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1. Introduction

Metal-halide perovskite (MHP) semicon-
ductors are of interest for various opto-
electronic devices: photovoltaics (PV),[1–4] 
light-emitting diodes (LED),[5] lasers,[6] 
and photodetectors.[7] With 25% power 
conversion efficiency (PCE),[8] MHP solar 
cell devices are the best solution-processed 
solar cell devices to date.[2] Having reached 
performance on par with other thin-film 
devices in laboratory-scale test devices, 
scaling MHP-based solar cells to a larger 
area is one of the technologically most 
important steps.

A variety of scalable fabrication tech-
niques such as blade-coating,[9] vapor-
assisted deposition,[10] inkjet printing,[11] 
and slot-die coating (SDC)[12] have been 
successfully utilized for the deposition of 
MHP materials. Notably, SDC is considered 
as one of the most promising deposition 
techniques in the fabrication of functional 
coating and solution-processed optoelec-
tronics as uniform and compact thin-films 
can be processed on both rigid and flexible 

Solar cells incorporating metal-halide perovskite (MHP) semiconductors 
are continuing to break efficiency records for solution-processed solar cell 
devices. Scaling MHP-based devices to larger area prototypes requires the 
development and optimization of scalable process technology and ink for-
mulations that enable reproducible coating results. It is demonstrated that 
the power conversion efficiency (PCE) of small-area methylammonium lead 
iodide (MAPbI3) devices, slot-die coated from a 2-methoxy-ethanol (2-ME) 
based ink with dimethyl-sulfoxide (DMSO) used as an additive depends on 
the amount of DMSO and age of the ink formulation. When adding 12 mol% 
of DMSO, small-area devices of high performance (20.8%) are achieved. The 
effect of DMSO content and age on the thin film morphology and device 
performance through in situ X-ray diffraction and small-angle X-ray scattering 
experiments is rationalized. Adding a limited amount of DMSO prevents the 
formation of a crystalline intermediate phase related to MAPbI3 and 2-ME 
(MAPbI3-2-ME) and induces the formation of the MAPbI3 perovskite phase. 
Higher DMSO content leads to the precipitation of the (DMSO)2MA2Pb3I8 
intermediate phase that negatively affects the thin-film morphology. These 
results demonstrate that rational insights into the ink composition and pro-
cess control are critical to enable reproducible large-scale manufacturing of 
MHP-based devices for commercial applications.
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substrates.[13] When coating crystalline (or crystallizing) materials 
such as MHP, the quality of the thin-film is determined by the 
coating process. Fabricating high-quality thin-films requires exact 
control over the process window and removal of solvents at a 
defined period of time to induce oversaturation and crystalliza-
tion in a controlled manner. Solvent removal can be facilitated by 
thermal annealing,[14] vacuum,[12] gas quenching[15] or the depo-
sition of an anti-solvent, which for larger area samples is often 
accomplished by dipping into a bath.[16]

Currently, the PCE obtained for slot-die coated devices is 
lower than record device PCEs achieved by spin-coating.[17] This 
is due to the fact that there has been considerably less optimiza-
tion work on SDC for MHP deposition and record-performance 
spin-coated devices rely on rapid solvent removal and induc-
tion of crystallization by deposition of an anti-solvent. One of 
the most important aspects to optimize slot-die coating for 
MHP deposition is to develop reproducible coating processes 
where the MHP crystallization is selectively induced during the 
coating process.[18] Process optimization and design of stable 
precursor inks that enable the deposition of high quality MHP 
layers that yield higher PCE in solar cell devices.

