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Chen and co-workers report a facile method for the removal of defective
perovskite surface layers with adhesive tapes. This strategy is based on the
discovery that the defective surface layer is mechanically softer and has weaker
bonding to the crystalline layer underneath it. The adhesive tape has appropriate
bonding with perovskites and, thus, removes the defective surface layer without
damaging the crystalline regions. The tape treatment can stabilize commonly used
perovskite compositions and is compatible with the scaling up of perovskite solar
modules.
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SUMMARY

The presence of a defective layer composed of nanocrystals and
amorphous regions at the surface of perovskite films has been
shown to initialize the degradation of perovskites and cause nonra-
diative recombination. Here, we report the discovery that these
defective surface layers are mechanically softer than the crystalline
regions. The defective surface layer has a weaker bonding with the
crystalline layer underneath it, which enables a facile approach to
mechanically peel-off these defective layers using adhesive tapes.
The chosen low-cost tape has an appropriate bonding force with pe-
rovskites, so the peeling does not damage the crystalline region and
embedded interfaces underneath. The tape-treated devices re-
tained 97.1% of the initial efficiency after operation at the near
maximum power point under one sun illumination for 1,440 h at
65°C. This method is universally effective in enhancing the stability
of various commonly used perovskite compositions and is compat-
ible with the scaling up of perovskite solar modules.

INTRODUCTION

Metal halide perovskites (MHPs) have demonstrated remarkable progress in photo-
voltaic power conversion efficiency (PCE) from 3.8% to 25.2% in less than one
decade,’ showing their great potential as the next-generation low-cost solar tech-
nology. Among all the remaining issues to be addressed, poor stability is the most
outstanding challenge that needs both fundamental understanding and engineer-
ing improvement toward the commercialization of perovskite photovoltaics.” In
the past few years, the stability of perovskite solar cells (PSCs) has been dramatically
improved with global efforts dedicated to tuning perovskite compositions,® passiv-
ating perovskite defects,” constructing stable heterostructures,” and developing
better encapsulation methods compatible with perovskite materials.® Meanwhile,
the perovskite community is gaining a deeper understanding of the structural fea-
tures that cause the degradation of perovskites, which, in turn, can significantly
guide the stabilization of PSCs. Recently, we reported the discovery of a defective
layer composed of disconnected nanocrystals and amorphous phases at the surface
of apparent single crystalline grains in polycrystalline perovskite films by solution
deposition methods and such a defective layer was observed to initialize and accel-
erate the degradation of PSCs (unpublished data). The accelerated degradation is
not caused by excess Pbl, because red light, which Pbl, does not absorb, also
accelerates the degradation when the defective layer is present. Therefore, elimi-
nating such a defective surface layer is an essential step for stabilizing PSCs and
modules. Currently, removing the defective perovskite surfaces by vacuum-assisted

Context & Scale

The defective perovskite surface
layer composed of nanocrystals
and amorphous regions has been
shown to initialize the
degradation of perovskites. To
stabilize perovskite materials and
devices, it is essential to remove
such a defective surface layer.
Herein, we studied the mechanical
properties of the perovskite
surface layer and found that such a
defective layer is softer than the
crystalline regions and has weaker
bonding to the crystalline layer
underneath. Based on this
discovery, we report a simple
strategy to remove the soft,
defective surface layer with low-
cost adhesive tapes. The adhesive
tape has appropriate bonding
with perovskites and, thus,
removes the defective surface
layer without damaging the
underlying crystalline regions.
This method has also shown the
universality in commonly used
perovskite compositions and the
compatibility with scaling up of
perovskite photovoltaics.

