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A void-free buried interface in p-i-n-based FAPbl; perovskite solar cells (PSCs)
enables to upscale lab-scale solar cells (<1 cm?) to mini-module dimensions
(>10 cm?). A combined strategy of vacuum-assisted growth, a moderate N flow,
and MACI precursor in the crystallization of perovskite layers effectively eliminates
interfacial voids as apparent in thin films processed by the anti-solvent method.
22.3% and 18.3% efficiencies are achieved for p-i-n-based additive-free FAPbl3
PSCs (0.105 cm?) and scalable mini-modules (aperture area 12.25 cm?),
respectively.
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SUMMARY CONTEXT & SCALE
Formamidinium lead iodide (FAPbI3) has emerged as one of the In recent years, remarkably
most promising perovskite semiconductors for perovskite solar promising performance was
cells (PSCs), demonstrating high power conversion efficiency (PCE) reported for FAPbI; perovskite
and good stability. However, only a few reports address the solar cells; however, the scalability
scalable pro-cessing and fabrication of FAPbIl; perovskite solar lags behind. Key challenges
modules. Here, we report a void-free perovskite-buried interface in regarding the scalable processing
p-i-n-based PSCs, which enables us to upscale lab-scale solar cells of FAPbl3 solar modules are the
(<1 cm?) to mini-module dimensions (>10 c¢m?. An innovative high-quality large-area perovskite
combination of a mod-erate N, flow during vacuum-assisted growth thin film fabrication, interface
(VAG) control of the perovskite thin films as well as engineering, and interconnection
the employment of MACl as an  addi-tive eliminates interfacial module patterning. In particular,
voids in blade-coated large-area FAPblI; layers, enabling respective little research was dedicated so far
PCEs of 20.0% and 18.3% in blade-coated PSCs (0.105 cm?) and toward optimizing buried

fully scalable modules (aperture area of 12.25 cm? and geometric fill interface in p-i-n based FAPbl;
factor of 96.3%). This is a remarkable advance in upscaling FAPbI;- devices.

based perovskite photovoltaics.
In this work, a combination of
vacuum-assisted growth, N flow,

INTRODUCTION and MACI additive moderates the
Perovskite photovoltaics developed into one of the most promising photovoltaic crystallization of perovskite thin
technologies over the past decade with certified power conversion efficiencies films and realizes void-free buried
(PCEs) exceeding 25%' for lab-scale devices (area <1 cm?. Among the material interface. This strategy allows us
class of lead halide perovskite semiconductors, formamidinium lead iodide (FAPbI5) to improve photovoltaic

is an efficient and widely used candidate with a rather low band gap (~1.48 eV) close performance due to reduced non-
to the optimum of the detailed balance theory (1.1-1.4 eV)” and good thermal radiative recombination and
stability of the black cubic phase (a-FAPbl3).” To date, the highest PCEs (>23%) of enhanced charge extraction. We
FAPbI; perovskite solar cells (PSCs) have been reported for the n-i-p architecture,” realize high-efficiency p-i-n based
" whereas the p-i-n architecture, which is particularly interesting for most state-of- FAPbI; solar cells and fully
the-art perovskite-based tandem solar cells,”' can be processed at low scalable modules and thus
temperatures'*~'® and offers good operational stability. How-ever, the recently providing an effective approach
reported record PCEs for p-i-n-based FAPbl3 PSCs ~22.13%'®"" still lag behind and more opportunities for
significantly in terms of PCE, scalability, and active area compared with the n-i-p upscaling perovskite
architecture. photovoltaics.

The key challenge in processing pure FAPbI; thin films is the instability of the photo-
active a-FAPbI; phase, which tends to convert into the photoinactive yellow ortho-
rhombic phase (3-FAPbI3) at room temperature, especially in the presence of mois-
ture or polar solvents.'®?° To overcome this challenge, numerous strategies have
been proposed to stabilize a-FAPbl; and improve crystallization/thin  film
morphology, including additive engineering (e.g., hydrohalic acid,”’** ionic lig-
2830y, composzitional engineering
571035 o g By,

uids,” Lewis base,’>?® 2D 5|oecies,27 and others
(cations,*'** e.g., methylammonium (MA*), Cs*, Rb*; anions,



CI7); and interfacial engineering (organic ammonium halides to form 2D perov-
skites,””?>*% polymer’”*°). We highlight that these approaches have been widely
developed for n-i-p-based PSCs, but only very few studies report on p-i-n-based
FAPbl3 PSCs, with PCEs in the range of only 20%-22.1%."%"7*"*? Among the most
promising approaches is interfacial/compositional engineering employing methyl-
ammonium chloride (MACI), which was successfully implemented in p-i-n-based
FAPbl; PSCs as surface post-treatment*' and precursor additive'’ to improve the
perovskite thin film morphology. The latter also showed that [2-(3,6-Dimethoxy-
9H-carbazol-9-yl)ethyl] phosphonic acid (MeO-2PACz) is a superior hole transport
layer (HTL) compared with other selected HTLs for stabilizing a-FAPbl; with passiv-
ated defects at grain boundaries, thus decreasing the open-circuit voltage (Voc)
loss."” We note that in p-i-n-based FAPbl; PSCs, perovskite-buried interface has
not been investigated yet. However, this interface is key to photovoltaic performance
and device stability.**** For instance, the buried interface in PSCs is known to exhibit
uncoordinated Pb?* defects or interfacial voids (e.g., loose interfacial contact), lead-
ing to non-radiative recombination or poor charge carrier extraction/transport and
consequently a large loss in Vo or short-circuit current density (Jsc).*>*¢ In stark
contrast, numerous studies have reported on improving the electron transport layer
(ETL)/perovskite interface in n-i-p-based FAPbl; PSCs. The presence of mesoporous
TiO, proved to improve the photovoltaic performance due to good charge extraction
(CE), and simultaneously, a reduced degradation rate was observed for samples
exposed to ambient air.”*/ The good charge carrier extraction explains the high
Jsc inmany PSCs with an n-i-p architecture. Therefore, improving the buried interface
in p-i-n-based FAPbI; PSCs is key to improving CE, reducing non-radiative recombi-
nation and enhancing the phase stability of PSCs.