In this work, we successfully slot-die coated methylammonium 
lead iodide (MAPbI3) thin films from a low boiling point and 
highly soluble 2-methoxy-ethanol (2-ME) ink as previously intro-
duced by Hendriks et al. for spin-coating.[19] Deng et al. adopted 
this ink to realize blade-coated PSCs[9] introducing the strongly 
coordinating solvent dimethyl sulfoxide (DMSO) to improve 
the quality of coated perovskite thin films. We explain, why also 
record-performance slot-die coated PSCs can be manufactured 
following this procedure and provide a detailed investigation 
on how the exact amount of DMSO and age of the precursor 
ink affects thin-film morphology as well as device performance. 
Record performance devices of up to 20.8% power conversion 
efficiency were achieved when adding ≈12 mol% of DMSO in the 
precursor solution. Using in situ grazing incidence X-ray scat-
tering and small-angle X-ray scattering experiments, we can prove 
that adding a small amount of DMSO leads to the suppression 
of colloidal structures in solution and crystalline intermediate 
phase related to MAPbI3 and 2-ME (here referred to as MAPbI3-
2-ME). Instead, MAPbI3 seed crystals and a limited amount of 
the (DMSO)2MA2Pb3I8 intermediate phase are formed having 
a beneficial effect on thin-film formation. A larger amount of 
DMSO and with proceeding age of the precursor solution, the 
precipitation of the crystalline (DMSO)2MA2Pb3I8 solvate phase[20] 
becomes detrimental to the perovskite thin film morphology. We 
highlight that both the exact amount of DMSO as well as the age 
of the precursor solution critically affect the coating results and 
device performance. This insight enabled the development of 
stable and reproducible coating procedure for large scale manu-
facturing of perovskite solar cell devices. First attempts to make 
mini-modules based on our optimized ink recipe and process 
parameters to achieve an efficiency of close to 15% on a very small 
module of 2.2 cm2 active area with three interconnected subcells.

2. Results and Discussion

Detailed experimental details on sample preparation and char-
acterization can be found in the Supporting Information. As 

metal-halide perovskites (MHPs) tends to crystallize during 
deposition, the removal of solvents at a defined point in time 
determines the thin-film quality. This provides some but lim-
ited control over the process window and the exact composition 
of the ink has a significant influence on the quality of the MHP 
semiconductor. In the process discussed here, the induction 
of thin-film crystallization was achieved by N2 gas quenching 
through an air knife at around 20  cm distance relative to the 
slot-die as illustrated in Figure 1 or with an N2 gun during spin-
coating (Section S2.3, Supporting Information).

We here investigated the combination of the addition of a 
strongly coordinating solvent dimethyl sulfoxide (DMSO) to 
a methylammonium lead iodide (MAPbI3) precursor solu-
tion in 2-methoxy ethanol (2-ME). 2-ME is a low boiling point  
(Tb = 124 °C) and high vapor pressure (≈0.8 kPa at 20 °C) sol-
vent with a maximum solubility of MAPbI3 around 2.4 m.[19] 
During coating, the ink is dispensed from the slot-die head 
onto the substrates, as sketched in Figure 1a. We observe that 
MHP films coated from pure 2-ME solutions were discontin-
uous and porous as shown in the cross-sectional SEM image 
in Figure  1b. The pinhole density of these samples was about 
7% (Figure S1, Supporting Information). We attribute this to a 
rapid and disordered crystallization process when 2-ME sponta-
neously evaporates during coating and air knife gas quenching.

The addition of small amounts of the strongly coordinating 
solvent DMSO led to dramatically changes of the resulting 
thin-film morphology. In Figure 1b, the cross-sectional images 
of samples coated from inks with various amounts of DMSO, 
ranging from 11.77 mol% to 58.88 mol%, are compared to sam-
ples coated from precursor solution not containing any DMSO. 
The addition of 11.77 mol% DMSO into 1M 2-ME ink leads to a 
denser thin-film without pinholes and large columnar crystal-
lites. For higher DMSO contents thin-films are still dense and 
pinhole-free but the crystallite size becomes smaller as shown 
in Figure S1 (Supporting Information).

We carried out photoluminescence (PL) measurements on 
those corresponding thin films, as shown in Figure S2 (Sup-
porting Information). The PL intensity of perovskite coated with 
2-ME DMSO inks is similar in intensity but there is a slight blue-
shift of the PL peak maximum, which could be indicative of slight 
differences in the average grain size. Samples fabricated based on 
the pure 2-ME MAPbI3 ink, exhibit a lower PL intensity indicating 
lower sample quality and more nonradiative recombination.

