Roll-to-Roll Printing of Perovskite Solar Cells
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ABSTRACT: High efficiency combined with transformative
roll-to-roll (R2R) printability makes metal halide perovskite-
based solar cells the most promising solar technology to
address the terawatt challenge of the future energy demand.
However, translation from lab-scale deposition solution
processing techniques to large-scale R2R methods has
typically led to reduced photovoltaic performance. Here, we
demonstrate large-scale, highly crystalline, uniaxially oriented,
smooth perovskite films printed at room temperature and in
the ambient environment. Confirmed with high speed in situ
X-ray diffraction measurements, the perovskite films reach
98% of relative crystallinity at room temperature and display
high texture within 1 s of the coating. We demonstrate an all-
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blade-coated metal halide perovskite cell with power conversion efficiency (PCE) up to 19.6%, a slot-die coated cell with a
PCE of 17.3%, and a partially R2R slot-die coated flexible glass-based cell efficiency of 14.1%. The developed printing
method can be applied to diverse perovskite compositions, enabling a variety of bandgaps to pave the way for the future
R2R printing of highly efficient perovskite—perovskite tandem cells.

( : ompared to traditional vacuum-processed photo-
voltaic (PV) technologies (Silicon, GaAs), solution-
processable thin film PV technologies (organic,

quantum dot, perovskite) offer an unprecedented opportunity

for manufacturing solar cells with high throughput using roll-
to-roll (R2R) printing, a technology used to print the hundreds
of millions of newspaper copies worldwide each day.' Among
these thin film PV technologies, metal halide perovskites

(MHPs) have generated monumental interest with their

promise to truly revolutionize the current energy generation

landscape due to its excellent efficiency,” abundant raw
material,® and, most importantly, high defect tolerance® that
is vital in the R2R printing process.” The MHP PV field, after

less than a decade of intense research, has reached a

technological maturity where scalable processing is needed to

facilitate commercialization of the technology.®
The majority of the device efficiency improvements in the

MHP field have been centered around the solution chemistry

and morphological control that is optimized for spin-coating,

which is, unfortunately, mostly not R2R-compatible. On the
other hand, there are some recent breakthroughs to

successfully deposit perovskite films with meniscus-guided
coating techniques, such as blade and slot-die coating, which
are either transferable or directly compatible with R2R coating
systems. With extensive investigations on the solution
chemistry and processing parameters, multiple >19% PCE
blade-coated devices are reported by solvent exchange’ or at
elevated temperature.® '* These impressive results highlight
the importance of accelerated crystallization in meniscus-
guided coating of MHP, but little attention has been paid to
the control of crystal growth orientation in such processing and
the applicability of developed processing to R2R printing.

In this work, a room-temperature perovskite printing
method is presented. Using a solution chemistry that allows
very fast (~1s) crystallization, the printing method allows for
fabrication of uniaxially oriented, less horizonal grain
boundaries, very smooth perovskite films that yield up to
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Figure 1. R2R slot-die coating setup (a) and resulting perovskite film (b).
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Figure 2. (a) Schematic representation of blade coating. (b) Temperature profile (orange lines), integrated XRD peak area (black lines), and
Maier—Saupe orientation distribution parameter (pink lines) tracked from blade coating/high-speed (50 ms intervals) in situ XRD
measurement over 20 min (left) and zoomed area of the initial 1 s (right). (c) XRD pattern of spin-coated (blue line) and blade-coated
(orange line) films. (d) 2D-XRD of spin-coated (left) and blade-coated (right) films.

19.6% PCE in an all-blade-coated structure (excluding the top
and bottom contact layers). The blade-coated prototype is
extended to slot-die coating on rigid glass substrates to obtain a
PCE of 17.3% and then to a R2R coating system (Figure 1)
with 20 m long flexible glass as the substrate to yield a PCE of
14.1%. The R2R method is not limited to the prototype MHP

material, methylammonium lead iodide (MAPbI;), and can
easily be applied to other perovskite material systems. Most
notably, we demonstrate a bromide-containing high-bandgap
(1.71 €V) perovskite that will enable all-R2R-printed, low-cost,

high-efficiency perovskite—perovskite tandem devices.
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Figure 3. (a) Top-view SEM images of spin-coated (left) and blade-coated (right) films. The scale bar is 500 nm. (b) Cross-sectional SEM
images of spin-coated (top) and blade-coated (bottom) films. The scale bar is 500 nm. (c) Surface roughness profiling of films from spin-

coating (left) and blade-coating (right).