Next to improving the PCE and stability of p-i-n-based FAPbl; PSCs, upscaling
small-area spin-coated FAPbl; devices with scalable methods is a key challenge.
To date, the scalable fabrication of high-purity FAPbl; PSCs is barely investigated,
apart from two reports on blade-coated p-i-n-based FAPbl; PSCs (PCE = 18.41%,
active area of 0.09 cm?*® and perovskite solar mini-modules*” (reported PCE =
17.07% for an active area of 12.32 cm? and PCE = 12.52% for an aperture area
of 25 cm? and a geometrical fill factor [GFF] of 73.3% according to our calculation).
Scalable solution-based fabrication involves solvent engineering and composi-
tional engineering to optimize the perovskite thin film crystallization.'* Controlling
the nucleation and crystallization during scalable process are extremely pivotal to
achieve high-quality, pinhole-free, void-free, and homogeneous perovskite thin
films that are thoroughly associated with the solvent evaporation process. Prompt
extraction of solvents from the wet perovskite precursor thin films is required to
process compact and pinhole-free perovskite thin films.*” Therefore, a good
control of the drying process and solvent engineering are pivotal to optimize
the thin film morphology and eventually the homogeneity of perovskite thin
films.”® The co-solvent (volatile and non-volatile) system composing acetonitrile,
2-methoxyethanol, or ethyl alcohol mixed with common inks dimethylformamide
(DMF)/dimethyl sulfoxide (DMSO) has been widely used to improve the quality
of large-area perovskite thin films and buried interface.””>' Recently, DMSO was
replaced by the Lewis base N-methyl-2-pyrrolidone and hydriodic acid to regulate
the intermediary phase in blade-coated FAPbl; perovskite mini-modules.*?
Furthermore, Nj-knife-assisted drying for blade coating is a promising strategy
to control film quality and slow down crystallization.'>*>*"*? To date, the
morphology formation of blade-coated FAPbI; thin films processed from the
inks based on conventional solvent systems of DMF/DMSO and the interplay
with the HTL has not been studied.



In this study, we report on the vacuum-assisted growth (VAG) method to process

high-quality a-FAPbl; PSCs in the p-i-n-based architecture. The conventional refer-

ence process, using an anti-solvent (AS) step, exhibits voids at the buried interface of
HTL/FAPbIs. In contrast, our VAG-processed FAPbI; thin films are free of interfacial
voids, leading to a champion PCE of 22.3% for p-i-n-based PSCs. Our study shows

that the voids lead to high Voc loss associated with increased non-radiative recom-

bination and low Jsc due to poor CE. Finally, we report on large-area blade-coated
FAPblI; thin films. To avoid the formation of voids and control the morphology of
these FAPbI; thin films, we incorporate MACI as an additive into the perovskite pre-

cursor and further apply a moderate N, flow during the VAG process. As a result, we

obtain homogeneous large-area blade-coated FAPblI; thin films on different HTLs

that enable blade-coated PSCs (0.105 cm?) and perovskite solar module (aperture

area of 12.25 cm?, GFF = 96.3%) with a PCE of 20.0% and 18.3%, respectively.

RESULTS AND DISCUSSION

The VAG method is an established strategy to process high-quality narrow and wide
band-gap PSCs as well as two-terminal (2T) all-perovskite tandem solar mod-
ules.”>>*>% In this study, we employ VAG method to fabricate FAPbl; PSCs in the
p-i-n architecture. First, we report on spin-coated small-area PSCs. The lab-scale
PSCs exhibit an active area of 0.105 cm? with the layer stack glass/indium tin oxide
(ITO)/[2-(9H-carbazol-9-yl)ethyl] phosphonic acid (2PACz)/FAPbls/fullerene (Ceo)/
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)/Au (Figure 1A). The photo-
voltaic performance of the PSCs fabricated by VAG using different vacuum times
(15, 30, 45, 60, and 120 s) is compared with devices processed with the established
AS quenching method. For both fabrication methods, the perovskite absorber layers
exhibit a similar thickness of ~700 nm (Figure S1). We find that the PSCs fabricated
with VAG (referred to as VAG-PSCs) demonstrate higher yield and better reproduc-
ibility compared with the PSCs fabricated by AS (referred to as AS-PSCs) (Figure 1B).
The AS-PSCs exhibit an average PCE of 17.2%, whereas VAG-PSCs show an average
PCE of around 20.7% for optimized vacuum time (~30 s). Both shorter and longer
vacuum times lead to significantly lower performance. To further improve the perfor-
mance of these PSCs, we optimize the light incoupling in our champion device using
a MgF; antireflection coating, resulting in an even higher PCE of up to 22.3% (FF of
0.81, Voc of 1.07 V, and Jsc of 25.7 mA cm™2) (Figure 1C). We highlight that—to the
best of our knowledge—this is the highest PCE value reported for p-i-n-based pure
FAPbI; PSCs without additives and significantly exceeds the reference AS-PSC (PCE
of 19.7%, FF of 0.76, Voc of 1.04 V, and Jsc of 24.8 mA cm™?). Furthermore, our
champion VAG-PSC exhibits a stabilized power output efficiency (SPCE) of up to
21.8% for maximum power point (MPP) tracking for 5 min under continuous AM
1.5G (100 mW cm™?) irradiation (Figure 1D). We attribute the prominent enhance-
ment in Voc for our VAG-PSCs with a band gap of ~1.52 eV (Figure S2A) to the
reduced non-radiative recombination (detailed discussion follows). A broadband
enhancement in the external quantum efficiency (EQE) of VAG-30-s PSCs is
observed compared with the reference AS-PSCs (Figures 1E and S3), leading to an
enhancement in Jsc from 24.0 to 24.9 mA cm 2. The latter is not attributed to
changes in light harvesting (Figure S2) but is rather a result of improved charge car-
rier extraction governed by improved buried interface across the ITO/2PACz/FAPbI;
layer stack”® as discussed in the following.