Joule 4, 1-14, December 16, 2020 © 2020 Elsevier Inc. 1



Mechanical Approach, Joule (2020), https://doi.org/10.1016/j.joule.2020.10.014

Please cite this article in press as: Chen et al., Identifying the Soft Nature of Defective Perovskite Surface Layer and Its Removal Using a Facile

¢? CellPress

solid-phase recrystallization or polishing processes has been demonstrated to
enhance the stability and efficiency of PSCs.”"® However, these strategies are appro-
priate for small-area PSCs but are not compatible with the scalable, high-speed
manufacturing of large-area perovskite photovoltaic modules, particularly those
made by roll-to-roll processes and have strict requirements for substrate flatness
and perovskite material thickness. Therefore, it is important to develop an effective
stabilization method that is compatible with the high-throughput manufacturing of
perovskite modules without significantly increasing production cost, as low-cost
and high-throughput processability is one major advantage of perovskite photovol-
taics in competing with conventional counterparts.”"*

In this work, we report a facile method for removing defective surface layers using
low-cost adhesive tapes that is compatible with scalable manufacturing of perov-
skite photovoltaic modules. This method is based on our observation that MHP poly-
crystalline films with various compositions show an interruption of lattice continuity
on the film surfaces. The top surfaces have a typical morphology of many nanocrys-
tals surrounded by an amorphous phase. Such defective surfaces with higher density
dangling chemical bonds and vacancies than crystalline regions in the grain interior
are found to have weaker bonding with underlying crystalline grains. The weaker me-
chanical strength at the defective surface regions compared with that at the crystal-
line regions and the relatively soft nature of perovskites allow the mechanical
peeling off of these defective surface layers by low-cost adhesive tapes—demos-
trated herein for the first time. This simple, high-throughput, and low-cost tape treat-
ment significantly enhanced the stability of perovskites. In addition, the adhesive
residual is shown to passivate the perovskites, boosting the efficiency of p-i-n struc-
ture solar cells to 22.0%.

RESULTS AND DISCUSSION

The mechanical properties of the defective perovskite surface have barely been studied
in the past. To characterize the mechanical properties of the defective surface layer on
the top of grains, we performed a nanoscratch test on both pristine and polished MAPbl;
films.">"” The MAPblI; films with a thickness of ~600 nm were fabricated by spin-coating
and were verified to yield a device efficiency over 19.0% using a p-i-n device structure
before the nanoscratch test.'® In the nanoscratch test, a tip was used to scratch the
perovskite films from the top surface to the film interior with a penetration depth of
30 nm while moved laterally for ~500 nm, as illustrated in Figure 1A. The lateral force
of the tip was recorded, which should reflect the bonding strength at different probing
depths. The measurement has been conducted on four groups of pristine and surface-
polished films, and the results were statistically analyzed. As shown in Figure 1B, the
lateral force measured in the pristine MAPbI; film increases almost linearly with the
scratching depth, which was controlled by gradually increasing the normal load. After
the nanocrystal/amorphous phase top layer was polished off, the lateral force was larger
than that in the pristine film at all scratch depths, indicating that the defective surface
layers have less adhesion to the region underneath than the crystalline grain interiors.
The averaged lateral force on four different polished films was ~50% larger than that
on the pristine films, and this result verifies the weaker adhesion of the defective surface
layers to the underlining crystalline regions compared with inside the crystalline region.

Based on this observation, we designed a method to remove the defective layer with
adhesive tapes, while the underlying crystalline region remains unaffected, by utiliz-
ing the weaker adhesion of the defective region to crystalline regions and the
relatively soft nature of MHPs, which is due to the weak ionic bonding between
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Figure 1. Removing Defective Surface Layers with Adhesive Tape

(A) The setup of nanoscratch test.

(B) Nanoscratch results of the pristine and polished MAPbl; films. Data are represented as mean +
SEM for four samples.

(C) Schematic of peeling an adhesive tape off a MAPblI;3 film.

the large-size metal cations and halide anions.>'??° As illustrated in Figure 1C, an
adhesive tape made of soft adhesive on a flexible polymer substrate is pressed
onto the rough and defective perovskite surfaces to form an intimate contact with
appropriate bonding strength. After peeling off this adhesive material, nanocrystals
and the amorphous phase were retained on the tape and were, thus, removed from
perovskite films. One prerequisite for the success of this method is that the bonding
of perovskite large grains with the charge-transport-layer-covered indium tin oxide
(ITO) substrate should be strong enough so that the large grains are not peeled off.
To demonstrate this, tape treatment was performed by pressing a low-cost 3M Tem-
flex 1700%" adhesive tape onto pristine MAPbl; films and subsequently separating
the tape from the MAPblI; surfaces at an angle of ~180° to the film surface, as sche-
matically illustrated in Figure 1C. Video S1 shows this peeling process. The cross-
sectional scanning electron microscopy (SEM) image in Figure ST shows that the
tape forms gapless intimate contact with perovskite films after pressing the tape
at a small pressure of 1 MPa at room temperature. Using the 180° peel method??,
the adhesive strength between the tape and pristine perovskite surfaces was
measured to be 2.3 £+ 0.1 N cm™~". The peeling-off force was increased to 2.6 +
0.1 N cm™" when the tape was applied a second or third time, indicating the success-
ful peeling of the defective region during the first peeling-off process.

