 4 THF (noted as THF in
Fig. 2a), (d) Pb with 1 THF and 3 DMSO ((noted as DMSO:THEF in Fig. 2a)), and
(e) Pb with 2 THF, 1 DMF, and 1 DMSO molecules (noted as DMSO:DMF:THF in
Fig. 2a). First, we performed geometry optimization of different metal (Pb)-organic
(solvent molecules) clusters. To determine the solvent-metal interaction energies,
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we calculated the energy difference between relaxed configurations (shown in
Supplementary Fig. 8), the same solvent configurations with Pb?* removed, and
the energy of the isolated Pb2t ion. We performed constant temperature and
constant pressure (NPT) Born-Oppenheimer MD (BOMD) simulations of a
homogeneous mixture of different precursor solutions. For all simulations we used
a typical mixed cations/halides configuration of 7 Pb2t,201-,1 Cst, 1 Br—, 5FAT,
IMAT in 24 solvent molecules. We performed five different precursor simulations
of the mixtures of these ions: (a) pure DMF, (b) pure DMSO, (c) pure THF, (d)
mixture of THF and DMSO (1:1 mixture), and (e) mixture of THF, DMSO and
DMF (3:1:2). All simulations were performed with DFT at the PBE + D357-58 level
with double-zeta basis sets (DZVP-MOLOPT for Pb, I, S, O, C, N, H)*° and
Goedecker-Teter-Hutter (GTH) pseudopotentials®® with 560 Ry density cutoff.
BOMD simulations were performed with the CP2K package®!:92. We used a time
step of 1fs and a Nose-Hoover chain thermostat®® was used for controlling the
temperature at 300 K and the barostat by Martyna et al.% was used for pressure
control at 1 atm.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data that support the findings of this study are available in Supplementary Data Files in
the Supplementary Information section. Source data are provided with this paper. The
simulation data used in this study will be available in the Zendo database under accession
code https://doi.org/10.5281/zenodo.5701271. Source data are provided with this paper.

Received: 20 July 2021; Accepted: 24 November 2021;
Published online: 10 January 2022

References

1. Kojima, A., Teshima, K., Shirai, Y. & Miyasaka, T. Organometal halide
perovskites as visible-light sensitizers for photovoltaic cells. J. Am. Chem. Soc.
131, 6050-6051 (2009).

2. Kim, H.-S. et al. Lead iodide perovskite sensitized all-solid-state submicron thin
film mesoscopic solar cell with efficiency exceeding 9%. Sci. Rep. 2, 591 (2012).

3. Saparov, B. & Mitzi, D. B. Organic-inorganic perovskites: structural versatility
for functional materials design. Chem. Rev. 116, 4558-4596 (2016).

4. Tsai, H. et al. High-efficiency two-dimensional Ruddlesden-Popper perovskite
solar cells. Nature 536, 312-316 (2016).

5. Nan, Z. A. et al. Revealing phase evolution mechanism for stabilizing
formamidinium-based lead halide perovskites by a key intermediate phase.
Chemistry 7, 2513-2526 (2021).

6. Zheng, X. et al. Managing grains and interfaces via ligand anchoring enables
22.3%-efficiency inverted perovskite solar cells. Nat. Energy 5, 131-140 (2020).

7. Green, M. A. et al. Solar cell efficiency tables (Version 55). Prog. Photovoltaics
28, 3-15 (2020).

8. Kadro, J. M. & Hagfeldt, A. The end-of-life of perovskite PV. Joule 1, 29-46
(2017).

9. Hao, F. et al. Lead-free solid-state organic-inorganic halide perovskite solar
cells. Nat. Photonics 8, 489-494 (2014).

10. Kopacic, I et al. Enhanced performance of germanium halide perovskite solar cells
through compositional engineering. ACS Appl. Energy Mater. 1, 343-347 (2018).

11. Lyu, M. et al. Organic-inorganic bismuth (III)-based material: a lead-free, air-
stable and solution-processable light-absorber beyond organolead perovskites.
Nano Res. 9, 692-702 (2016).

12. Li, X. et al. On-device lead sequestration for perovskite solar cells. Nature 578,
555-558 (2020).

13. Doolin, A. J. et al. Sustainable solvent selection for the manufacture of
methylammonium lead triiodide (MAPbI3) perovskite solar cells. Green.
Chem. 23, 2471-2486 (2021).