Meniscus-Guided Coating of a Highly Concentrated Solution. It
has been suggested that the ideal MHP absorber should
minimize the nonradiative losses and thus be defect-free with
high crystallinity, benign grain boundaries, and ideal surface
morphology (i.e., smooth compact pinhole-free surface).'” The
crystallization process or the precursor-to-film conversion can
be described by the LaMer curve, presented in Figure S1,
where four stages from solution to thin film are identified:
prenucleation (stage I); nucleation (stage II); nucleation and
crystal growth (stage III); and crystal growth (stage IV). Fast
crystallization of MHP is typically obtained by introducing
rapid concentration changes when the nucleation from the
precursor film starts, at stage III, through external forces such
as solvent exchange,'® vacuum,'* flash annealing,>'® elevated
temperature,'® gas flow,'® or a mixture thereof. To implement
the desired fast crystallization while maintaining ideal MHP
absorber properties in R2R printing (Figure 1) without using
any of the above external forces, we propose the following
strategies: (1) start with a highly concentrated solution (>1M);
(2) apply a low boiling point solvent so that the concentration
change from the highly concentrated solution to super-
saturated solution can be fast. With a boiling point of ~78
°C, methylamine-charged (10% w/w) acetonitrile (MA/
ACN)" is chosen to be the solvent, and a highly concentrated
MAPDI; solution is prepared (see Figures $2—S4). To note,
ACN is a low boiling point (82 °C) polar aprotic solvent, but it
does not dissolve some perovskite precursor salts such as Pbl,.
Using blade coating as the prototype for R2R coating, the as-
prepared solution is coated on SnO,/ITO/glass substrates.
Due to fast solvent evaporation, as illustrated in Figure 2a, the
capillary flow toward the contact line and Marangoni flow at
the front of the meniscus are enhanced along with the Couette
flow induced by the blade shear force."®' Further, as a result
of the highly concentrated solution and low boiling point of
the solvent, the films crystallize, i.e., turns black, almost
immediately after the wet film is coated. To elucidate these fast
crystallization dynamics, we applied high-speed synchrotron in
situ X-ray diffraction (XRD) to record the structural evolution
of the film every 100 ms for 22 s and then every 3 s for 1300 s.
At 360 s, the blade stage temperature is increased to 100 °C to

monitor the effect of annealing on the film structure (Figure S5
shows the temperature, X-ray scan, and time profiles). The full
XRD results are presented in Figure SS. Unlike the MHP films
from dimethyl sulfoxide- and dimethylformamide-based
solution chemistries,”®*' no intermediate state is observed
during the precursor solution—film crystallization process
(Figure SS). In Figure 2b, the peak area of the characteristic
MAPbI,; XRD peak, i.e., MAPbI;(110) at g & 1 A™, is tracked.
The film reaches more than 60% relative crystallinity (XRD
peak area is normalized to the highest peak area) within 1 s of
film deposition (Figure 2b, right) and 98% relative crystallinity
at room temperature (after ~110 s), confirming formation of
MAPDI; at room temperature.

We further explored the crystal growth orientation dynamics
during the film deposition process. Crystallization orientation,
grain boundary type (i.e., horizontal, vertical), and grain
density have significant impact on the optoelectronic proper-
ties of perovskite solar cells (PSCs).**** To elucidate the
crystal growth orientation dynamics (}uantitatively, the Maier—
Saupe orientation parameter (my)>* is fitted from

N 2
I = ——————exp(myg cos” y)erf( /myg cos
hs(2) 27 Jiigs cos 1 xp (g x)erf(fmys cos x)

(1)

where Iyg(y) is the intensity of the diffraction arch as a
function of the angle y, Z is a normalization constant, and “erf”
is the error function. Though originally proposed in the
context of liquid crystals, myg has shown to be a powerful
analytical tool to quantify orientation in other material systems
as well>®?® 1t allows one to obtain the Maier—Saupe
orientational distribution function fys (8) by

1
st (ﬂ) = E eXP(mMS Cosz ﬁ) (2)
where f is the tilting angle from the film normal. As illustrated
in Figure S6, the higher the myg, the sharper the fy5(ff) peak
value and, thus, more oriented crystals. Fitting results of the in
situ XRD data of MAPbI;(110) show myg over 50 within the
first second of film coating, and it does not significantly change
over the course of evaporation at room temperature and 100
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Figure 4. (a) Cross-sectional SEM image of an all-blade-coated PSC (left) and active layer spin-coated (right). The scale bar is 500 nm. (b,c)
All-blade-coated champion device characterization: J—V curve (b) and SPO (c), (d,e) Active layer spin-coated champion device

characterization: J—V curve (d) and SPO (e).