To verify that the tape treatment can effectively remove the nanocrystals and amor-

phous phase on the perovskite film surfaces, we conducted high-resolution transmis-
sion electron microscopy (HRTEM) measurement of tape-treated MAPblI; solar cells
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Figure 2. Transmission Electron Microscopy Characterization

(A) Cross-section FIB lamellae for TEM analysis.

(B) Cross-section HRTEM images of the perovskite/Cgq interface of tape-treated MAPbI; device.
The squares highlight the perovskite-Cgq interface (position 1) and the grain interior (position 2)
regions.

that contain both an electron transport layer and a metal electrode. One represen-
tative image is shown in Figure 2B and twelve others at randomly selected locations
in a 6 um-long focused ion beam (FIB) lamellae of the same device are shown in Fig-
ure S2, respectively. No nanocrystal or amorphous phase was observed at the perov-
skite top surface in any of these HRTEM images. The perovskite lattices inside the
grains were found to be continuous and extended directly to the perovskite/Ceg
interface without the presence of obvious extended defects. To illustrate this, we
zoomed-in on region 2, which is 50 nm away from perovskite/Cq interface and re-
gion 1, which is at the perovskite-Ceq interface, and we marked the (211) plane in
the figure. The same trend was also observed at twelve other locations, shown in Fig-
ure S2. This result confirms the effectiveness of adhesive tape in removing the defec-
tive surface layers. In addition, we carried out energy dispersive spectroscopy (EDS)
measurement to analyze the perovskite residuals on the tape after peeling. Both
lead and iodide were detected on the tape with an atomic ratio of ~1:3 (Figure S3
and Table S1). The surface topography changes of the MAPblI; films caused by
tape treatment were characterized via both atomic force microscopy (AFM) and
top-view SEM. As shown in Figure S4, AFM measurement results show that the
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overall topography of the MAPbI; film did not change notably, while the film became
slightly smoother after tape treatment with the root mean square (RMS) roughness
reduced from 11.39 to 9.15 nm after peeling. This also indicates an advantage of
tape treatment over polishing; the soft adhesive can have conformal contact with
the non-flat film surfaces, which allows for the removal of the defective layers without
the need to flatten the whole films. This is particularly attractive for applications
where the retention of the surface textures is preferred, such as perovskite/silicon
tandem solar cells. No pinhole in the film was observed in the SEM image of tape-
treated MAPbI; surfaces (Figure S5), indicating the bonding between large grains
and poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) (PTAA)-coated ITO is stronger
than that between the defective layer and the crystalline region.