Next to the device performance, we examine the morphology of the FAPbl3 thin films.
First, we note the obvious and large number of “white” spots, whose origin is dis-
cussed later. These white spots are apparent in the AS-PSCs by visual inspection
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Figure 1. Photovoltaic performance of spin-coated PSCs
(A) Schematic of p-i-n-based FAPbl; PSCs.
(B and C) (B) Statistical distribution of photovoltaic parameters and (C) current density-voltage (J-V)

characteristics of PSCs fabricated using anti-solvent (AS) quenching and vacuum-assisted growth
(VAG). The vacuum time is varied from 15 to 120 s.

(D and E) (D) Stabilized power conversion efficiency (SPCE) under continuous AM 1.5G illumination

and (E) external quantum efficiency (EQE) spectra for the best-performing PSCs (with MgF,
antireflection coating).

from the glass side (Figure 2A). The density of the white spots varies with vacuum time
for VAG-PSCs. Interestingly, the white spots almost vanish for a vacuum time of
around 30 s, which coincides with the optimum device performance (Figure 1B). In-
spection by optical microscopy (from the glass side, Figure 2B) reveals that the sam-
ples processed with short VAG times (<30 s) exhibit problematic cracks. These cracks
are attributed to an incomplete solvent extraction which triggers the formation of
cracks and corresponding voids during the annealing step (Figures 2B and S4). For
increasing VAG times (>30s), the samples exhibit the defects with an increasing num-
ber and expanding size that are obviously detrimental to the quality of perovskite thin
film. For long vacuum times, these defects span over the entire glass region (i.e., ITO-
etched area, in Figure S4), and the spot dimensions increase to several hundreds of
micrometers (for VAG times > 60 s). We confirm that these spots are eventually voids
at the buried interface of 2PACz/FAPblI; by cross-sectional scanning electron micro-
scopy (SEM) images (Figures 2C and S4). The appearance of such voids upon imper-
fect crystallization is a phenomenon that was already reported in literature for other
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Figure 2. Spin-coated perovskite thin films

(A and B) Photographs (A) and (B) optical microscopic images of p-i-n-based FAPbl; PSCs (glass
side, substrate: 1.6 x 1.6 cm?) fabricated via anti-solvent (AS) quenching and vacuum-assisted
growth (VAG) method. The VAG time varies from 15 to 120 s. The white spots in (A) and dark region
in (B) indicate voids.

(C and D) (C) Cross-section and (D) top-view scanning electron microscopy (SEM) images.

(E) Zoom-in peaks of X-ray diffraction (XRD) patterns and full width at half maximum (FWHM) for
different FAPbl3 thin films.

(F) Relationship between the void ratio, Voc, and Jsc of PSCs.



high-efficiency mixed-cation perovskites containing DMSO solvent.>’***°> The phe-
nomenon is more evident in thick and large-area perovskite films.*> The appearance
of these voids near the 2PACz/FAPbI; interface is attributed to a volume collapse of
the wet perovskite film during the drying and/or crystallization step. This volume
collapse occurs if homogeneous and steady solvent extraction is prohibited due to
the formation of an impermeable perovskite thin film that is formed at the top of
the wet film, leaving behind enclosed voids filled with solvent at the 2PACz/FAPbI;
interface. During the annealing step, the trapped high-boiling-point solvents like
DMSO will expand and cause voids and corrupted thin films.*® These voids are ex-
pected to increase with increasing vacuum time (e.g., >30 s). For optimum VAG
time (30 s), an equilibrium between the solidification of the perovskite thin film and
the extraction of the high boiling solvents (e.g., DMSO) is achieved. As a conse-
quence, a homogeneous and void-free perovskite thin film with comparably large
grains is fabricated as shown also in a detailed analysis of the thin film morphology
by means of SEM and atomic force microscopy (AFM) (Figures 2D and S5). It is high-
lighted that the cracks in the range of micrometers are distinguishable at AS and
VAG-15-s perovskite thin films (Figure S6). The X-ray diffraction (XRD) patterns (Fig-
ure S7A) confirm that the annealed FAPblI; thin films form the a-phase with the ex-
pected diffraction peaks.®'® VAG-30-s thin films exhibit a reduction of full width at
half maximum (FWHM) for the diffraction peaks, especially in (001) and (002) planes
(Figures 2E and S7B), which reflects the larger size of crystallites. An apparent Pbl,
peak (Figure S7A) is observed since 10 mol % of excess Pbl; is used as a standard
recipe for preparing perovskite precursor, which has been proved decreased trap
states for p-i-n-based FAPbI; PSCs."” Note that the excess Pbl, in this work assists
to obtain void-free FAPblI; thin films (Figure S8A). The FAPbI; thin film processed
with excess Pbl, shows no changes in the light harvesting and band gap of perovskite
(Figures S8B-S8D) but delivers improved device performance with increased Vo,
Jsc, and FF (Figure S9).