°C, indicating that the film is highly oriented toward (hko),”’
where h = k, once coated. Shear force and the resulting balance
of Couette flow, Marangoni flow, and capillary flow are likely
the driving forces for oriented growth in meniscus-guided
coating. To test this, MHP films were spin-coated from the
same solution composition. Compared to the optimized spin-
coated films,"” the blade-coated films show strong periodic
XRD peaks that correspond to the (hk0) of the MAPbI,
(Figure 2c). This is further confirmed by the ex situ 2D XRD
patterns of a spin-coated film and a blade-coated film (Figure
2d). The spin-coated film shows a myg of 3.83 (Figure S7a),
whereas the blade-coated film shows myg reaching 250 (Figure
S7b), demonstrating the highly oriented film for this ink
formulation results from applying the blade coating process
described.

The morphology of the films is examined with scanning
electron microscopy (SEM). Top-surface and cross-sectional
SEM images for both the blade-coated films and spin-coated
films are presented in Figure 3ab, respectively. Although
domain sizes of over 500 nm are observed with spin-coated
films (Figure 3a, right), the bulk of the layer appears highly
inhomogeneous and with regions of contrast running both
vertically and horizontally (Figure 3b, top), consistent with the
relatively random orientation of grains observed in the XRD.
In blade-coated films, the morphology of the surface as
observed by SEM(Figure 3a, left) is less pronounced. Instead,
some white spots are observed that are likely due to the excess
Pbl, in the solution.”® Moreover, again consistent with the

orientation as determined from XRD, the films are more
homogeneous and compact (Figure 3b, bottom) in blade-
coated films due to the balance of linear coating and liquid-film
drying (ie, balance between the Couette flow, Marangoni
flow, and capillary flow). The uniformity of the blade-coated
film is further investigated with profilometry, where a surface
roughness RMS of 3.05 nm is obtained for blade-coated films.
This is comparable with the surface roughness from a spin-
coated film (RMS = 4.89 nm, Figure 3c). It is worth noting
that blade coating is performed in an ambient environment at
room temperature and at a blade coating speed of 2.5—3 m
min~!, which is much higher than that of previous
demonstrations of blade-coated perovskites (0.3—0.5 m
min~1).782930

Blade-Coated Solar Cells. Regular (n—i—p) structure PSCs
are constructed with the active layer deposited with blade
coating. SnO, (blade-coated from aqueous SnO, nano-
particles) and spiro-MeOTAD (blade-coated from spiro-
MeOTAD in chlorobenzene) are used as electron and hole
transport layers, respectively. ITO on glass and Au is used as
the bottom and top contacts, respectively. A cross-sectional
SEM image of the all-blade-coated device is presented in
Figure 4a (left). For comparison, the cross-sectional SEM of a
spin-coated device is shown in Figure 4a (right). Consistent
with earlier observation, the coating enables films with minimal
horizontal grain boundaries. Current density—voltage (J—V)
curves for spin- and blade-coated devices are presented in
Figure 4b,d, respectively. The champion blade-coated device
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Figure S. (a—c) Schematic representation of slot-die coating on rigid glass (a), film XRD (b), and device performance (c). (d) Schematic
representation of slot-die coating on flexible glass with a R2R coater. (e) Photograph of R2R coating in action (left), after annealing (top
right), and the rewinding process (bottom right). (f) J—V curve of the champion R2R-coated device.

shows a reverse-scanned (where the voltage is scanned from
open-circuit to short-circuit) PCE of 19.6%, with a short-
circuit current (Jgc) of 22.86 mA cm™2, open-circuit voltage
(Voc) of 1.124 V, and fill factor (FF) of 76.17% (Figure S8 for
statistics). We compared this with spin-coated devices from the
same solvent system with optimized concentration and
processing and obtained a champion device of PCE =
17.96%, Jsc = 21.83 mA cm %, Voo = 1.111 V, and FF =
73.9% (Figure S8 for statistics), which is consistent with other
reported spin-coated devices with the same solution and
processing.'” Typically, transfer of spin coating to blade
coating leads to reduce device performance,® here we invert
this behavior with the demonstration of superior blade-coated
devices. The high V¢ with a blade-coated device is especially
impressive as it directly reflects the minimized nonradiative
losses of the solar cell, indicating the high quality of blade-
coated films. It is interesting that, despite thicker MHP films
(~280 nm for blade-coated films, ~320 nm with spin-coated
films), the spin-coated devices show lower Js, which suggests
poor charge transport in the spin-coated films. This is further
confirmed with external quantum efficiency (EQE) measure-
ments (Figure S9a,b) where the integrated Ji from the blade-
coated device yields 21.75 mA cm™? whereas the spin-coated
device shows 17.5 mA cm™