We further investigated the effectiveness and uniformity of tape treatment by car-
rying out multiple structural, optoelectrical, and mechanical characterizations. First,
the crystallinity of surface perovskites was examined via grazing incidence X-ray
diffraction (GIXRD) on the same MAPbI; film before and after tape treatment. As
shown in Figure 3A, the diffraction peak intensity of all crystallographic planes
increased significantly after tape treatment, confirming the exposure of the crystal-
line region by successful removal of nanocrystals or amorphous surfaces. Subse-
quently, the activation energy (E,) for ion migration of the MAPbI; films was
measured via temperature-dependent dark conductivity. Lateral structure devices
were fabricated by evaporating two Au electrodes on glass/PTAA/MAPbI; films,
which is shown in the inset of Figure 3B. The E, can be extracted from the Nernst-Ein-
stein equation: o(T) = (oo/ T)exp(-E./kg T), where kg is Boltzmann constant, o is a con-
stant, and Tis temperature. The applied electric field was 0.4 V um~", which is close
to that in the operational solar cells. As shown in Figure 3B, the conductivity can be
well separated into electronic conduction and ionic conduction regions for both
cases, which is typical for MAPbl3.?*?* For the film without tape surface treatment,
the ionic conductivity, with an E, of 0.31 + 0.02 eV, started to dominate the total
conductivity when the temperature increased to 241 K. In striking contrast, the
tape-treated film exhibited an increased transition temperature of 273 Kand a larger
E, of 0.71 + 0.03 eV, indicating that ion migration was greatly suppressed through
the elimination of defective surfaces that acted as the high-speed ion-migration
channel. The surface mechanical properties of pristine and tape-treated MAPbI;
films were studied with a nanoindenter. The indentation depth of a Berkovich tip
used in this measurement was fixed within 10% of the total film thickness to avoid
the impact from the substrate.”> As shown in Figure 3C, the surface of the pristine
MAPbI3 exhibited a hardness of 0.54 + 0.03 GPa, and the surface hardness
increased to 0.64 + 0.05 GPa after tape treatment. This again proves that pristine
perovskite surfaces with defective surface layers are softer than the underlying
high-crystallinity grain interior, and the softer surface should result from the dangling
chemical bonds and high-density defects on the film surface.'>'® We then mapped
steady-state photoluminescence (PL) of the same MAPblI; film before and after tape
treatment to examine the uniformity of tape treatment. As shown in Figure 3D, the
tape-treated MAPDI; film exhibited higher PL intensity in comparison to the pristine
film, indicating less nonradiative recombination after eliminating the defective sur-
faces. In addition, almost the entire measured area exhibited enhanced PL intensity
and no dark areas were observed after tape treatment, suggesting good uniformity
of tape treatment in removing the defective surfaces without introducing any phys-
ical damage to the films, such as peeling off any grains from the film surface.

PSCs were fabricated with a p-i-n planar heterojunction configuration of ITO/PTAA/
perovskites/Cgo/bathocuproine (BCP)/Cu. MAPbI; films were deposited onto the
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Figure 3. Structural, Optoelectrical, and Mechanical Characterizations of Perovskite Films by
Tape Treatment

(A) GIXRD patterns (vertically offset for clarity) of a MAPbI; film without and with tape treatment at
an incident angle of 0.1°.

(B) Temperature-dependent conductivity of the lateral structure device without and with tape
treatment measured in the dark. The structure of the device for this measurement is shown in the
inset.

(C) Loading and unloading force curves for MAPbl; films w/o and w/ tape treatment.

(D) PL mapping images of a MAPbl; film before (top) and after (bottom) tape treatment.

PTAA-covered ITO substrate with a one-step spin-coating process.'® As shown in
Figure 4A, the control device without tape treatment exhibited an open-circuit
voltage (V) of 1.09 V, a short-circuit current density (Jso) of 22.5 mA em~2, afill fac-
tor (FF) of 78.9%, and thus a PCE of 19.3%, which are consistent with previous re-
sults.® After tape treatment, the device delivered an enhanced V. of 1.13 V and
a larger FF of 81.0% and a comparable J,. of 22.4 mA cm~2, yielding a higher PCE
of 20.5% from J-V curve and a stabilized efficiency of 20.3% (Figure 4B). The mean
PCEs are 18.8% + 0.3% and 20.1% + 0.3% for perovskite devices without and
with tape treatment, respectively. The photovoltaic parameters of the devices with
and without tape treatment were analyzed and the statistical distribution is shown
in Figure S6. No noticeable hysteresis was observed under forward and reverse
photocurrent sweeps (Figure S7A and Table S2), and the Js calculated from the
external quantum efficiency (EQE) spectrum agreed well with that derived from
the J-V curves (Figure S7B). The enhanced V. can be attributed to suppressed non-
radiative recombination, which is supported by the enhanced PL intensity shown in
Figure 3D and tripled charge recombination lifetime measured by transient photo-
voltage (TPV) at a light bias of 1 sun intensity (Figure 4C). A reduced trap density in
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Figure 4. Performance and Characteristics of Perovskite Devices Following Tape Treatment

(A) J-V characteristics of the MAPbl3 PSCs without and with tape treatment. Inset shows the
statistics of PCE distribution for perovskite devices without and with tape treatment.