Precursor inks with added DMSO exhibited a yellow pre-
cipitate increasing with time and DMSO content when stored 
at room temperature as shown in Figure  1d. The 2-ME pre-
cursor ink without DMSO and the 2-ME based ink comprising 
11.8 mol% of added DMSO do not exhibit this precipitate. This 
suggests a chemical interaction between the DMSO and perov-
skite precursors. As previously reported,[9] without the addition 
of MAI, PbI2 has a limited solubility in 2-ME. A strongly coordi-
nating solvent like DMSO can be expected to increase the solu-
bility of the precursor salts in 2-ME. DMSO is known to interact 
strongly with lead-iodide complexes in solution and form 
a crystalline intermediate phase ((DMSO)2MA2Pb3I8) upon 
drying.[21] The precipitate formed in 2-ME solutions was iden-
tified as (DMSO)2MA2Pb3I8 by X-ray diffraction[21] (Figure S3, 
Supporting Information) showing that the DMSO solvate phase 
has indeed a limited solubility in 2-ME.
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To investigate the effect of the DMSO addition on the ink 
properties further, we carried out small angle X-ray scattering 
(SAXS), UV–Vis absorption measurements and X-ray absorp-
tion fine structure (EXAFS) measurements further discussed in 
the Supporting Information. In Figure 1c, the SAXS measure-
ments on the 2-ME and 2-ME-DMSO perovskite inks are com-
pared showing that there is a clear difference in their colloidal 
properties.[22–24] It is clearly visible that both inks have the same 
features in the higher q-values. The observed structure factor 
maximum (q = 2.6 nm−1), which emerges from the interaction 
of particles, is located at the same position. This indicates that 
the mean spacing d between the centers of mass of the colloidal 
particles (d = 2.4 nm) is the similar and the nearest-range order 
between lead-halide complexes in solution comparable. We also 
carried out extended X-ray absorption fine structure (EXAFS) 
measurements and found that the local surrounding of lead 
complexes is similar for all inks (Figure S4, Supporting Infor-
mation). In the SAXS measurements the slope of the scattering 
curve deviates at lower q-values, which indicates a substantial 
difference in the electron density of the particle with respect to 
their surrounding media (solvent), (ρ0-ρsolvent).[25] The additional 
scattering contrast at low q values for the 2-ME ink indicates 

an interaction between solution complexes forming larger col-
loidal structures. This preassociation of larger agglomerates is 
likely the reason for the formation of very porous thin-films 
deposited from pure 2-ME inks. The ink with additional DMSO 
has more evenly dispersed colloids which is favorable for pre-
vent the formation of MAPbI3 -2-ME intermediate phase and 
the formation of denser thin-films. From UV–Vis absorption 
measurements, precursor solutions appeared to have quite 
similar absorption features for freshly made samples (Figure 
S5, Supporting Information). Inks with increasing DMSO 
content exhibit a reduced and broadened signature probably do 
to the precipitation of (DMSO)2MA2Pb3I8.

In situ grazing-incidence wide-angle X-ray scattering 
(GIWAXS) experiments were utilized both to characterize 
prepared thin films by ex situ measurements (Figures S8 
and S9, Supporting Information) as well as to investigate the 
drying kinetics for inks with varying DMSO content (Figure 2, 
Figures S6 and S7, Supporting Information). As shown in 
Figure 2a, the sample deposited from 2-ME ink initially (start to 
0.5 min) exhibits broad features at low diffraction angles indi-
cating the presence of a crystalline sol-gel intermediate state 
consistent with the SAXS results. In the 2D representation of 

Figure 1.  Schematic of slot die coater setup. a) Coating from 2-ME and 2-ME-DMSO inks. b) SEM cross-section images depicting corresponding condi-
tions (scale bar is 800 nm). c) SAXS curves of two backgrounds subtracted scattering curves of MAPbI3 in 2-ME (blue) compared to MAPI in 2ME with 
11.77 mol% DMSO (red), both solutions are in the same concentration. The schematic representation of contrast situations that can be interpreted 
from the SAXS curves. The information at high q values matches. The contrast situation changes for the low q-region, which therefore results in two 
different model approaches for MAPbI3 in 2-ME (light blue) and MAPbI3 in 2-ME with 11.77 mol% DMSO (light red). d) Images of 2-ME DMSO inks 
(in duration of 1 to 15 h) store inside the glovebox (with O2 and H2O level less than 1 ppm).
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the evolution of diffraction patterns during drying, diffraction 
peaks at 2θ angles of 5.92° and 11.86° are visible until about  
1 min into the process. We attribute these to a crystalline solvate 
intermediate phase of MAPbI3 with 2-ME that has not been 
previously reported. Upon drying, an intermediate peak at 2θ 
angles of 8.15°, appearing after 1.4 min and disappearing after 
3 min, indicates the formation of another intermediate phase. 
This phase may be comparable to the (MA)8(Sol)xPb18I44 inter-
mediate phase reported by Lei et al. which exhibits diffraction 
features in the same range.[26] We conclude that fast evapora-
tion of 2-ME results in the rapid transformation of this inter-
mediate phase into the MHP phase after only 1 min at 25 °C. 
This can be observed as an evolution of the diffraction peak at 
14.08° that correlates with the (110/002) peaks of the room tem-
perature tetragonal MAPbI3 phase.[27] It can be noted that the 
MHP peak intensity is relatively high, indicating rapid crystal-
lization of the MHP as 2-ME solvent starts evaporating.