While high reverse-scanned efficiencies are obtained with the
n—i—p structure, all-blade-coated cells, the forward scans
(voltage scanned from the short-circuit to open-circuit voltage)
(Figure S10) and the stabilized power out (SPO) of the
devices (Figure 4c,e) are lower than those of the reverse scans.
Such differences are reported to be less pronounced in p—i—n
structured devices.'"> To test if the developed blade-coating
processing of MAPDI; is compatible with the p—i—n structure
to reduce the efficiency gap of reverse scanned PCE and SPO,
the device structure was completely redesigned to an inverted
(p—i—n) structure: ITO/PEDOT:PSS/blade-coated perov-
skite/C60/BCP/Ag (Figure S11). The resulting device J—V
scans (both forward and reverse) and SPO show no difference:

10.83% reverse PCE, 10.73% forward PCE, and 10.45% SPO.
Although there is significant room for improving these devices
with p—i—n structure, the elimination of hysteresis in this
structure strongly supports that the efficiency difference
(reverse PCE to forward PCE and SPO) displayed with
blade-coated devices could be effectively reduced with better
design of the charge transport layers.

Slot-Die and R2R Coating. Blade coating is simple and
effective for making high-performance PSCs, but controlled
blade coating on R2R is challenging. Slot-die coating, on the
other hand, is perfectly implementable with R2R coating.>' ~**
Slot-die coating is also a meniscus-guided laminar flow coating,
and it fundamentally shares most flow dynamics with blade
coating (Figure Sa). Therefore, the blade-coating approach
already employed can be transferred to slot-die coating.'® As
shown in Figure Sa, MAPDI; films were coated on the SnO,/
ITO/glass substrate with slot-die coating using the exact same
solution. The resulting films were examined with XRD to
ensure that there is no process-induced structural change.
Similar to the blade-coated films, the XRD pattern exhibits
highly oriented MAPbI; where the XRD peaks that correspond
to the (hkO) are significantly more intense than other peaks
(Figure Sb). The observed surface morphology in the slot-die-
coated film is more structured compared to the blade-coated
film (Figure S12), which is likely due to variations in flow rate
and resulting nucleation rate. Nevertheless, resulting devices
show efficiency of 17.31% with Jsc of 22.4 mA cm™2, V¢ of
1.111 V, and FF of 69.5% (Figure Sc). SPO and device
statistics are shown in Figures S13 and S14, respectively.
Compared to the 19.6% PCE from blade coating, the largest
loss is in the FF, which is likely due to inhomogeneity at the
surfaces and within the film, which results in resistive loss with
slot-die coating (Figure S12). We believe that such loss can be
improved with further optimization of the coating parameters.

We tested our slot-die coating method on the R2R printing
of perovskite on a 20 m long, 100 ym thick flexible Corning
Willow Glass substrate. Indium zinc oxide (IZO) is R2R
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Figure 6. (a) FTIR spectrum of the solution stoichiometry of the FA;;,sMA 4;sPbI;-based film and MAPbL,. (b) J—V curve of the FA alloyed
PSC. (c) Absorption spectra (left) and Tauc plot (right) of the solution stoichiometry of the FAg;,sMA, g,sPb(I,¢,Brgs;); based film
showing a bandgap of 1.71 €V after Br incorporation. (d) J—V curve of the solution stoichiometry of the FA, ;,sMAg ¢,sPb(I, ¢;Br, 33)5-based

device.