We hypothesize that the buried voids isolate parts of the perovskite thin film from the
HTL and, thereby, impede efficient CE, resulting in reduced current generation (Fig-
ure 1B). Moreover, the voltage decreases due to enhanced non-radiative recombi-
nation losses caused by the increased trap states at the surface of buried voids, as
will be discussed later in this work. We show that the void ratio in the area provides
a quantifiable measure that correlates with the impact of the voids on the device per-
formance, i.e., the Jsc and the Voc (Figure 2F). For vacuum times <45 s, we show
that the VAG-FAPblI; thin films exhibit low void ratios <5% compared with a much
larger void ratio >11.5% for AS-FAPbI5 thin films. With further increasing vacuum
time up to 120 s, the void ratio increases to 49.9% due to a larger size of voids
and an increased number of voids (Figure 2B).

The previous findings demonstrate that the VAG method is an efficient route to fabri-
cate high-quality FAPbl; thin films for high-efficiency p-i-n-based PSCs. The
improved device performance compared with AS-PSCs is governed by an increase
in Voc and Jsc. To shed light on the origin of these improvements, we conduct a se-
ries of material and photophysical characterization experiments to investigate the
non-radiative recombination (related to increased Voc) and CE (associated with
increased Jsc). First, to understand Vo improvement, we study the charge carrier
dynamics for a half stack of the PSC using time-resolved photoluminescence
(TRPL). We fabricate FAPbI; thin films on glass/ITO/AIO, (as an insulating interlayer)
and glass/ITO/2PACz (as an HTL). A thin solution-processed layer of ethylene-vinyl-
acetate copolymer is used for protecting the FAPbI; thin films against moisture while
measuring them in the air atmosphere. As shown in Figure 3A, the glass/AlO,/
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Figure 3. Characteristics of non-radiative recombination
(A and B) Time-resolved photoluminescence (TRPL) of FAPbI; thin films on (A) ITO/AIO, (as an

insulating layer) and (B) ITO/2PACz substrates.

00 200
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(C) Photoluminescence quantum yield (PLQY) and the obtained implied Voc (Voc imp) of FAPbI;

thin films prepared on ITO/2PACz Substrates.

(D-F) (D) Mott-Schottky plots, (E) dark current density-voltage (J-V) curves, and (F) light intensity

dependence of the Voc of PSCs.

(G) Hole and electron trap density (nypn) and nyny) obtained from space-charge-limited current

(SCLC) method.

(H) Nyquist plots and (symbols) and fitting curves (solid lines) of PSCs measured in the dark with an

applied bias of 1V (close to Vo).

FAPbI; layer sequence exhibits a single-exponential decay. The fitted lifetime 7 is

dominated by non-radiative recombination at grain boundaries and the bulk of
FAPblI3 thin films.>*°* Compared with the AS thin film, a slight increase in 7 from



425 to 465 ns for the VAG-30-s thin film indicates less trap-assisted non-radiative
recombination of the perovskite layer. This difference is attributed to the improved
grain size of perovskite with fewer grain boundaries. For comparison, the architec-
ture glass/ITO/2PACz/FAPDbIl; exhibits a biexponential decay with a fast and a
slow charge carrier lifetime 71 and 7, respectively (Figure 3B). We attribute 74 to
the fast charge transfer process from perovskite to 2PACz, whereas 7, is associated
with the non-radiative recombination at grain boundaries and bulk and/or the buried
interface of 2PACz/FAPbI3.>*°*% Interestingly, the value of 7, for VAG-30-s thin film
(730 ns) is much higher than that of AS thin film (266 ns) (see Tables S1). According to
the comparison of 7 in Figure 3A, the significantly enhanced 7, is attributed to the
reduced non-radiative recombination at the buried interface of 2PACz/FAPbI; due
to reduced interfacial defects.”’

We further quantify the reduction of non-radiative recombination for the half-layer
stack of ITO/2PACz/FAPbI; via photoluminescence quantum yield (PLQY) measure-
ments and calculate the corresponding implied Voc (V<3c_imF,),59'60 As presented in
Figure 3C, the AS sample exhibits an average PLQY of 5.8 x 1073, whereas the
VAG-30-s sample exhibits a PLQY increase by one order of magnitude to around
2.3 x 1072. The corresponding average Voc.imp increases from 1.097 to 1.133 V
that implies significantly reduced non-radiative recombination for the VAG-30-s
sample. Since the absolute enhancement matches well with the average increase
in Voc observed in the corresponding PSCs (Figure 1B), this further indicates that
it is indeed reduced non-radiative recombination at the 2PACz/FAPbI; interface
that causes the increased device Vo, which will be studied in more detail in the
following paragraphs.