When adding 11.77 mol% of DMSO into 1 m 2-ME ink as 
shown in Figure  2b, a reduced diffraction peak at 5.92° sug-
gest the initial coexistence of the intermediate phases of 
MAPbI3-2-ME and the DMSO solvate phase with known dif-
fraction peaks at 6.55°, 7.2°, 9.17° attributed to the formation of 
the (DMSO)2MA2Pb3I8 phase during the first 0.5 minute of the 
drying process.[21] There is no peak at 8.15° visible in this case 
suggesting that the formation of this second intermediate phase 
is suppressed. Instead, a diffraction pattern is consistent with 
the formation of crystalline MAPbI3 is visible from the start 
as shown in Figure  2c,d. We interpret these findings that the 
DMSO additive avoids the formation of the 2-ME solvate phase 

and triggers the formation of MAPbI3 as well as DMSO solvate 
phase. These results indicate the formation of MAPbI3 seed 
crystals upon addition of DMSO, which favorably affects thin 
film formation. We hypothesize, that the much higher binding 
constant of DMSO to lead-halide complexes in solution dis-
rupts the formation of the 2-ME and other solvate intermediate 
phases to promote the formation of crystalline MAPbI3. Simul-
taneously, (DMSO)2MA2Pb3I8 is also formed, which, at small 
concentrations, may prove beneficial to thin film formation as 
it may increase the processing window. That the formation of 
the (DMSO)2MA2Pb3I8 intermediate phase is detrimental at 
higher concentration becomes apparent when increasing to the 
amount of added DMSO to over 11.77 mol% (Figure 2d), which 
leads to a disappearance of any MAPbI3-2-ME intermediate 
but also the MAPbI3 phase in favor of (DMSO)2MA2Pb3I8. The 
formation of the DMSO solvate phase occurs already in solu-
tion apparent by the formation of the yellowish precipitate in 
precursor solutions shown in Figure  1d. In this case, MAPbI3 
has to and increasing extent be formed by decomposition of 
the DMSO intermediate phase. This negatively affects the thin-
film morphology as shown in the SEM cross section images 
in Figure 1b. To compare ink properties, ex situ GIWAXS was 
employed to detect crystallinity and orientation of MHP semi-
conductors. We did not observe a change in orientation, indi-
cating the crystal growth orientation was not affected by the 
addition of DMSO (Figure S8, Supporting Information). How-
ever, the 2ME-DMSO samples exhibit an increased intensity 
of the diffraction peaks associated with the perovskite crystal 
phase. We conclude that the addition of DMSO improves the 

Figure 2.  In situ GIWAXS measurements. a,b) 2D plots of time resolved in situ grazing incidence wide-angle X-ray scattering (GIWAXS) of a) 2-ME 
ink and b) 11.77 mol% 2-ME-DMSO ink (Temperature keep at 25 °C from 0 to 10 min, then accelerating to 100 °C with ramping of 45 °C min-1).  
c) Normalized peak intensity of MAPbI3 versus of time. d) MAPbI3-2-ME, MAPbI3 and (DMSO)2MA2Pb3I8 as function of DMSO content at 0.5 minute 
of in situ GIWAXS pattern.
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crystallinity of the thin-film sample (Figure S9, Supporting 
Information).

