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1. Introduction

One of the key challenges of perovskite photovoltaics is the scalable

fabrication of high-efficiency perovskite solar cells (PSCs). Not only the
scalable deposition of high-quality perovskite thin-films itself, but also the
adjacent charge extraction layers is pivotal. In this work, PSCs based on
all-inkjet-printed absorber and extraction layers are presented, allowing for

a scalable and material-efficient deposition. The inkjet-printed PSCs are of
p-i—n-architecture with a precursor-based nickel oxide hole-transport layer, a
high-quality inkjet-printed triple-cation (methylammonium, formamidinium,
and cesium) perovskite absorber layer and a double layer electron-transport
layer of phenyl-C61-butyric acid methyl ester and bathocuproine. The ink
properties, inkjet parameters, and annealing procedure are optimized for each
layer. PSCs with such inkjet-printed absorber and charge carrier extraction
layers demonstrate an efficiency of >17% with low hysteresis. Although
printed in ambient atmosphere, the devices show excellent short-term
stability (40 h) even under elevated temperature (85 °C). These results are a
promising next step on the way to fully inkjet-printed perovskite solar cells,

including both electrodes as well.
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The power conversion efficiency (PCE)
of incident solar irradiation to elec-
trical power is the key indicator to rate
photovoltaic (PV) technologies. Due to
rapid increase in reported best research-
cell PCEs over the past decade, the field
of hybrid organic—inorganic lead halide
perovskite PV has attracted enormous
attention within the PV community. PCEs
of up to 25.2% are certified for perovskite
solar cells (PSCs) on laboratory scale,
narrowing the gap toward the record for
crystalline silicon solar cells of >26%
although there is still a significant differ-
ence in the active area size.l Tandem
cells combining low-bandgap silicon
bottom solar cells and wide-bandgap
perovskite top solar cells promise PCEs
exceeding the Shockley-Queisser limit of
single cellst*’, with current record devices
already achieving over 29%"%-8l. However,
in order to commercialize perovskite PV as single-junction- or
tandem-PV-technology, strategies to upscale PSCs while main-
taining high PCEs have to be developed. There are two competing
technical approaches for upscaling perovskite photovoltaics: On
the one hand all-evaporated PSCs using vacuum-based depo-
sition techniques®® and on the other hand solution-based
coating and printing techniques for PSCs!!l. Scalable solution-
based techniques that have been employed in recent years are
blade coating!>"3, slot-die coating,™' and inkjet printing!®-2],
While all of these techniques promise fast and scalable mate-
rial deposition, inkjet printing stands out due to the precise
control of small droplets allowing free choice of printing
patterns??2 and efficient material usage.l?’! Inkjet printing has
already demonstrated its potential for fully-printed organic solar
cells?*?° and organic photo detectors!?®l. Moreover, it is recently
on the rise for mass fabrication of displays with organic light
emitting diodes!?’ 3!, PSCs with an inkjet-printed (IJP) perov-
skite absorber layer demonstrated steadily increasing PCEs over
the past years resulting in maximum PCEs of over 21% in single
scan measurements and over 18% stabilized power conversion
efficiency (SPCE), as we showed in our previous publication.??
However, PSCs not only consist of the perovskite absorber layer,
but also charge transport layers and electrodes. In contrast to
many other deposition techniques for transferring the promising
results on IJP perovskite layers to an industrial-scale fabrication,
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the deposition of all layers by inkjet printing allows to maintain or
even extend design advantages. Although there are some reports
on IJP electron transport layers (ETLs)327% and hole transport
layers (HTLs)1*>36-38] developing fully IJP PSCs remains a chal-
lenge considering the broad range of complexities that arise
regarding solvent-material interactions, wetting behavior, as
well as limits in annealing temperatures of each layer when pro-
cessed on top of the underlying layers. While good progress on
PSCs with all-IJP charge carrier extraction layers and absorber
layers (in this work referred as “active layers”) is reported in the
literature B3%, to the authors’ knowledge neither an average PCE >
10% nor short-term SPCEs have been shown.

In response to this challenge, this work reports on the
development of PSCs with all-IJP active layers on the basis of
a p-i—n-architecture. Champion devices demonstrate PCEs
up to 172% with low hysteresis and a SPCE of 17%. The study
reports on the detailed characterization of each IJP layer (HTL,
absorber, double-layer ETL; the front and back-electrode are
evaporated) with regard to the optical and electrical properties
as well as key deposition parameters. Scalability and freedom
in design of printing patterns is presented by prototype devices.