14. Min, H. et al. Efficient, stable solar cells by using inherent bandgap of a-phase
formamidinium lead iodide. Science 366, 749-753 (2019).

15. Jiang, Q. et al. Surface passivation of perovskite film for efficient solar cells.
Nat. Photonics 13, 460-466 (2019).

16. Correa-Baena, J.-P. et al. Unbroken perovskite: interplay of morphology,
electro-optical properties, and ionic movement. Adv. Mater. 28, 5031-5037
(2016).

17. Yoo, J. J. et al. Efficient perovskite solar cells via improved carrier
management. Nature 590, 587-593 (2021).

18. Kim, Y. Y. et al. Roll-to-roll gravure-printed flexible perovskite solar cells
using eco-friendly antisolvent bathing with wide processing window. Nat.
Commun. 11, 5146 (2020).

19. Chung, J. et al. Record-efficiency flexible perovskite solar cell and module
enabled by a porous-planar structure as an electron transport layer. Energy
Environ. Sci. 13, 4854-4861 (2020).

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

47.

48.

49.

50.

Chen, S., Xiao, X., Gu, H. & Huang, J. Iodine reduction for reproducible and
high-performance perovskite solar cells and modules. Sci. Adv. 7, eabe8130
(2021).

Lee, D.-K,, Lim, K.-S., Lee, J.-W. & Park, N.-G. Scalable perovskite coating via
anti-solvent-free Lewis acid-base adduct engineering for efficient perovskite
solar modules. J. Mater. Chem. A 9, 3018-3028 (2021).

Vidal, R. et al. Assessing health and environmental impacts of solvents for
producing perovskite solar cells. Nat. Sustain. 277-285 (2020).

Liu, Q. et al. A mixed solvent for rapid fabrication of large-area
methylammonium lead iodide layers by one-step coating at room
temperature. J. Mater. Chem. A 7, 18275-18284 (2019).

Wang, K. et al. A nonionic and low-entropic MA(MMA)nPbI3-ink for fast
crystallization of perovskite thin films. Joule 4, 615-630 (2020).

Zhang, Y. et al. Trash into treasure: §-FAPbI3 polymorph stabilized MAPbI3
perovskite with power conversion efficiency beyond 21%. Adv. Mater. 30,
1707143 (2018).

Wang, X. et al. Perovskite solution aging: what happened and how to inhibit?
Chemistry 6, 1369-1378 (2020).

Zheng, G. et al. Manipulation of facet orientation in hybrid perovskite
polycrystalline films by cation cascade. Nat. Commun. 9, 2793 (2018).
Hamill, J. C., Schwartz, J. & Loo, Y.-L. Influence of solvent coordination on
hybrid organic-inorganic perovskite formation. ACS Energy Lett. 3, 92-97
(2018).

Ahlawat, P. et al. Atomistic mechanism of the nucleation of
methylammonium lead iodide perovskite from solution. Chem. Mater. 32,
529-536 (2020).

Wang, K. et al. Kinetic stabilization of the sol-gel state in perovskites enables
facile processing of high-efficiency solar cells. Adv. Mater. 31, 1808357 (2019).
Abdelsamie, M., Zhao, K., Niazi, M. R., Chou, K. W. & Amassian, A. In situ
UV-visible absorption during spin-coating of organic semiconductors: a new
probe for organic electronics and photovoltaics. J. Mater. Chem. C 2,
3373-3381 (2014).

Jeon, N. J. et al. A fluorene-terminated hole-transporting material for highly
efficient and stable perovskite solar cells. Nat. Energy 3, 682-689 (2018).
Kim, M. et al. Methylammonium chloride induces intermediate phase
stabilization for efficient perovskite solar cells. Joule 3, 2179-2192 (2019).
Yoo, J. J. et al. An interface stabilized perovskite solar cell with high stabilized
efficiency and low voltage loss. Energy Environ. Sci. 12, 2192-2199 (2019).
Zhang, H. et al. Multimodal host-guest complexation for efficient and stable
perovskite photovoltaics. Nat. Commun. 12, 3383 (2021).

Kim, G. et al. Impact of strain relaxation on performance of a-formamidinium
lead iodide perovskite solar cells. Science 370, 108-112 (2020).