sputtered on the Willow Glass, as reported elsewhere,** and
general properties of flexible glass and device fabrication
techniques utilizing it have likewise been reported.**¢ It was
shown previously that flexible PSCs with IZO as the
transparent conductive oxide have achieved over 18% PCE.”’
After R2R IZO coating, SnO, is slot-die R2R-coated from
Sn(OCH(CHj;),), in isopropanol (IPA) solution.*® The
Sn(OCH(CH;),), in IPA solution was chosen over the
SnO, nanoparticle in water solution to avoid room-temper-
ature wettability problems with water-based solutions. The
perovskite layer was then slot-die-coated on the SnO,, as
shown in Figure Sd. A picture of R2R printing in action is
presented in Figure Se, where the film coating (Figure Se left),
after annealing (Figure Se, top right), and rewinding process
(Figure Se, bottom right) are illustrated. Two videos showing
the coating process are provided in the Supporting
Information. The resulting R2R-coated perovskite film is
then cut into square-inch pieces, spiro-MeOTAD is spin-
coated, and evaporation of Au electrodes finishes the devices.
The resulting R2R devices (device area: 0.15 cm?) show an
efficiency of 14.12% with Jsc of 21.24 mA cm™2, V¢ of 1.076
V, and FF of 61.7% (Figure 5f). Device statistics can be found
in Figure S1S. This efficiency is significant, as it is not only
among the highest-efficiencies for R2R-coated thin film solar
cells, but was also processed at room temperature in an
ambient environment. Details of all R2R slot-die coating
parameters are presented in the Materials and Methods
section, but one parameter of interest is the amount of the
MHP solution applied for R2R coating: ~3 mL m™ To put
this number into perspective, 21.42 L of ink will be sufficient to
coat a standard soccer field size area (7140 m?*). With a 15%

MHP module PCE," 21.42 L of ink can produce 1.071 MW of
power. Combining this with the high throughput and low
production line labor cost of R2R, we believe that this will
make PSCs the cheapest PV materials after addressing the cost
of the hole transport material and top contact. Furthermore,
with such small usage of the solution, the potential negative
environmental impacts of R2R perovskite processing will be at
a minimal level.

Beyond MAPbI;. Having demonstrated high-efficiency
MAPDI; PSCs, it is of interest to investigate the applicability
of the R2R perovskite printing method to other perovskite
materials systems that contain formamidinium (FA) or
bromide (Br) because engineering perovskite compositions
allows for higher efficiency,” better stability (both thermally
and compositionally),** and bandgap tuning.*' We first blade-
coated films from a solution that has the stoichiometry of
FAg 1,sMA, g;sPbl;. To confirm the incorporation of FA, FTIR
measurements were performed and are presented in Figure 6a.
The presence of FA in the perovskite film is confirmed with the
prominent resonance of the C=N symmetric stretching at
1712 cm™'.** Devices with 18.01% PCE, a Js of 21.97 mA
cm™?, Vo = 1.08 V, and FF = 75.9% are obtained with the FA
alloy (Figure 6b). Statistics are presented in Figure S16.
Further increasing the FA content in the solution, however,
resulted in decreased PV performance, as shown in Figure S16.
This observation is currently under investigation. The printing
method was further tested with an X-site alloy. A precursor
solution with solution stoichiometry of FA,,sMA,g,sPb-
(Io¢7Bros3)s was prepared and blade-coated (Supporting
Information). The incorporation of Br in the final film was
confirmed by an absorption blue shift due to the increased



bandgap of 1.71 eV (Figure 6c). With this active layer, devices
with 13.93% PCE, a Jsc of 16.84 mA cm™2 a V¢ of 1.15 'V,
and a FF of 71.8% were obtained (Figure 6d). Statistics are
shown in Figure S17. EQE measurement (Figure S18) also
confirms the increased bandgap, with blue-shifted EQE
spectra. This demonstration of high efliciency with high
bandgap brings us one step closer to reality to create all-R2R-
printed, low-cost, high-efficiency perovskite—perovskite tan-
dems.*

In summary, we demonstrated a method to form crystalline,
uniaxially oriented, smooth perovskite films from R2R printing
techniques. Owing to the low boiling point of the solvent, the
R2R coating was performed at room temperature in ambient
environment. With mechanistic understanding from high-
speed in situ XRD measurements, PSCs with PCEs of 19.6,
17.3, and 14.1% were produced with blade coating, slot-die
coating, and partial R2R slot-die coating, respectively. The
printing method is demonstrated not to be limited to the
prototype perovskite materials (i.e, MAPbL;); we show it is
compatible with other perovskite compositions such as high-
bandgap (1.71 eV) FA and Br alloys, showing the potential of
R2R slot-die-coated, high-throughput, low-cost, high-efficiency
perovskite—perovskite tandems as a 11>ossible way to address
the world’s terawatt energy challenge."**
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