2. Inkjet-Printed Solar Cell Architecture

Reports on PSCs over the last years demonstrate a multitude of
promising layer stacks arranged in two different architectures.
Commonly, the community distinguishes between an n-i—p-
architecture with the electron extracting n-type layers on the
sun-facing transparent front-side (superstrate geometry) and a
p—i-n-architecture with the hole extracting p-type layer on the
transparent front-side. To date, the record PCEs of PSCs in the
p-i—n-architecture lag behind those of PSCs in n—i—p-architec-
turel4ll. This usually attributed to defect-assisted recombina-
tion losses decreasing the open-circuit voltagel*, a problem
which might be solved if the architecture is investigated in
more detail. Recently the p-i-n-architecture is attracting
increasing attention, Ne as it exhibits low hysteresis-behavior
in the JV-characteristics®! and is preferred for monolithic
two-terminal perovskite/ Si tandem solar cells.>*! Another
reason is that the in n—i—p-architecture commonly used organic
small-molecule HTL based on 2,2’,7,7-tetrakis[N,N-di(4-meth-
oxyphenyl)amino]-9,9’-spirobifluorene (spiro-OMeTAD) usu-
ally contains moisture sensitive Li- or Co-containing salts.
Moreover, perovskite-damaging additives (4-tert-butylpyridine)
are used as dopants, which are considered detrimental for
the stability of PSC.! The choice of other HTLs in the n-i—
p-architecture is not only limited by the material properties,
but also by limitations in solvents and/ or annealing tempera-
ture that might damage the underlying perovskite layer. In the
p—i—n-architecture, the choice of HTL materials is less con-
strained by choice of solvent and annealing temperature, since
the HTL is processed directly on the front-electrode. Common
HTLs in this architecture are poly-(3,4-ethylenedioxythiophen
e):polystyrene sulfonate (PEDOT:PSS)#“l poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine] (PTAA)*-1 and nickel oxide
(NiO,)B2. In particular, solar cells with NiO,, exhibit promising
performance for solution-°>> as well as evaporation-based(*>’!
deposition methods when combined with an IJP perovskite
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Figure 1. a) Schematic of the p—i—n-perovskite solar cell architecture with
printed absorber and extraction layers: On the glass substrates (blue)
with sputtered indium tin oxide (ITO, dark green) front-electrode, the
HTL nickel oxide (NiOx, light green), the triple-cation perovskite absorber
layer (TCP, brown) and the double layer ETL made of PCBM and BCP
(pink and purple, respectively) are deposited by inkjet printing. An evapo-
rated Au back-electrode completes the device; b) SEM image of a cross-
section through the device (TCP printed with 1000 dots per inch (dpi)).

layer?2l, For this reason, the present work focuses on NiO, as
HTLs prepared by inkjet printing of a precursor ink. Similar
to the limitations in choice for HTLs in the n—i-p-architecture,
the number of materials that can be processed on the perov-
skite-here a triple-cation perovskite (TCP) with targeted ratio
of Csp10FAg7sMA(1sPb(Brg5lpss)s—as ETL is limited. An
established double-layer ETL in the p-i-n-architecture is the
Cgo-fullerene (Cqo) combined with a very thin interfacial layer of
bathocuproine (BCP) to enhance electron extraction.[22:40:46.56.57]
Although in most cases Cg is thermally evaporated®, there
are examples of solution-processed Cg, in the literaturel>>-6,
including IJP Cg, layers(®3l. However, due to restrictions on
the inkjet-printability of Cgy—often crystal-like solid particles
instead of a closed Cg thin-film are formed while drying (see
more detailed discussion in the Supporting Information),~in
this work [6,6]-phenyl-Cg;-butyric acid methyl ester (PC¢BM,
PCBM) is used. The PSCs presented in this work are final-
ized by an evaporated gold (Au) back-electrode (Figure 1a). A
scanning electron microscopy (SEM) image of a cross-section
through the device architecture glass/indium tin oxide (ITO)/
NiO,/TCP/PCBM/BCP/Au is shown in Figure 1b. The band-
gaps and energy levels of the single layers used in the stack are
expected to allow for an efficient charge transport throughout
the device, not taking any band bending effects at the interfaces
into account (Figure S1, Supporting Information). In this work,
with exception of the Au and ITO electrodes, all layers (here
referred to as “active layers”) are deposited by inkjet printing.

3. Inkjet Printing of Perovskite Solar Cells

3.1. Working Principle of Inkjet Printing

Drop-on-demand inkjet printing requires mastering three key
challenges: 1) Stable jetting of the ink: in piezoelectric-driven
print heads, a time dependent voltage pulse (a so-called wave-
form) is applied to a piezoelectric element inside the ink-filled
nozzle that creates a mechanical pulse due to its deformation.
In order to eject well-shaped droplets with this pulse, the vis-
cosity and surface tension (SFT) of the solution in the nozzle
(so-called ink) needs to be in a distinct range and ratio.l?>¢4
Printing of nanoparticle (np) dispersions/sol-gels requires a
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small enough diameter of the used particles to avoid clogging
of the nozzle. The 2) drop-substrate interaction starts, when
the ejected droplets are deposited onto the substrate. The shape
of the droplet deposited on top of the substrate is determined
by its adhesion to the substrate (dependent on the surface
free energy (SFE) of the substrate) and cohesion of the droplet
(dependent on the SFT of the ink), which is quantified by the
contact angle (O.onwc) between liquid and solid. The SFT of the
ink and the SFE of the substrate need to be engineered to avoid
spreading (so-called over-wetting, 6.,nn = 0°) on the one side
and receding of the droplet (so-called de-wetting) on the other.
The as-printed droplets form the wet-film on the substrate. 3)
Drying and annealing of the wet film determines the shape and
morphology of the deposited thin-film. Two aspects need to be
balanced: first, the volume flow toward the edge of the wet-film
leading to an edge-enriched particle agglomeration, the so-called
coffee ring. The second aspect to be considered is an undesired
contraction toward the center of the wet-film. In the case of
poly-crystalline materials like perovskite thin-films, drying and
annealing are even more important, since the optoelectronic
properties depend on nucleation and crystal growth.['63]

The above detailed steps are interrelated, making inkjet
printing of a multilayered PSC architecture a complex pro-
cess that needs iterative optimization. In the following, we will
report on the stepwise optimization of each of these challenges
for the four individual thin-films in our p—i—n-architecture.