Jeong, M. et al. Stable perovskite solar cells with efficiency exceeding 24.8%
and 0.3-V voltage loss. Science 369, 1615-1620 (2020).

Yavari, M. et al. Greener, nonhalogenated solvent systems for highly efficient
perovskite solar cells. Adv. Energy Mater. 8, 1800177 (2018).

Nia, N. Y. et al. Beyond 17% stable perovskite solar module via polaron
arrangement of tuned polymeric hole transport layer. Nano Energy https://
doi.org/10.1016/j.nanoen.2020.105685 (2020).

Denny Kamaruddin, H. & Koros, W. J. Some observations about the
application of Fick’s first law for membrane separation of multicomponent
mixtures. J. Membr. Sci. 135, 147-159 (1997).

McMeekin, D. P. et al. Crystallization kinetics and morphology control of
formamidinium-cesium mixed-cation lead mixed-halide perovskite via
tunability of the colloidal precursor solution. Adv. Mater. 29, 1607039 (2017).
Yang, S. et al. Thiocyanate assisted performance enhancement of
formamidinium based planar perovskite solar cells through a single one-step
solution process. J. Mater. Chem. A 4, 9430-9436 (2016).

Liang, P.-W. et al. Additive enhanced crystallization of solution-processed
perovskite for highly efficient planar-heterojunction solar cells. Adv. Mater.
26, 3748-3754 (2014).

Zhang, H., Nazeeruddin, M. K. & Choy, W. C. H. Perovskite photovoltaics: the
significant role of ligands in film formation, passivation, and stability. Adv.
Mater. 31, 1805702 (2019).

Shin, G. S, Kim, S.-G., Zhang, Y. & Park, N.-G. A correlation between
iodoplumbate and photovoltaic performance of perovskite solar cells observed
by precursor solution aging. Small Methods 4, 1900398 (2020).
Boonmongkolras, P. et al. Understanding effects of precursor solution aging in
triple cation lead perovskite. RSC Adv. 8, 21551-21557 (2018).

Min, H. et al. Stabilization of precursor solution and perovskite layer by
addition of sulfur. Adv. Energy Mater. 9, 1803476 (2019).

Qin, M. et al. Fused-ring electron acceptor ITIC-Th: a novel stabilizer for
halide perovskite precursor solution. Adv. Energy Mater. 8, 1703399 (2018).
Di Giacomo, F. et al. Upscaling inverted perovskite solar cells: optimization of
laser scribing for highly efficient mini-modules. Micromachines 11, 1127 (2020).
Matteocci, F. et al. Fabrication and morphological characterization of high-
efficiency blade-coated perovskite solar modules. ACS Appl. Mater. Interfaces
11, 25195-25204 (2019).

| (2022)13:89 | https://doi.org/10.1038/s41467-021-27740-4 | www.nature.com/naturecommunications 1


https://doi.org/10.5281/zenodo.5701271
https://doi.org/10.1016/j.nanoen.2020.105685
https://doi.org/10.1016/j.nanoen.2020.105685
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

51. Yaghoobi Nia, N., Zendehdel, M., Cina, L., Matteocci, F. & Di Carlo, A. A
crystal engineering approach for scalable perovskite solar cells and module
fabrication: a full out of glove box procedure. J. Mater. Chem. A 6, 659-671
(2018).

52. Frisch, M. J. et al. Gaussian 16, Revision C.01, Gaussian, Inc.

53. Becke, A. D. Density-functional thermochemistry. I. The effect of the
exchange-only gradient correction. J. Chem. Phys. 96, 2155-2160 (1992).

54. Lee, C,, Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density. Phys. Rev. B 37, 785
(1988).

55. Hay, P. J. & Wadt, W. R. Ab initio effective core potentials for molecular
calculations. Potentials for the transition metal atoms Sc to Hg. The. J. Chem.
Phys. 82, 270-283 (1985).

56. Hehre, W. J., Ditchfield, R. & Pople, J. A. Self—consistent molecular orbital
methods. XII. Further extensions of Gaussian—type basis sets for use in
molecular orbital studies of organic molecules. J. Chem. Phys. 56, 2257-2261
(1972).

57. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865 (1996).

58. Grimme, S. Semiempirical GGA-type density functional constructed with a
long-range dispersion correction. J. Comput. Chem. 27, 1787-1799 (2006).