To study the stability of precursor inks, a series of solar 
cell devices were prepared from precursor inks with various 
amounts of DMSO (11.77 mol%–58.88 mol%) and time elapsed 
since preparation of the ink 1, 5, 10, 30, and 60  min in com-
parison to the reference ink. Figure 3a show the device config-
uration is glass | ITO (150  nm) | 2PACz | MAPbI3 (≈800  nm) 
| C60 (23  nm) | BCP (8  nm) | Cu (100  nm) where 2PACz is a 
self-assembled monolayer (SAM) of (([2-(9H-carbazol-9-yl)ethyl]
phosphonic acid)). The results shown in Figure 3b clearly illus-
trate the dependency of the power conversion efficiency, PCE, 
of solar cells on the DMSO content and age of the precursor 
ink. The devices made from the 2-ME reference ink exhibit 
fairly low and irreproducible performance metrics. For an 
increasing content of DMSO in the 2-ME precursor inks, the 
average performance and reproducibility initially increases for 
intermediate DMSO concentrations of about 12 and 24 mol% 
but then clearly decreases for higher DMSO content and also 
with increasing ink age. All the device performance metrics 
of open circuit voltage, VOC, short-circuit current density, JSC, 
and fill factor, FF, are negatively affected for the ink without 
the DMSO additive and with an increasing DMSO content 
>24  mol% (Figure S10, Supporting Information). We attribute 
this to the bad sample morphology for samples prepared from 
pure 2-ME inks due to unfavorable drying kinetics as well as 
the detrimental effect of thin-film morphology upon forma-
tion of the (DMSO)2MA2Pb3I8 precipitate in inks of higher 
DMSO content. Precipitation of a solid phase is likely detri-
mental for the rheological properties and flow of ink within 

the narrow tubing and ink reservoir of the slot-die coater and 
will probably influence the pump rate and solution feed during 
the coating process. This leads to random and unrepeatable 
deposition conditions along with the likely deposition of the 
(DMSO)2(MA)2Pb3I8 precipitate, which negatively affects the 
thin-film morphology. To investigate the influence of precipita-
tion on the film nucleation, 23.56 mol% 2ME-DMSO ink was 
centrifuged at 6 000 rpm for 45 min with this ink without cen-
trifuged were compared, which resulted in similar devices per-
formance (Figure S11, Supporting Information) and indicates 
that the precipitate affects the coating process negatively.

Optimal contents of DMSO are crucial to stabilize MHP 
inks. The 11.77 mol% DMSO ink exhibits better long-term sta-
bility than the others investigated herein. Even after storing 
this ink for 18 d, solar cells with a performance of 19.50% were 
manufactured as shown in Figure S12 (Supporting Informa-
tion). After storage for 18 d, the 23.56 mol% DMSO content 
ink exhibited precipitation and could not be used to produce 
good quality coatings at all. Figure 3b shows the statistical per-
formance of devices fabricated by different amounts of 2-ME-
DMSO inks as function of time and statistical plot of more than 
60 subdevices, as shown in Figure S12 (Supporting Informa-
tion), which suggest 11.77 mol% and 23.56 mol% 2-ME-DMSO 
devices has small spread. The less amount of DMSO ink has 
stable and reproducible results. Table 1 summarizes the devices 
prepared from the 11.77 mol% and 23.56 mol% 2-ME-DMSO 
precursor inks yielded a maximum PCE of 20.83%, 20.25% 
with average efficiencies of 17.18%, 17.21% compared to 15.42% 
(4.2%) for the pure 2-ME reference devices. These PCEs are 
among the highest values reported for slot-die coated PSCs 

Figure 3.  Devices performance and parameters. a) configuration and cross-sectional images of device made from 11.77 mol% 2-ME-DMSO ink.  
b) The performance distribution of more than 60 solar cell devices made by 2-ME and 2-ME-DMSO inks was summarized versus storage time. c) The 
current density–voltage (J–V) scanning (active area is 0.16 cm−2) and d) the stabilized output of the corresponding devices. e) The differential transient 
response of devices upon voltage perturbation at MPP ΔJ/Jstab, and hysteresis index (HI) derived from reverse and forward the J–V measurements at 
different delay times of devices fabricated from 2-ME reference and 11.77 mol% as well as 23.56 mol% DMSO containing 2-ME inks.

Adv. Energy Mater. 2021, 11, 2003460



www.advenergymat.dewww.advancedsciencenews.com

2003460  (6 of 8) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

(Table S1, Supporting Information). The steady-state results of 
corresponding devices, showing PCE of 20.55%, 19.59% and 
14.89% upon 180 s maximum power point (MPP) tracking as 
shown in Figure 3d.