3.2. Inkjet-Printed Nickel Oxide Hole-Transport-Layer

Several solution-based deposition methods for inkjet printing
of NiO, layers have been reported for non-PV applications as
p-type semiconductor®%! and as HTL in thin-film PVI363770]
either on the basis of NiO, nanoparticles dispersions!*”¢%%’ or
on basis of precursor solutionsB®®%7%, In this work, we use the
precursor material nickel(II) acetate dihydrate (NiAc), which is
deposited as a sol-gel and subsequently decomposed during an
annealing step in ambient atmosphere containing oxygen to
form non-stoichiometric NiO,. For the decomposing process
of NiAc, temperatures below 300 °C have been reported.[®>7172
The process is therefore compatible with the underlying ITO
substrate, taking into account that the degradation of ITO starts
at temperatures around =250-325 °C.”374 Most alternative IJP
NiO, precursor material systems require substantially high
annealing temperatures (>400 °C), which are not compatible
with the ITO-coated substrate.l®®7% Although alternative trans-
parent conductive oxides like fluorine-doped tin oxide (FTO)
withstand these temperatures, they exhibit a lower conductivity
at same mean transmittance values.””) An established low-
temperature alternative are IJP NiO, nanoparticle (=7-200 nm
diameter) thin-filmsi7:¢667761 which are challenging to pro-
cess as nanoparticles are prone to cause agglomerations and
clogging of the inkjet nozzles.”! In this work, we developed a
1-butanol:ethanol-based NiAc ink with addition of the ligand
monoethanolamine (see the Experimental Section). This ink
has a sufficient high boiling point to allow printing at 5 kHz
with drop velocities Vgropier = 3 mm s (see Figure S2a, Sup-
porting Information). The wetting behavior of this ink on
the ITO substrate can be estimated by calculating wetting
envelopes according to Owens, Wendt, Rabel, and Kaelble
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(OWRK) method”®8%, which display a constant 6., (in this
case Gonract = 0°) for the SFE of the substrate, split into its polar
and dispersive part. On non-treated substrates, the as-printed
wet-film does not spread homogeneously and exhibits holes
due to dirt or local wetting differences. As a result, a multi-
cycle cleaning process has been introduced (see the Experi-
mental Section). The wetting envelopes of an untreated and
cleaned ITO substrate show the overall increase in the SFE via
this surface treatment (Figure 2a). Although the SFTy;ac pni iS
low (=21 mN m™), the wetting on the treated ITO substrate is
optimal, leading to =100 um drop diameters and convenient
sharp edges at a printing resolution of 700 dpi (dots per inch).
Using an ink based on a mixture of butanol and ethanol allows
for the deposition of printing-stripe-free NiO, thin films. This
effect is similar to reported addition of glycerol to suppress the
printing stripes of a 2-methoxyethanol NiAc ink.36:6%)

Annealing of the precursor thin film is important for the
transformation of the wet-film into a conductive transparent
NiO, thin-film. In the literature, a large variety of annealing tem-
peratures have been reported ranging from 230 to 400 °Cl3¢
for sufficient and optimal decomposition. Singh et al. performed
a thermogravimetric analysis of NiAc thin-films and detected two
loss regimes, with the first one appearing around 100 °C attributed
to evaporation of embedded water molecules and the second one
around 350 °C attributed to loss of water through decomposition
to NiO,.’l Therefore, we analyzed samples annealed at 190 °C
(directly after the first loss regime), 280 °C (above the temperature
for complete conversion to NiO,, according to ref. [71]) and 325 °C
(in the second loss regime) as annealing temperatures while
maintaining a constant annealing time of 45 min. Annealing at
temperatures of 400 °C (after the second loss regime) leads to a
reduction in the transmittance of the ITO front-electrode and an
increase in series resistance Rge;es Of the PSCs, indicating the
decomposition of ITO (Figure S3, Supporting Information).

The morphology of the IJP NiAc thin-films annealed at
the three different temperatures was investigated using
atomic force microscopy (AFM). No structural differences are
apparent, with a similar root-mean-square (RMS) roughness of

q = 3 * 0.5 nm for all samples (Figure 2b). The RMS rough-
ness of the NiO, layers is lower than the one of plain ITO
(Rq = 3.8 £ 0.7 nm), indicating a smoothing effect of the NiAc
ink. The transmittance of the bottom charge transport layer in
PSCs is an important characteristic, since it determines the
amount of parasitic absorption losses that limit the harvestable
incident radiation in the PSC. Figure 2c shows the overall high
transmittance for all annealing temperatures of the glass/ITO/
IJP NiAc samples. With increasing temperatures, the transmit-
tance decreases in the wavelength range from 350 to 500 nm
and >700 nm. The sample annealed at 190 °C shows a similar
shape to pure glass/ITO, especially in the near bandgap area.
In agreement with our findings, Hu et al. reported a shifted
bandgap with increasing annealing temperature (3.82 eV at
180 °C to 3.67 eV at 330 °C)[®). Compared to electron beam
(e-beam)-evaporated NiO, thin-films developed in the work of
Abzieher et al.>® and used for IJP high-efficiency PSCs??, the
mean solar-weighted transmittance between 325 and 800 nm of
the IJP thin-films is 2.3% lower (=81.2%T,, vs =83.5%T,,, for
calculation see the Experimental Section).