Next to optical spectroscopy of half-stacks, we examine the reduced non-radiative
recombination of full devices. First, Mott-Schottky plots, derived from capacitance
measurements (Figure 3D), reveal a higher flat-band potential of 0.96 V for a repre-
sentative VAG-30-s PSC compared with an AS-PSC that yields 0.93 V. This suggests
an enhanced driving force for separating photogenerated charge carriers which is
favorable to realize a higher Voc.®'%? This observation is further confirmed by the
dark current density-voltage (J-V) characteristics (Figure 3E) and light-intensity-
dependent Voc measurement (Figure 3F). We observe that the VAG-30-s PSC shows
a significantly reduced dark saturation current density (Jo = 4.07 x 1072 mA cm™2)
and a lower ideality factor (nig4 = 1.25) compared with AS-PSC (Jo = 2.45 x 107°mA
cm~2, nig = 1.79), supporting our interpretation of less trap-assisted non-radiative

recombination at the interfaces.®**3

To investigate the origin of reduced non-radiative recombination, we utilize space-
charge-limited current (SCLC) to estimate the trap density (n).>>%°4%7 As discussed
above, the interfacial trap states are expected to dominate the trap-assisted non-radi-
ative recombination compared with those in the bulk of perovskite (Figures 3A-3C). The
interfacial trap states can originate from the defects at the buried 2PACz/FAPbI; or top
FAPbl3/Ceg interfaces. These trap states capture and trap free charge carriers, thereby
increasing non-radiative recombination.” For SCLC analyses, we fabricate electron-and
hole-only devices in the architecture of ITO/SnO,/FAPbl3/Ceo/BCP/Au and ITO/
2PACz/FAPbl3/Poly(3-hexylthiophen-2,5-diyl) (P3HT)/Au, respectively. The calculation
details can be found in the supplemental experimental procedures and Figure S10.
Notably, the hole trap density (ny) of the VAG-30-s device is calculated to be
2.59 x 10" cm™3 (Figure 3G), which is one order of magnitude lower than that of the
AS device (20.10 x 10"® cm~3). As reported in literature, the buried interfaces, espe-
cially the interface with the voids, contain numerous uncoordinated Pb?* or FA* vacancy



defects that lead to enhanced non-radiative recombination.”**¢ We speculate the
high nyny in the AS device is due to the emerging of the voids at the buried interface
of 2PACz/FAPbI3, whereas the ny, reduces significantly in the VAG-30-s device due
to the elimination of the interfacial voids (Figures 2A-2C and S4). In addition, we
show that the electron trap density (nye)) of VAG-30-s device is slightly lower compared
with AS device. This is attributed to the void-free buried interface of SnO,/FAPbI; (for
AS and VAG) and improved morphology of electron-only devices (Figure ST1A).
Commonly, SnO, has a better interfacial contact with perovskite, and thus, the void-
based buried interface is not so common in n-i-p architecture. SnO, is significantly
more hydrophilicity compared with 2PCAz monolayers (Figure S11B). Therefore, the
interplay between perovskite and SnO, during the VAG process is different compared
with the case of using organic HTLs beneath. This may further affect perovskite forma-
tion and crystallization.*® Since FAPbl; thin films fabricated via VAG do not show
notable changes in surface morphology (i.e., forming FAPbl3/Cgg interface) compared
with the AS quenching method (Figures 2D and S5), we conclude that the enhanced
non-radiative recombination loss in AS-PSCs can mainly be attributed to traps states
at the buried interface of 2PACz/FAPbI; (Figures 3A-3C).

We next perform electrochemical impedance spectroscopy (EIS) to shed light on the
charge carrier transport and recombination within the PSCs.”***® The Nyquist
plots are obtained in the dark with an applied bias of 1 V close to V¢ as shown in
Figure 3H, depicting two semicircles at the different frequency ranges (although
another straight-like transmission line at the end of the low-frequency region is
not considered for fitting and calculation as the charge carrier diffusion is neglected;
more details can be found in the supplemental experimental procedures and Fig-
ure S12). In general, the high-frequency semicircle is related to the charge transport
resistance (Ry), and the low-frequency semicircle is ascribed to charge recombina-
tion resistance (Rec) at the interfaces or within the bulk of the perovskite layer.
Thus, we fit Ry and R.c with an equivalent circuit, as shown in Figure S12A. The
smaller semicircle in the high frequency and larger semicircle in the low frequency
for the VAG-30-s PSCs indicate lower Ry, (38.4 Q) and higher R.ec (166.5 Q), respec-
tively (Figure 3H), compared with the AS-PSCs (R;, = 53.9 Q, Riec = 66.7 Q). This dem-
onstrates improved charge transport and reduced recombination in the VAG-30-s
PSCs. Further evidence for the reduced recombination is found in the variation of
Rec values with different applied biases (1-0 V, i.e., from open-circuit condition to
short-circuit condition; Figures S12B-S12E). As shown in Figure S12F and
Table S2, the VAG-30-s PSCs exhibit very high values of R in the range of 4.4 x
10*-4.6 x 107 Q, whereas the values for the AS-PSCs are in the range of 452.8-
747.0 Q. All EIS data are in line with the above-discussed results (i.e., TRPL, PLQY,
Mott-Schottky, dark J-V, light intensity dependent V¢, and SCLC), demonstrating
that the optimized VAG method effectively improves the buried interface with the
elimination of interfacial voids and is thus beneficial for efficient charge transport
and minimization of non-radiative recombination.