To validate that slot-die coating can yield devices with per-
formance comparable to the commonly used spin-coating 
technique for the deposition of the perovskite layer, we fabri-
cated spin-coated solar cell devices for the optimized ink with 
11.77 mol% of DMSO. We also compared results for depositing 
the 2PACz self-assembled monolayer by slot-die coating. The 
resulting device data is summarized in Figure S13 (Supporting 
Information). The average efficiencies of devices using slot-
die coating compared to spin-coating for the deposition of the 
2PACz layer are comparable. Spin-coating the MAPbI3 ink with 
11.77 mol% of DMSO, we employed N2 gas quenching with an 
N2 gun during spin-coating. Devices exhibited decent results 
with similar average performance as the slot-die coated devices. 
Our findings suggest that devices with performances compa-
rable or even higher can be obtained when using a scalable 
solution-based technique such as slot-die coating for the depo-
sition of the MAPbI3 semiconductor. We predict that slot-die 
coated devices rivalling or beating spin-coated small area record 
devices will be achieved in the very near future with additional 
ink and process optimization.

The stability assessment of the champion devices was per-
formed via MPP tracking under continuous 1 sun illumination 
for 11 h. We observed a stabilized device efficiency of 19.16% 
before tracking and 19.24% after tracking for this particular 
device suggesting a negligible loss in efficiency as shown in 
Figure S14 (Supporting Information). Furthermore, the long-
term continuous MPP tracking of 11.77 mol% DMSO devices 
is shown in Figure S15 (Supporting Information). After  
500 h tracking, the device retained over 90% of its initially per-
formance with mainly loss in the fill factor. We compared the 
device performance with and without shadow mask and found 
around 3% discrepancy in the JSC (Figure S16 and Table S2, 
Supporting Information). Comparing the integrated external 
quantum efficiency, EQE, spectra with respect to AM1.5G 
results in JSC values comparable to the ones determined by 
J–V measurements (Figure S17, Supporting Information) with 
a discrepancy <4%. Additionally, the bandgaps are around 
1.58–1.59 eV determining by the peak position of the derivative 
of the EQE spectrum. The 2-ME-DMSO devices exhibit lower 
leakage current (J0) in the dark J–V curves (Figure S18, Sup-
porting Information) compared to the 2-ME device, which we 

interpret to be a result of the superior MHP layer morphology 
and coverage. The 11.77 mol% 2-ME-DMSO device shows an 
improved rectification leading to the better performance in the 
reverse bias condition of the MHP based solar cell.[28]

Transient analysis during maximum power point tracking 
(TrAMPPT) was used to investigate the devices transient 
response upon voltage perturbation,[29,30] further discussed in 
the Supporting Information. The comparison of the current 

transients with respect to the steady-state current density, 
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the delay time derived from J–V measurements (Figures S19, 
S20 and S21, Supporting Information) is compared in Figure 3e 
for devices made from the pure 2-ME-based ink as well as from 
inks with 11.77 mol% and 23.56 mol% of added DMSO. The 
devices prepared from precursor solutions with DMSO exhibit 

a dramatically reduced amplitude of the 
J t

J

( )

SS

∆
 as well as HI for 

fast scan rates corresponding to short delay times. The device 
fabricated from the pure 2-ME precursor ink exhibits a more 
pronounced amplitude of the transient current response for 
fast J–V scan rates compared to the devices fabricated from 
inks containing small amounts of DMSO where this transient 
current response is fairly suppressed. This directly corresponds 
to a reduction of the hysteresis observed at fast scan rates, 
which indicate capacitive charge carrier accumulation effects 
or a sluggish charge carrier extraction for devices with inferior 
perovskite thin-film morphology. We conclude that the smaller 
grain size and higher degree of disorder and pinholes of sam-
ples prepared without the DMSO additive in the precursor solu-
tions gives rise to a lower charge carrier extraction efficiency 
and hence larger amplitudes in the transient current response 
upon voltage perturbation.