To determine the conductivity, we performed resistivity
measurements on the IJP NiAc thin-films annealed at three

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Inkjet-printed NiAc for NiO, hole transport layers: a) Wetting envelopes (for a contact angle 8,,n.c: = 0°) of an uncleaned and a glass/ITO
substrate, treated with a multistep cleaning cycle increasing polar and disperse part of the surface free energy (SFE) and the corresponding printer
camera top-view images of a printed square (700 dpi) and single dots; b) Atomic force microscopy (AFM) images, c) transmittance, d) specific resist-
ance, e) photoelectron spectrum of the Ni 2p;, and f) O 1s region of IJP NiO, thin-films on glass/ITO annealed at 3 different temperatures.

temperatures and calculated the specific resistance (Figure 2d).
Annealing at 280 °C leads to the lowest resistance, while samples
annealed at 190 and 325 °C exhibit higher resistance. A similar
trend was previously observed for charge carrier mobilities of
IJP NiAc thin-films on Al,O;. For thin-films annealed at 180 °C,
low mobilities were reported, whereas a maximum mobility was
reached for 280 °C annealed samples and for higher annealing
temperatures, the mobilities decreased again.[®’]

For a better understanding of the conversion of the NiAc
thin-films annealed at the three different temperatures, high
resolution X-ray photoelectron spectra of the Ni 2p;; and O 1s
region (Figure 2e,f) were analyzed. Besides the satellite struc-
ture above 860 eV, the spectra of the Ni 2p;, region, feature two
distinct maxima around =854.3 eV (I) and =855.7 eV (II). Con-
sidering the spectra for NiO and Ni(OH), reported by Grosvenor
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et al,, the first maximum (1) is a clear indication for NiO while
the second maximum (II) cannot be solely assigned to a single
phase, but might contain contributions of both.B! Consequently,
annealing the NiAc thin-films at a temperature of 190 °C results
only in a negligible conversion to NiO, while the NiAc thin-films
annealed at 280 and 325 °C display unambiguously the pres-
ence of NiO. The analyses of the O 1s emission spectra support
these findings: The maximum at =529.5 eV (III) is attributed
to O~ present in NiO and the maximum at =531.3 eV (IV) is
associated to OH~ present in Ni(OH),."282-#4 While the NiAc
thin-film annealed at 190 °C exhibits a dominant OH™ peak, the
NiAc thin-films annealed at 280 °C show the conversion to NiO
that seem to proceed further at the higher annealing tempera-
tures of 325 °C. The variation in the intensities is related to an
existing difference in the defect chemistry of the formed NiO

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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layer for higher temperatures. Apart from the photoemission
spectra shown in Figure 2, measurements of the C 1s region
indicate remaining C-O and C-C species® for the NiAc thin-
films annealed at 190 °C. Moreover, UV-photoelectron spectra of
the valence band exhibit a reduction of the energy difference of
the Fermi level to the valence band maximum of about 300 meV
compared to the higher annealing temperatures (see Figure S4,
Supporting Information). Taking all spectral information into
account, a more complete conversion of NiAc to NiO at the
higher annealing temperatures is evident.

Device performance data supports these findings, where
devices annealed at 190 °C showed an S-shaped characteristic,
which we relate to the insufficient conversion to NiO, (NiO,,
since no conclusion can be drawn regarding the stoichiometric
Ni:O ratio) as shown above. A discussion on the origin of the
S-shape can also be found in literature.l86%”] At =325 °C annealed
PSCs exhibited a higher Ry e originating from ITO degrada-
tion (see Figure S5, Supporting Information). For these reasons,
we chose 280 °C as annealing temperature in the here pre-
sented fabrication process. Comparison with PSCs utilizing an
e-beam-evaporated NiO, thin-films display a decreased open-cir-
cuit voltage V, for devices with IJP NiO, thin-films (Figure S6,
Supporting Information), which could be attributed to the
incomplete conversion of the precursor.

3.3. Inkjet-Printed Triple-Cation Perovskite Absorber Layer

Subsequent to the HTL, the perovskite absorber layer
is printed. The recipe used in this work for printing the

a)

Polar Component [mN/m]
s 3 8 35

o

)

www.advmattechnol.de

Cso1FA)7sMAg 15(1o75Brgs);  triple-cation perovskite (TCP)
absorber layers was described in detail in ref. [22]. As ink, a
formamidinium (FA), methylammonium (MA), and cesium
(Cs) based 0.75 M precursor solution in the polar-aprotic solvent
system N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), and ypbutyrolactone (GBL) is IJP in ambient envi-
ronment (=20 °C, =45% relative humidity) (for details, see the
Experimental Section, for jetting analysis see Figure S2b, Sup-
porting Information). The SFE of the pristine IJP NiO, layer
is too high for our TCP ink system, leading to uncontrolled
spreading of the ink and drop diameters of =200 um. There-
fore, we reduced the SFE by an isopropanol (IPA) washing
treatment, which is evident by a shift of the corresponding
wetting envelope (Figure 3a) and more descriptively by the
underlying change of contact angle (compare Figure S7, Sup-
porting Information). This enables well-shaped, hole-free IJP
wet-films and drop diameters around =100 pm (Figure 3a).
The layer is printed in ambient air at room temperature in a
single-pass printing process. Subsequent to the printing, the
wet-film is transferred to a vacuum chamber and vacuum-
annealed for a few minutes (=2-10 min) to extract the solvents.
Although no elevated temperature is applied here, this process
will be referred to as vacuum annealing in this manuscript
since it induces and determines nucleation and crystallization
of the perovskite. Subsequently a second thermal annealing
step outside of the vacuum is used. By combination of these
two annealing steps, =1.0 um thick, multicrystalline perovskite
thin-film is formed (Figure 1b). As analyzed in a previous study,
the printed resolution (corresponding to the wet-film thickness)
determines not only the perovskite thin-film thickness, but also

o
w

o
N
Lifetime [us]

o
o

Figure 3. Inkjet-printed triple-cation perovskite (TCP) absorber layer: a) Left: Wetting envelope (for Byniact = 0°) of an untreated and an IPA-washed
glass/ITO/IJP NiO, surface, which reduces the SFE. Right: Corresponding printer camera top-view images of a printed square (1000 dpi) and single
dots; b) Photography of an IJP TCP layer on top of the IJP NiO, surface; c) steady state photoluminescence (PL) image (normalized to the maximum
grey value in the yellow indicated square) and d) spatial distribution of the lifetime constant 7, retrieved by a biexponential fit of multiple time-resolved
PL measurements (30 x 30 pixel) of an 11 X 11 mm? IJP TCP thin-film on glass/ITO/NiO,.
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influences absorber crystallization and surface stoichiometry.?l

Throughout the remainder of this work, we use 1000 dpi, as
this results in the best compromise between high fill factors
(800 dpi) and high current density (1100 dpi) of the PSCs.