Having demonstrated that the enhanced V¢ is correlated to reduced non-radiative
recombination due to the reduced number of voids in perovskite thin films processed
via the VAG method, in the following, we study the effect of interfacial voids on the CE
that relates rather to the Jsc. First, we perform CE measurements under different illu-
mination intensities (1-100 mW cm~?) to estimate the extracted charge carrier density
(nce). As illustrated in Figure S13A, the PSC is illuminated at the open-circuit condition
and consequently no current flows. At t = 0's, the illumination is switched off, and simul-
taneously, a negative extraction voltage is applied. This way, nearly all excited charge
carriers are extracted and induced a transient current. ncg is determined by integrating



over the entire extracted current (see supplemental experimental procedures).®”"

Compared with the AS-PSCs, we observe that more current is extracted for the
VAG-30-s PSCs, especially under a low light intensity (<10 mW cm™2) (Figures 4A
and 4B), and the transient current instantaneously realizes the maximum value when
the light intensity increases above 10 mW cm™2. Overall, the calculated ncg of the
VAG-30-s PSCs is much higher than that of the AS-PSCs under varied illumination in-
tensity (Figure 4B), revealing improved charge carrier extraction.

To further verify the improvement of charge carrier extraction within the VAG-30-s
PSCs, we conduct delay-time CE by linearly increasing voltage (delay-time-CELIV)
to understand the dynamic process of charge carrier extraction and recombination.
Delay-time-CELIV has been established for organic solar cells’?~"* and PSCs.”>”” As
illustrated in Figure S13B, the PSCs are initially illuminated with a light intensity of
100 mW cm~2 at the open-circuit condition to impede any net current flow. The illu-
mination is then switched off and PSCs are kept at open-circuit condition during the
delay time. After the delay time, the linearly negative ramp voltage starts at t = O's.
The calculation of charge carrier density (ncepy) can be found in the supplemental
experimental procedures. As shown in Figure 4C, the AS-PSCs exhibit a single
peak under all delay-timescales, but a wider peak under lower delay-timescales
(<50 ns), where tis in the range of 5-11 s, indicating that the extraction rate of
the photogenerated charge carriers reaches its maximum during 5-11 ps (Fig-
ure ST4A). In contrast, the VAG-30 s PSCs exhibit two peaks: t < 2 us (Figure S14B)
under a lower delay-timescale (<300 ns) reveals a rapid charge carrier extraction, and
tin the range of 5-7 ps (Figure S14B) under a longer delay-timescale (300 ns—10 ps)
indicates efficient extraction during 5-7 us. We hypothesize that a longer delay time
implies more charge carrier recombination and consequently less extraction. There-
fore, we expect that under different delay-timescales, the calculated ncgyy for the
VAG-30-s PSCs is always much higher compared with the AS-PSCs (Figure 4D), which
is in line with the trend in the CE data (Figure 4B). To summarize, the above data
further indicate the enhancement of charge carrier extraction for the VAG-30 s PSCs.

We provide an illustration of the enhanced path length of charge carriers in the
perovskite thin film in the presence of voids (Figure 4E). Assuming a void-free inter-
face (as present for the condition VAG-30-s PSCs), photogenerated charge carriers
(electrons or holes) can be extracted efficiently over the entire device area at the
interface to the ETL or HTL (Figure 4A). This is reflected also in higher values in
nce and ncepy for VAG-30-s PSCs (Figures 4B and 4D). However, if large amounts
of voids are present at the perovskite/HTL interfaces (i.e., for the process conditions
AS-, VAG-60-s, and VAG-120-s PSCs; Figures 2B and 2F), holes generated in the
perovskite thin film above voids areas are required to travel a significantly enhanced
path, which effectively reduces the charge carrier density (Figures 4B and 4D). More-
over, the large voids in the buried interface accumulate trap states at the surface
(Figure 3G),"”"** which will trap charge carriers (mostly holes in our p-i-n PSCs) (Fig-
ure 4E). For these reasons, a higher void ratio leads to a lower Jsc and Voc within
devices due to poor CE and increased non-radiative recombination (Figure 2F).

Finally, having discussed and demonstrated the advantages of the VAG method in
laboratory-scale PSCs processed with the VAG method, we demonstrate the fabrica-
tion of PSCs and modules using fully scalable deposition methods (blade coating for
2PACz and FAPblI; layers, vacuum deposition for Cgq, Au, and MgF,) on larger-area
substrates. The key challenge for large-area blade coating is to obtain continual
and homogeneous perovskite thin films free of interfacial voids. For small-area
spin-coated PSCs, the centrifugal force during the spin-coating process already
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Figure 4. Characteristics of charge extraction
(A and B) (A) Transient current and (B) extracted charge carrier density derived from charge
extraction (CE) measurement under variable illumination intensities (1-100 mW cm ).

(C and D) (C) Transient current density vs. time profiles and (D) extracted charge carrier density with

different delay time derived from delay-time-CELIV characterization at light intensity of 100 mW cm ™2,

(E) Schematic of the charge extraction process in PSCs with void-free and void-based interfaces.

assists in removing most of the precursor solution, thus evaporating most of the sol-
vents before the VAG step. However, the blade-coating process has an intrinsic
longer drying time; thus, it is challenging when the deposited perovskite ink is natu-
rally dried out without additional treatments. For the blade-coated wet film of perov-
skite, it takes several tens of minutes to obtain the solid-state dried film during the
VAG step. As discussed above, a longer vacuum time leads to a large number of inter-
facial voids. Thus, we developed a nitrogen-flow-combined VAG (N,-VAG) to accel-
erate the solvent extraction that has already been employed in our latest work."'® The
fabrication of FAPbI; thin films (on 6.4 x 3.2 cm? substrate) is illustrated in Figure 5A.
We observe considerable white spots in control films (without N, flow and without ad-
ditives) visualized from the glass side (Figures 5B and S15). These spots with
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Figure 5. Blade-coated perovskite thin films and scalable PSCs

(A) Schematic of perovskite fabrication of the combination of blade coating and vacuum-assisted
growth applying a moderate N; flow (N,-VAG).