We carried out first attempts to manufacture slot-die coated 
minimodules based on optimized ink and process conditions. 
Details can be found in the Supporting Information. One set 
of minimodules were fabricated on substrates of similar size 
as our small-area test devices (inch2 ≈ 2.5 × 2.5 cm2) and also 
on 5  × 5 cm2 substrates. Series-interconnection of subcells in 
the minimodule was realized by P1–P2–P3 laser-interconnec-
tion schemes optimized previously, sketched in Figure S22 
(Supporting Information).[31] As laser-patterning step had to be 
carried out in ambient conditions, we replaced the BCP with an 
ALD-deposited layer of 20 nm SnO2 in our devices, as detailed 

Table 1.  Summaries of photovoltaic parameters obtained from corresponding J–V curves.

Jsc [mA cm-2] Jscmean
a)  

[mA cm-2]
Voc [V] Vocmean

a) [V] Fill factor[%] Fill factormean
a)  

[%]
PCE [%] PCEmpp  

[%]
PCEmean

a) [%]

2-ME reverse 19.778 14.412 ± 4.97 1.085 0.571 ± 0.46 71.870 0.408 ± 0.19 15.424 14.89 4.2 ± 4.95

2-ME forward 19.565 1.082 66.860 14.155

11.77 mol% 2-ME-DMSO reverse 23.673 22.024 ± 1.03 1.138 1.088 ± 0.03 77.322 0.715 ± 0.05 20.831 20.55 17.18 ± 2.01

11.77 mol% 2-ME-DMSO forward 23.633 1.132 76.426 20.459

23.56 mol% 2-ME-DMSO reverse 23.686 21.551 ± 0.825 1.119 1.090 ± 0.05 76.415 0.729 ± 0.05 20.256 19.59 17.21 ± 2.12

23.56 mol% 2-ME-DMSO forward 23.645 1.111 75.343 19.793

a)The values in the parentheses are average from 60 independent sub-cells with standard deviation.
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in the Supporting Information. For the 2.5 × 2.5 cm2 substrates, 
three subcells were implemented with a total active device area 
of 2.2 cm2, as shown in the Figure S23 (Supporting Informa-
tion). The PCE statistics of 15 minimodules showed the average 
value of 9.3% and champion efficiency of 14.6% with negligible 
hysteresis. Figure S24 (Supporting Information) show 5 × 5 cm2 
substrates, modules comprised eight series-interconnected sub-
cells. The average device performance was only 1.8% with the 
highest performance of 3.8% achieved due to obvious losses in 
both open-circuit voltage and fill factor.

While the first results on minimodules are encouraging, 
more work is required to identify performance loss channels 
in these modules. Our work highlights the importance of opti-
mizing inks for scaled metal-halide perovskite layer deposition 
in combination with the optimization of process conditions. We 
will carry out more work on optimizing the device layer stack 
and processes to make larger are minimodules in the future.

3. Conclusions

We were able to achieve highly PCEs of slot-die coated perovskite 
solar cells reproducibly when just the right amount of DMSO 
is added to 2-ME based precursor solutions. For an amount of 
about 12 mol% DMSO, a stable ink with a beneficial coating pro-
cess window can be obtained enabling the deposition of high-
quality MHP thin-films and high-performance solar cell devices. 
From in-situ X-ray diffraction experiments we have discovered 
the existence of a solvent intermediate phase involving 2-ME 
and MAPbI3 which rapidly converts to MAPbI3 upon drying. The 
addition of DMSO leads to the suppression of this intermediate 
phase and formation of MAPbI3 seed crystals as well as some 
(DMSO)2MA2Pb3I8 intermediate phase, which favorably affects 
the formation process of MAPbI3 during slot-die coating. This 
leads to MAPbI3 thin-films with improved morphology. For a 
higher DMSO content the suppression of MAPbI3 formation in 
favor of (DMSO)2MA2Pb3I8 reduces thin-film layer quality and 
reproducibility as the crystalline DMSO-solvate phase precipi-
tate negative affects thin-film formation and morphology. From 
inks with optimal DMSO content, slot-die coated p–i–n solar cell 
device with efficiency of 20.83% (stabilized output at 20.55%) 
were demonstrated. This work provides important insight into 
the interplay of strongly and weakly coordinating solvent as well 
as crystalline intermediate phases in the formation of MHP 
thin films. Control over exact processing conditions and forma-
tion pathways is key to develop stable and reproducible scalable 
coating procedures, which is crucial for the commercial fabrica-
tion of MHP semiconductor devices.

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