At first glance, IJP TCP square areas of 11 X 11 mm?2 appear
homogeneous (Figure 3b). A more detailed investigation is done
using photoluminescence (PL) imaging. To quantify the homo-
geneity, a photoluminescence (PL) pseudo-color image of an
unstructured glass/ITO/NiO, substrate is shown in Figure 3c.
The thicker coffee ring at the edges (=0.5-1 mm wide, compare
Figure S8, Supporting Information) leads to brighter emission,
surrounding a more smooth and homogeneous area in the
center of the square, where the active areas of the later solar
cells are located. Small spots of relatively higher or lower signal
intensity indicate small impurities in the layer that are not vis-
ible by conventional surface characterization via SEM or AFM
(compare surface morphology in Figure S9, Supporting Infor-
mation). Additionally, the absorber is analyzed using sequential
time-resolved PL mapping (Figure 3d). The transient PL decay
at each spot is quantified by extracting the lifetime constant
7, of a biexponential fitl®8Y (see the Experimental Section for
details and Figure S10 (Supporting Information) with PL decay
plots for exemplary coordinates). The increased lifetime con-
stants at the edges result from the coffee ring-related higher
film thicknesses in agreement with the findings reported in our
previous work.22l The inner square shows a sufficient homoge-
neous spatial distribution (7 me.n = 0.12 s + 0.01 ps, histogram
in Figure S11, Supporting Information).

3.4. Inkjet-Printed PCBM/BCP Electron-Transport-Layer

At last, a double layer ETL is IJP. The first layer is the fullerene
derivative PCBM, which is a common solution-processed ETL
in PSCst#892-%] and the second layer is BCP. We use PCBM
instead of the more common Cg, as ETL, as PSCs with IJP Cg,
thin-films demonstrated poor performance (see more detailed
discussion in the Supporting Information and Figure S12,
Supporting Information). The PCBM ink solvent system
employed is composed of 1,2-dichlorobenzene:mesitylene
(oDCB:MT 3:1 volume ratio), in order to reduce the high SFT
of oDCB.I-% Similar inks compositions have been established
for polymer:fullerene blends for IJP absorber layers of organic
solar cells.’”71% The aromatic solvents allow processing on the
underlying multicrystalline perovskite layer. An ink with PCBM
concentration of 10 mg mL™ allows stable drop generation (see
Figure S2c, Supporting Information).

Since most polar reference solvents for O.,,,. measure-
ments like DMSO, ethylene glycol and water destroy the
perovskite thin-film, the SFE of the underlying IJP TCP layer
cannot be determined in the established approach used before
(Figures 2a and 3a). Nevertheless, taking into account the low
contact angle of the nonpolar, high-SFT solvent diiodo methane
(DIM) Bontact, piv =26° (Figure 4a), the SFE of the perovskite
thin film must be comparably high. Consequently, the PCBM
ink shows over-wetting behavior on the IJP TCP surface. In
contrast, preferable wetting behavior on IJP NiO, surfaces,
allows well-shaped printed features (Figure 4b). We exploit this
distinctly different wetting behavior of the two surfaces with
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different SFE to achieve hole free PCBM wet-films on the TCP
surface with well-defined edges of the wet-film on the NiO,, sur-
face. The wet-film is dried in a vacuum chamber, resulting in
good uniformity as reported similarly in literaturel”—?.

As for Cgy, PCBM ETLs are usually used in combination with
thermally evaporated interfacial layers like LiF(U or BCPMel,
Here, we adapt a solution-based approach'®? using 0.5 mg mL™*
BCP in EtOH as ink. According to basic solubility calcula-
tions and experimental evidencel'®¥ the underlying PCBM is
assumed to be insoluble to the EtOH. This so-called orthogo-
nality of layers and solvents is of utter importance for every of
the successively printed layer in general and was checked for
every printing step. The boiling point and SFT of EtOH are
at the lower limit of the theoretical inkjet criterion for stable
jetting of the ink, which is nonetheless possible at 2000 Hz
without any additive (see Figure S2d, Supporting Information).
Figure 4c shows IJP BCP single dots on top of IJP NiO,/TCP/
PCBM with =100 um in diameter and three squares printed in
different resolutions. While well-defined squares are printed
for resolutions of 800 dpi, a significant bulging is apparent for
1000 dpi and 1200 dpi.