(B) Photographs and optical microscopic images of the glass side for bade-coated FAPbI; thin films
(substrate dimension: 6.4 x 3.2 cm?). The white region in photographs as well as dark region in
microscopic images indicates voids.

(C and D) (C) The heatmap and (D) statistical distribution of power conversion efficiency (PCE)

(E and F) (E) Current density-voltage (J-V) characteristics and (F) stabilized power conversion

efficiency (SPCE) under continuous illumination for the best-performing PSCs (with MgF,
antireflection coating).



millimeter dimensions are discussed as voids at the buried interface of HTL/FAPblI3,

which are larger compared with the spin-coated thin films due to the intrinsic low rate
of nucleation and crystallization without any treatments. This demonstrates that these

voids are easily produced in the blade-coating process on larger substrates. After the
N3 flow is introduced (without any additives), the size of voids reduces; however, they

do not disappear (Figure S15). Thus, we realize that the N»-VAG route is not sufficient
for obtaining obtain high-quality FAPbl; thin films free of voids. To resolve this

problem, we incorporate an optimized amount of 30 mol % MACI in the perovskite
precursor combined with N flow (referred to as MACI and N flow), thus obtaining

a high-quality homogeneous and void-free thin film (Figures 5B, S15, and S16). It
was previously demonstrated that precursor compositions with MAClinduce an inter-

mediate phase during the early drying stage and nucleation phase and further pro-
mote the film growth of secondary crystallization during annealing process, thus facil-

itating the growth of homogeneous FAPbl; thin films.”'” Consequently, we employ

MACI here to further improve the film quality in the blade-coated large-area devices.

We note that a lower concentration (<30 mol %) of MACl also leads to an inhomoge-
neous blade-coated thin film with numerous interfacial voids (Figures 5B, S15, and

S16). We observe the same phenomenon in the spin-coated small-area PSCs (Fig-

ure S17) for varying MACI concentrations. We note that utilizing 30 mol % MACI in

the absence of a N flow still generates voids at the interface (Figures 5B, S15, and

S16). To accelerate the extraction of solvents in the VAG step, we regulate and opti-
mize the N3 flow (~180 cm®min~", Figures $18 and $19) and the vacuum time (~30's)
for processing on the large-area substrates (Figures S19-521). Importantly, insuffi-

cient, or too high Ny flow results in a large density of voids and produces inhomoge-
neous thin films (Figure S19B). An optimal rate of solvent extraction from the N, flow
improves the nucleation and crystallization to form an intermediate phase that facil-
itates the growth of the a-phase during the thermal annealing process. We conclude
that the absence of MACI or N, flow leads to a large number of voids, pinholes,
and low coverage (Figures S15, S19B, and S20). We further demonstrate that the
employing introduced a combination of MACI as an additive and N, flow produces
high-quality void-free FAPbI; thin films on different HTLs, e.g., NiO,, poly(3,4-ethyl-

enedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), and poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) (Figure S21). In summary, we realize

the fabrication of high-quality, continual, and homogeneous blade-coated large-

area FAPDblI; thin films via an optimized MACI and Ny-flow route that is an effective
approach for upscaling perovskite photovoltaics on different HTLs (Figures S20

and S21).

We evaluate the PCE distribution of the divided PSCs that are processed with large
substrates (the 6.4 x 3.2 cm? substrate is divided into 32 pieces of samples with di-
mensions 1.6 X 1.6 cm?). To avoid any de-wetting issue of the perovskite precursor
on the etched area of ITO/2PACz large substrates (the width of the etch lines is equal
to 1.5 mm), we employed a 5 nm sputtered NiO, thin film beneath 2PACz (Fig-
ure S21) and maintain otherwise the same architecture as the optimized spin-coated
PSCs. The heatmap in Figure 5C reflects the distribution of PCEs for each blade-
coated PSC processed at different positions of the large substrate. It is apparent
that all control PSCs (no N flow and no MACI) present very low PCE below 3%
due to numerous voids and low coverage of FAPbl; on top of ITO/NiO,/2PACz sub-
strates (Figures S15 and S20). Either the MACI-only or N,-flow-only route enhances
the device performance, but their PCEs are still less than 15% with a large variation
(Figure 5D). The low Vo and FF are the main limitations of the device performance
(Figure S22), which we attribute to the severe non-radiative recombination loss due
to the interfacial voids. Simultaneously, MACl-only or N,-flow-only route may trigger



a large variation in film thickness (Figure S23) or inhomogeneous films with voids
(Figures 5B, S15, and S16) for blade-coating process owing to the unregulated crys-
tallization, thus resulting in low reproducibility and yield (Figures 5C and 5D). In
contrast, the optimized MACI and N-flow route allows us to obtain high yield and
PCEs (Figures 5C and 5D). The best-performing PSC with MgF, antireflection
coating delivers an excellent PCE of 20.0%, with a FF of 0.75, Voc of 1.07 V, and
Jsc of 24.9 mA cm™2 (Figure 5E; Table S3), which is much higher than the control
PSCs (PCE = 2.9%), and PSCs processed with MACI (PCE = 10.3%) and N,-flow
(PCE = 14.1%) routes. The integrated Jsc of 24.2 mA cm 2 extracted from EQE (Fig-
ure S24) matches well with the value from the J-V measurement. Furthermore, the
best-performing PSC fabricated via MACI and N, flow route also delivers an impres-
sive SPCE of up to 19.6% at MPP tracking under continuous AM 1.5G irradiation for
20 h (Figure 5F).