59. VandeVondele, J. & Hutter, ]J. Gaussian basis sets for accurate calculations on
molecular systems in gas and condensed phases. J. Chem. Phys. 127, 114105
(2007).

60. Goedecker, S., Teter, M. & Hutter, J. Separable dual-space Gaussian
pseudopotentials. Phys. Rev. B 54, 1703 (1996).

61. Hutter, J., Jannuzzi, M., Schiffmann, F. & VandeVondele, J. cp2k: atomistic
simulations of condensed matter systems. Wiley Interdiscip. Rev. 4, 15-25 (2014).

62. VandeVondele, J. et al. Quickstep: fast and accurate density functional
calculations using a mixed Gaussian and plane waves approach. Comput. Phys.
Commun. 167, 103-128 (2005).

63. Martyna, G. J., Klein, M. L. & Tuckerman, M. Nosé-Hoover chains: the canonical
ensemble via continuous dynamics. J. Chem. Phys. 97, 2635-2643 (1992).

64. Martyna, G. J., Tobias, D. J. & Klein, M. L. Constant pressure molecular
dynamics algorithms. J. Chem. Phys. 101, 4177-4189 (1994).

Acknowledgements

This project has received funding from by the European Union’s Horizon 2020 research
and innovation program GRAPHENE Flagship Core 3 grant agreement No. 881603 as
well as Espresso under agreement No. 764047. U.R. acknowledges SNSF grant No.
200020-185092, and the NCCR-MUST for funding as well as the Swiss National Com-
puting Centre CSCS for computer resources. A.A. and B.Y.G. acknowledge funding from
the Office of Naval Research under grant number N00014-20-1-2573. A.K. acknowledges
funding from the European Union’s Horizon 2020 Research and Innovation program
under the Marie Sktodowska-Curie Grant Agreement No. 843453. N.Y.N. and A.D.C.
acknowledge the support of the Italian Ministry of Economic Development in the fra-
mework of the Operating Agreement with ENEA for Research on the Electric System.
L.A.C. acknowledges the European Union’s Horizon 2020 Framework Program for
funding Research and Innovation under grant agreement No. 764787 (MAESTRO).

Author contributions

M.G. supervised this project. H.Z. conceived the idea and conducted most of the device
fabrication and characterizations. N.Y.N., L.A.C., and M.Z. conducted the modules
fabrication, scale-up optimization, and together with A.D.C. they performed analysis and
wrote the relevant draft and discussion in the manuscript. N.Y.N. conducted UV-vis
absorbance of the large area substrates from precursor perovskite composition provided
by H.Z. KD, B.G,, and A.A. conducted the in situ UV-vis measurements and analysis, as
well as solvent evaporation and XRD measurements. A.P., V.B., and U.R. were respon-
sible for the DFT calculations and MD simulations as well as the analysis. A.K. conducted
TRPL measurement, cost, and waste generation analysis. A.K. and S.S.A,, L. are involved
in mechanism studies and discussions. T.S.S. optimized the device fabrications. L.P. and
D.R. conducted the SEM measurement. R.L. performed GIWAXS measurement. S.M.Z.,
A.A., and A.H. were involved in project coordination and discussions. M.H. and S.A.
were involved in precursor aging studies. H.Z. and A.K. wrote the first paper draft and all
the authors contributed to the revision.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541467-021-27740-4.

Correspondence and requests for materials should be addressed to Hong Zhang, Aldo Di
Carlo, Aram Amassian or Michael Gritzel.

Peer review information Nature Communications thanks Matthew Davies and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

12 | (2022)13:89 | https://doi.org/10.1038/541467-021-27740-4 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-27740-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	A universal co-solvent dilution strategy enables facile and cost-effective fabrication of perovskite photovoltaics
	Results and discussion
	Proof of concept
	Co-solvent dilution mechanism
	Universality, scalability, and sustainability analysis
	Enhanced precursor solution stability

	Methods
	Materials
	Perovskite film preparation and laboratory cell fabrication
	Photovoltaic performance measurements
	SEM measurements
	PL, TRPL, and UV&#x02013;nobreakvis measurements
	In situ UV&#x02013;nobreakvis transmittance/absorbance and wet film thickness measurements
	Solvent mass change vs. time
	Grazing incident wide-angle X-ray scattering
	Viscosity test
	Perovskite film thickness measurements
	Solution aging measurements
	Computational methods

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