To achieve high performance PSCs, the IJP PCBM/BCP
double layer needs to be optimized in thickness: One the one
hand, the PCBM wet-film has to be sufficiently thick such that
the resulting PCBM thin film covers well the underlying perov-
skite layer, while on the other hand the series resistance Rgies
increases with thickness. To find the optimal trade-off, we pre-
pared IJP NiO,/TCP/PCBM/BCP-PSCs with PCBM layers of
different resolutions and thus different thicknesses. Figure 4d
shows exemplary JV-characteristics of these devices. In the case
of 600 dpi, the open-circuit voltage V,. is reduced by =0.1 V as
compared to 800 dpi, indicating the PCBM layer is too thin or
has too many holes, while for 1000 dpi and 1200 dpi the Rqies
increases and the FF drops (see Figure S13 and Table S14,
Supporting Information). Comparison of devices with spin-
coated PCBM layers display a significantly lower shunt resist-
ance Ry, for PSCs with IJP PCBM (compare Figure S15 and
Table S16, Supporting Information) supporting the hypothesis
that holes are still present in the IJP thin film. While the cor-
responding thicknesses on the TCP layer are difficult to deter-
mine, thickness estimations of IJP PCBM on glass suggest layer
thicknesses of 11 nm (600 dpi), 18 nm (800 dpi), and 30 nm
(1000 dpi). For optimization of the BCP layers IJP on top of the
layer stack, there is no significant difference in maximum per-
formance for the 800 dpi, 1000 dpi, and 1200 dpi resolutions
apparent. All devices with printed BCP, independent of the
resolution, demonstrate higher FFs as a result of better charge
extraction compared to devices without BCP (Figure S17, Sup-
porting Information). Here, 1000 dpi printed BCP layers lead
to higher average PCE (Figure 4e). As such, we chose 1000 dpi
compromising between a well-defined printing area and the
probability of pinholes.

4. Performance of Inkjet-Printed Solar Cells

Having discussed the sequential inkjet-printing of all active
layers, we evaluated the performance of IJP PSCs. Figure 5a
shows the JV-characteristics of a 10.5 mm?2 small-active-area

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Inkjet-printed PCBM electron transport layer and BCP interfacial layer: a) low contact angle (Ooniact) of =26° for diiodo methane, indicating a
high SFE of the TCP surface; b) (left) wetting of the PCBM ink on the IJP TCP layer (Ocontact, pcam ink = 0°, spreading of the ink that stops at the perovskite
border) and (right) on glass(/ITO)/NiO, (B.ontact, pcam ink > 5°, receding contact line); ) IJP BCP on glass/ITO/NiO,/TCP/PCBM, IJP single pixel dots
with a diameter of =100 pm and in different resolutions printed squares showing a coffee ring drying behavior; d) Current density-voltage (JV) charac-
teristics (exemplary curves; FW is dashed, BW solid) and e) PCE boxplot distribution of the of IJP NiO,/TCP/PCBM/BCP PSCs showing the influence
of PCBM respective BCP printed in different resolutions (wet-film thicknesses; left box BW, right box FW for each resolution).

champion device, exhibiting a PCE of 172% in backward (BW)
scan direction (the PCE in forward (FW) scan direction is
16.5%) with a hysteresis index factor HIF =0.96 (described in
the Experimental Section). Moreover, the SPCE was determined
by MPP-tracking over 10 min at 25 °C in nitrogen atmosphere,
reaching values up to 17%. These remarkable device charac-
teristics demonstrate the prospects of IJP PSC, for example
in comparison to PCEs reported in literature for i) PSCs with
IJP active layers®! (n—i-p-compact-architecture, 10.7% PCE,
0.6 HIF, no SPCE shown) and ii) partially IJP active layers
(mesoporous n—i-p-architecture, spin-coated HTL, 14.1% PCE,
0.81 HIF, no SPCE shown). The considerable FFs around 70%
highlight the good quality of the IJP PSCs. However, compared
to IJP perovskite absorber layers in PSCs with charge transport
layers prepared by evaporation or by non-scalable solution-
based techniques,'®2>>] there is significant room for improve-
ment in FF up to =80% which shall be addressed in future
work. In comparison with PSCs with all-printed active layers
fabricated by other scalable printing techniques like blade
coating and slot-die coating both the PCE and SPCE presented
in this work are one of the highest achieved so far (compare
Figure S18, Supporting Information).

To investigate the power output stability of the presented IJP
architecture for a prolonged time-period (>40 h), we tracked
the MPP of a non-encapsulated PSC at constant temperature
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(85 °C) in nitrogen atmosphere (Figure 5c). The SPCE shows
constant power output for >40 h, demonstrating that the devel-
oped architecture is capable to withstand elevated temperatures.
Reports on MPP tracking measurements of IJP perovskite
absorber layers over time-scales >1 h are rare, with Liang et al.
reporting around 70% PCE preservation after 40 h constant illu-
mination in a photo stability test”l and Eggers et al. reporting
no loss after 70 h MPP tracking at 25 °C[?2.

As the next step toward up-scaling, 100 mm?2 active-area PSCs
were examined, including the entire homogeneous area of the
IJP perovskite absorber (121 mm?) without the coffee ring-shaped
edges. The JV-characteristics of a 100 mma2 active-area IJP PSC and
two small-area references of the same batch are shown in Figure 6a.
The PCE of 12.3% achieved with the 100 mm?2 area PSC is within
the same range of the mean value of the 10.5 mm?2 area refer-
ence devices prepared in the same batch (=13% PCE), but there
is a gap to the best-performing champion devices present. For
100 mm2-PSCs with IJP perovskite absorber layers, the preserved
performance ratio PCE(<1l mm?2)/PCE(100 mm?) of =94% is
comparable (=90-97%), although the reported 100 mm2-PCEs are
higher (=15.3-177%).71% The SPCE measurements of the same
devices show a similar trend, providing a stable power output
(Figure 6b). The losses in performance assumably origin in 1)
the not optimized electrode properties and layout leading mainly
to high series resistances and 2) small impurities in the printed

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. PV performance of IJP PSCs: a) JV-characteristic of the champion PSC for backward (BW) and forward (FW) scan direction demonstrating
=17% PCE; b) maximum power point (MPP) tracking at 25 °C with a stabilized PCE (SPCE) of =17%,; c) MPP tracking for >40 h at 85 °C normalized to
the first data point after opening the light shutter, showing the behavior of the PSC directly after exposure to illumination.

film (compare Section 3.3), which might lead to pin holes and con-
sequently lower shunt resistances and lower V. While the first
challenge can be overcome by adjustment of the device layout, for
the second one some further improvements of the cleaning pro-
cedure or the printing process have to be provided in the future.