(B) Current density and steady-state power output of a best-performing MAPbl3; device with tape
treatment measured at a fixed bias of 0.96 V.

(Cand D) TPV (C) and tDOS (D) spectra of the perovskite devices based on control and tape-treated
MAPbI;3 films.

the tape-treated perovskite device was also discovered by the thermal admittance
spectroscopy measurement result, shown in Figure 4D. The tape-treated device ex-
hibited a much lower trap density of states (tDOS) in shallow trap depth region (0.25
to 0.35 eV). On the one hand, the reduced trap density can be attributed to the
removal of defective surfaces, and one the other hand, we found that further press-
ing the tape onto the perovskite surface might leave a thin layer of polymer (rubber)
adhesive on the top of the films, which was also observed to have passivation effects
on devices. The adhesive residuals on the perovskite surfaces were confirmed by the
X-ray photoelectron spectroscopy (XPS) measurement. As shown in Figure S8A, the
intensity of the O peak on the surface of a MAPbl; film increased significantly after
tape treatment, which should originate from the polymer resin residues—a key
component in the adhesive of tapes.”' The XPS spectra of the tape before and after
surface treatment of a MAPbl; film show both Pb and | signals (Figures S8B and S8C),
which further confirms that the defective perovskite surface layer was removed by
the adhesive tape. Itis also very encouraging that the adhesive residual had no detri-
mental effect on the device efficiencies, which is consistent with our previous work
that an insulating layer of many compositions also has passivation effects on perov-
skites due to the various type of passivation functional groups.”**’ To quantify the
passivation effect of the adhesive, we further tested the performance of the tape-
treated devices with and without toluene washing. It was found the V,. decreased
slightly after washing off the adhesive layer with toluene (Figure S9 and Table S3).
Therefore, the reduced trap density is attributable to both the removal of defective
surfaces and the passivation effect of adhesive residuals. Overall, the longer carrier
recombination lifetime and lower trap density of the tape-treated devices demon-
strate that the tape treatment was able to effectively reduce the perovskite surface
defects, accounting for the suppressed charge recombination and, thus, enhanced
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Table 1. Photovoltaic Parameters of the PSCs with and without Tape Treatment

Composition Tape Treatment Ve (V) Jse (MA cm™2) FF PCE (%)
MAPbI3 w/o 1.09 22.5 0.789 19.3
(one step)

w/ 1.13 22.4 0.811 20.5
MAPbI3 w/o 1.07 21.7 0.762 17.8
(two step)

w/ 1.09 21.9 0.784 18.7
MAPbI3 w/o 1.10 21.7 0.790 18.8
(doctor bladed)

w/ 1.13 21.5 0.806 19.6
Cs0.05FA0.81MAG 14 w/o 1.09 22.3 0.788 19.2
Pbl255Bro.45
(one step) w/ 1.13 22.5 0.808  20.5
Rbo_osCSo_osFAo_gs w/o 1.12 23.3 0.788 20.6
MA.05Pbl2.85Bro.15
(one step) w/ 1.15 23.4 0.817 22.0
Cs0.40FA0.60Pb11.94Br1 06 w/o 1.19 17.5 0.820 17.1
(one step)

w/ 1.24 18.6 0.763 17.6
Cs0.20FA0.80P00.505N0 5013 w/o 0.81 31.0 0.743 18.6
(one step)

w/ 0.84 31.0 0.776  20.2

device efficiency. In addition to nanocrystals and amorphous particles, we found that
the adhesive tape was also very effective in removing excessive Pbl; particles which
have been reported to cause the degradation of perovskites due to photolysis ef-
fects.”®?” As shown in Figure $10, the MAPbl; film processed from a Pbly-excess
precursor solution (Pbl,:MAI molar ratio of 1.05:1) shows white Pbl, particles on
the top surface, which were then effectively removed after treatment with the adhe-
sive tape. Our study further provides a simple strategy to remove the excessive Pbly,
thus enhancing the light stability of perovskite films.