Finally, we present fully scalable p-i-n-based FAPbI; perovskite solar mini-modules. The
modules employ the same architecture and upscaling methods as discussed above.
Figures 6A and 6B show an all-laser-scribed module (processed with fully scalable
deposition methods), comprising seven monolithically interconnected sub-cells with
an aperture area of 12.25 cm? (Figure S25A).”® The widths of the scribing lines P1, P2,
and P3 are 44, 50, and 28 pum, respectively (Figure 6C). Considering the total width of
184 pm for the dead area, we estimate a GFF of 96.3% (Figure S25B). Compared with
other single-junction or 2T-all-perovskite tandem solar modules,#'4%:¢%7%
icantly enhance the realized GFF by optimizing the electrical properties of all scribing
lines at minimal width and improving their respective alignment.”® The best-performing
mini-module with MgF, antireflection coating delivers a PCE of 18.3% (Figures 6D and
S26; Table S4, Voc =7.36V, short-circuit current Iy, = 41.2mA, and FF = 0.74). The best-

performing sub-cell in the module (active area of 1.69 cm?) presents an active-area ef-
ficiency of 19.8% (Figure S27) that demonstrates a low efficiency loss of ~7% in upscal-

we signif-

ing. This reveals a successful interconnection design and laser scribing while upscaling
the modules. Furthermore, it is worth to note that we realized a noticeable low efficiency
loss of ~1% in a larger active-area fabrication of blade-coated PSCs (PCE = 19.8% for
1.69 cm?, Figure S27) compared with our reference blade-coated smaller PSCs
(PCE = 20.0% for 0.105 cm?, Figure 5E). The average Ve contribution of each sub-
cell is ~1.05 V (Table S4). This value is comparable with that obtained from the
blade-coated small PSCs (1.07 V for 0.105 cm?, Table S3), indicating negligible voltage
loss for the employed upscaling process. Simultaneously, the module retains a high I
of 41.2 mA, demonstrating a good current collection of the introduced module inter-
connections compared with different sub-cells in series showing 41.3-41.5 mA
(Table S4). Moreover, our module presents a good SPCE of up to 18.0% at MPP tracking
under continuous AM 1.5G irradiation and stabilizes at 85°C in an inert atmosphere for
20 h (Figure 6E). Next, we evaluate the stability of our FAPbl3 PSCs against moisture. Itis
observed that AS-FAPbI; thin films degrade faster compared with VAG-FAPbI; thin
films (Figure S28) stored in air (temperature ~19°C, relative humidity [RH] ~ 60%). After
11-day storage, AS-FAPbI3 thin films exhibit degradation along with numerous voids,
whereas VAG-FAPbI; thin film shows less degradation and almost no voids (Figure S29).
After 15 days, a severe degradation with yellowish regions (Figures 528 and S29) is pre-
sent in AS-FAPblI; thin films. In line with literature, we attribute the yellow regions to
phase transitions due to the emergence of the 3-phase.’®?° We further test the device
stability ata higher RH of 85% and an elevated temperature (85°C) in a climate chamber
(Figure S30A). However, all FAPbls- and Csg 1gFAg.g2Pblz-based thin films or PSCs fabri-
cated with AS and VAG process degrade within less than 30 min (Figures S30B and
S30C). We conclude that the developed VAG process delivers good thermal stability
and enhanced phase stability compared with the reference AS quenching method.
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Figure 6. Scribing lines and scalable modules

(A) Schematic diagram of FAPbl3 perovskite solar module interconnected by scribing lines.

(B) Photograph of the glass side of the module (dimension: 5.0 x 5.0 cm?).

(C) Optical microscopic images of the module from the glass and Au sides (top metal contact).
(D and E) (D) Current density-voltage (J-V) characteristics and (E) stabilized power conversion
efficiency (SPCE) under AM 1.5G continuous illumination at 85°C and 25°C (inset) in N,-filled
glovebox for the best-performing module (with MgF; antireflection coating).



However, advancing further the stability of FAPbl3 thin films toward a high level of mois-
ture as well as good encapsulation is pivotal for the progress of FAPbls-based perov-
skite photovoltaics.

Conclusions

We successfully demonstrate high-efficiency p-i-n-based FAPbl; PSCs and modules
processed with scalable fabrication methods. Using the VAG process with optimized
vacuum time (30 s) facilitates void-free spin-coated FAPblI; thin films, compared with
the reference AS method that shows interfacial voids at the 2PACz/FAPbI; interface.
We present a champion PCE of 22.3% with improved Voc and Jsc. Our observations
based on TRPL, Mott-Schottky, PLQY, EIS, and SCLC analyses demonstrate that the
Vo improvement originates from reduced non-radiative recombination at the buried
interface of 2PACz/FAPbI;. CE and delay-time-CELIV reveal the enhancement of CE
that enables a higher Jsc. Finally, we further develop an optimized MACI and N,-
flow route to fabricate high-quality, void-free, large-area, blade-coated FAPbI; thin
films, achieving highly efficient blade-coated PSCs and mini-modules (aperture area
of 12.25 cm?) with good PCEs of 20.0% and 18.3%, respectively.
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