5. Conclusion

In this work, an inkjet printing process for PSC in p—i-n-
architecture with all-IJP absorber and charge transport layers
was introduced. We demonstrated PCEs above 17% in both
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current—voltage characteristic and stabilized power output meas-
urements (5 min, MPP tracking). Furthermore, the IJP PSC
architecture exhibits a stable short-time-operated (>40 h) PCE at
85 °C with no loss in PCE. The key steps for the preparation of
every printed layer from the ink preparation over the substrate
preparation for optimum wetting to the drying and annealing
were reported. As hole transport layer, the ITO-compatible low-
temperature (<300 °C) NiO,-precursor based on nickel acetate
was inkjet-printed and optimized. For the IJP triple-cation
perovskite absorber layer ((Cs:FA:MA)Pb(I:Br);), micrometer-
thick (=1 um) columnar crystal structures were deposited. The
homogeneity of the (11 x 11 mm?2) IJP perovskite layer was

b) or , -
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Figure 6. a) JV-characteristic (BW solid, FW dashed) and b) MPP tracking measurement of a 100 mm? PSC and two 10.5 mm? references (mean and
best) of the same batch; the IJP areas are the same, but the size of the evaporated Au back-electrode is different.
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examined by high-resolution PL images and a spatial resolved
PL decay time map, indicating a homogeneous layer. The stack
was finalized by an IJP double layer of PCBM as electron trans-
port layer and BCP as interfacial layer for improved charge
carrier extraction. To prove the up-scalability, a 100 mm?2 active
area device was shown preserving =94% of the mean PCE of
10.5 mm? area devices. Altogether, this work demonstrates that
PSCs with multiple IJP active layers can achieve remarkable
performance although entirely printed in ambient atmosphere
using a material-efficient printing process, suitable for nearly
arbitrary patterned upscaling.

6. Experimental Section

Ink Fabrication: The 4 inks for inkjet printing are prepared as follows:
1) nickel(ll) acetate tetrahydrate (99.995% trace metals basis, Sigma-
Aldrich) was dissolved in anhydrous ethanol (99.8%, Bernd Kraft) to
an 0.05 M solution, monoethanolamine (<98%, Sigma-Aldrich) was
added 1:1 molar as a ligand”" and the green solution was left for 1 h
on a hotplate at 60 °C. Before filling the cartridge, the ink was mixed
by adding 3:1 (volume) 1-butanol (98%, Sigma-Aldrich). 2) For the
perovskite ink, CH(NH),! (FAI, 0.6 m, GreatCell Solar), Pbl, (0.66 m, Alfa
Aesar, ultra dry), CH3;NH;Br (MABr, 0.12 M, GreatCell Solar), and PbBr,
(0.12 M, TCI Chemicals) are dissolved in a mixture of DMF (anhydrous,
Sigma-Aldrich), DMSO (anhydrous, Sigma-Aldrich), and GBL (Sigma-
Aldrich) in a ratio 28:26:46 (volume percentage). Additionally, Csl
(1.5 ™, Alfa Aesar) is dissolved in DMSO and then added to the first
solution to get a 0.75 m TCP solution with the targeted composition
C50.10FA07sMAg 15Pb (Brg 1510 g5)322'%L. Before printing, the ink was filtered
with a 0.45 um pore size polytetrafluoroethylene (PTFE) filter. 3) For
the PCBM ink, PCsoBM (purity >99.5%, Solenne BV) was dissolved to
10 mg mL™ in 1,2-dichlorobenzene (Sigma-Aldrich) and mesitylene
(Sigma-Aldrich) 3:1 (volume). 4) For the BCP ink, BCP (Luminescence
Technology) was dissolved in ethanol to 0.5 mg mL™".

Sample Fabrication: The following route was used for preparation
of the samples: Pre-patterned ITO on glass substrates (Luminescence
Technology) were cleaned consecutively in Hellmanex, deionized
water, acetone, and isopropanol (IPA) in an ultrasonic bath for 5 min
each, followed by an oxygen plasma-cleaning step for 5 min and again
5 min acetone and IPA in an ultrasonic bath. For inkjet printing, a
Meyer Burger Pixdro LP50 with a print head module for 10 pL Fujifilm
cartridges (Dimatix DMC-16610) was used in ambient conditions
(=20 °C, =45% relative humidity). After the substrate cleaning, the NiAc
HTL is deposited (700 dpi printing resolution, 2 kHz jetting frequency)
and then put on a thermocouple-controlled hotplate in air at 280 °C for
45 min. After cooling down, the samples are washed in IPA.

Subsequently, the triple-cation mixed halide perovskite (TCP)
absorber layers were deposited (1000 dpi, 2-5 kHz) in a single-pass
printing process as described in ref. [22]. The total area of the inkjet-
printed TCP is 11 X 1T mm? per sample. Within the time frame of =30 s
the as-printed samples were transferred to a nearby vacuum chamber
(Pfeiffer Vacuum Technology AG) which is then evacuated down to
~5 X 1072 mbar at room temperature. After the perovskite is formed, the
chamber is slowly vented and the samples put on a hotplate at 100 °C
for thermal annealing.

Then, the PCBM fullerene ETL layer is printed on top of the
perovskite (800 dpi, 2 kHz), followed again by a short vacuum-assisted
drying (=1-2 min). Finally, the BCP interfacial layer is printed on top
(800-1000 dpi, 2 kHz), followed by the thermal evaporation of a 75 nm
thick gold back-contact using a shadow mask, which defines the active
area to 10.5 mm? per solar cell with 4 cells per sample or to 100 mm?
with 1 cell per sample.

Characterization—Scanning Electron Microscopy (SEM): SEM images
were taken in high vacuum at 1 kV Voltage at a Zeiss Auriga system.
Cross-sections of samples were prepared by cutting the rear-side of the
sample and breaking the glass. Since SEM images were not corrected
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for small tilts due to sample preparation, they should not be used for
reliable determination of absolute thicknesses.

Characterization—Atomic  Force Microscopy (AFM): The surface
profiles were measured using a NanoWizard Il (JPK Instruments).

Characterization—UV-Vis—NIR-Transmittance Measurements:
Transmittance was measured with a spectrophotometer (Perkin
Elmer Lambda 1050) with an integrating sphere. The solar-weighted

T-A-Epnsc dd
interval between 325 and 800 nm with 5 nm resolution, similar to
ref. [106].

Characterization—Solar Cell Characteristics: For the measurement
of the solar cell characteristics, i) class AAA xenon-lamp-based solar
simulator (Newport Oriel Sol3A) or ii) class AAA 21-channel LED solar
simulator (Wavelabs Solar Metrology Systems Sinus-70), both with an
AM1.5G spectrum (100 mW cm™2) and inside a nitrogen-filled glovebox,
were calibrated with a KG5 short pass-filtered silicon reference solar cell
(data of Figures 4d, 5c, and 6 acquired with (i) and Figures 4e and 5a,b
with (ii)). For JV-scans, the cells were measured in both backward and
forward direction with a constant scan rate of circa 0.6 V s™' (Keithley
2400 source measurement unit) while controlling the temperature of the
solar cell (JV-scans at 25 °C) using a microcontroller-adjusted Peltier-
element. The maximum power point (MPP) was tracked by using a
perturb-and-observe algorithm (at 25 °C or 85 °C, not the same cell is
used). Hysteresis index factor HIF was calculated as fraction of PCE
measured in backward- and forward-direction: HIF = PCEy,/PCEgy,

Characterization—Resistance: The resistance was measured with a
source measurement unit (Keithley 2400) using the solar cell ITO/HTL/
Au layout. The specific resistance is calculated taking into account the
electrode area (10.5 mm?), the HTL thickness (15 £ 5 nm) and ITO/Au
resistance.

Characterization—Time-Resolved ~ Photoluminescence: A self-built
PL setup with a pulsed laser (532 nm, 1 kHz repetition rate, 800 ps
pulse width, =2 n] pulse energy, an Acton spectrometer and a CCD
camera (PIMAX512), captured normal to the surface of the layer) with
a gated mode and a 2D-stage was used. The samples are measured
in ambient atmosphere at room temperature, sequentially point by
point. A biexponential fit | = a; exp(—t/7) + a,exp(—t/7,) was used to
determine a lifetime constant 7, describing the radiative recombination
in the bulk and the time constant 7; (<0.05 us) describing nonradiative
recombination such as band-to band recombination and quenching of
PL by extraction of charge-carriers.

Characterization—PL Imaging: For PL imaging, a self-built setup
combining a 2.1 megapixel monochrome sCMOS camera (Thorlabs
CS2100M-USB Quantalux), a camera lens (Thorlabs MVL12M23) and a
LED-ring (CCS HPR2-100BL) emitting blue light (emission peak at 470 nm)
was used. The image was acquired through a 760 nm longpass filter.

Characterization—Photoelectron Spectroscopy: To study the conversion
of NiAc, thin-film samples were prepared as above and annealed at
190, 280, and 325 °C. After annealing, each sample was transferred to
a PHI 5000 VersaProbe operating at a base pressure of 10~ mbar. Core
level spectra were taken with a monochromatic Al Ko (1486.6 eV) X-ray
source, while He-| radiation (21.22 eV) from a He discharge lamp was
used for the ultraviolet-photoelectron spectroscopy. The secondary
electron cut-off was measured with an applied bias voltage of —5 V.
All spectra are calibrated to the Fermi level edge of a silver standard.
A Shirley type background was subtracted from the core level spectra
according to literaturel'7-10%,

Characterization—Surface Profiles and Thickness: The thickness for
most thin-films was measured using a Bruker Dektak XT profilometer.
In the case of PCBM, the layer thickness of the films was determined
via spectroscopic ellipsometry utilizing a Woolam WVASE ellipsometer.
In order to determine the layer thickness, the ellipsometric data Psi
and Delta were fitted only in the transparent regime of the material
(1000 nm < A <1360 nm) utilizing the Cauchy dispersion formula.

Characterization—Contact Angle (O.oniact), Surface Free Energy (SFE)
and Surface Tension (SFT): The wetting envelope, together with the
polar and dispersive part of the SFE of a substrate are calculated with
the measured Oynat Of three to four solvents (deionized water, diiodo

transmittance is calculated using 7, = in the wavelength
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methane, ethylene glycol and/or dimethyl sulfoxide). O.oniae; Of sessile
drops were measured (Kriiss DSA 100 optical drop shape analyzer
systems) with droplets (=2 pL or 0.5 uL), which are obtained after a
short time when the CA was static. The polar and dispersive parts of the
SFE and SFT are calculated using Owens—Wendt—Rabel-Kaelble (OWRK)
theory. For calculation of the polar and dispersive part of the SFT of the
inks, the total SFT is measured with a pendant drop and the density and
the sessile drop CA on a PTFE substrate.

Supporting Information

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