To further test the broad applicability of this surface treatment method, we applied
this method to a set of mixed cation and halide perovskite compositions containing
cesium (Cs), rubidium (Rb), or tin (Sn), as well as MAPblI; films prepared via different
methods, including one-step and two-step spin-coating methods and blade-
coating. The GIXRD spectra in Figure S11 show enhanced XRD peak intensity after
tape treatment on all these perovskite films, indicating that there are defective layers
residing on the surface of all these perovskites. This appears to be a common phe-
nomenon for perovskite films, which is independent of compositions or preparation
methods; however, the increases in peak intensity after tape treatment varied with
perovskite compositions. MAPbl; films exhibited the largest XRD intensity increase
after tape treatment, indicating that defective regions on the film surface form most
easily on MAPbI; film. This is in accordance with the HRTEM results on a widely
adopted stable composition of Csg gsFA g1MAg 14Pbl2 55Brg 45. Figure S12 shows
the co-existence of an amorphous phase and high-crystallinity regions on the surface
of Csg.05FA0.81MAg.14Pbl; 55Brg 45 (CsFAMA) grains, while most of the MAPbI; film
surfaces are covered by amorphous phase. This might be because MA cations are
more volatile and escape more easily from MAPbI; surfaces during the thermal an-
nealing process.’”*' Subsequently, we fabricated the PSCs based on these films
and detailed device performance parameters are summarized in Table 1, and the
corresponding J-V curves are depicted in Figure S13. Obviously, the tape treatment
works well on all perovskite compositions for improving efficiencies, and the highest
PCE of 22.0% (stabilized PCE of 21.8%, Figure S14) was realized for
Rbo.05Cs0.05FA0.85sMA0.05Pbl2 g5Brg. 15 (RbCsFAMA)-based p-i-n structure devices. It
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Figure 5. Stability Studies of Perovskite Films and Devices

(A) Photograph of a MAPblI; film, with an area of 15 X 15 mm prepared by a one-step spin-coating
method, after light soaking for different time intervals. The right half of the film was treated with
adhesive tape.

(B) Photographs of a blade-coated MAPbl; film with an area of ~100 cm? (surface tape treatment on
the right half with a tape-wrapped roller) before and after light soaking for 3.5 h.

(C) Operational stability of encapsulated solar cells based on Rbg 05Csg.05FA0.85MAg.05Pbl2.85Bro 15
perovskite active layers without and with tape treatment.

is also noted that the tape treatment increased PCEs of Sn-containing narrow-band-
gap (1.21 eV) PSCs with a composition of Csg 20FAg g0Pbo 5050 50l3 from 18.6% to
20.2%, which is one of the highest PCEs reported for Pb-Sn binary PSCs to
date.**3*

The stability of MAPbI; films prepared by a one-step method was tested under light-
soaking conditions with simulated AM 1.5G irradiation. Here, only half the area of
each film was treated with tape so that we could exclude the impact of film-to-film
quality variation on the stability study. As presented in Figure 5A, the tape-treated
right half still remained black after 8 h of light soaking, while the control half already
decomposed into yellow phases in less than 4 h, showing that tape treatment can
improve film light stability. On the one hand, the improved film stability can be
attributed to the removal of defective surface layers. On the other hand, the afore-
mentioned adhesive residuals that remain on the top of the films can further encap-
sulate the perovskite films. This is supported by the worst light stability of the film
after using toluene to wash off the adhesive residue, as shown in Figure S15.

This simple surface treatment method can be used to stabilize large-area perovskite
modules. To demonstrate it, we pressed tape from a wide tape roller onto a large-
area (~100 cm?) blade-coated MAPbI; film (Figure S16) and then light-soaked it un-
der simulated AM 1.5 G intensity for 3.5 h. As shown in Figure 5B, the tape-treated
half exhibited much better light stability, and the uniformity of the tape treatment is
good, since no yellow spot was observed. We tested whether the speed of pressing
and peeling was fast enough so that this can be integrated into a roll-to-roll fabrica-
tion line with a linear process speed in excess of 500 mm s~ ', the fast coating speed
reported for scalable perovskite coating.”® Therefore, the tape treatment holds
great promise in scalable fabrication of stable and efficient perovskite solar
modules.

Long-term operational stability of encapsulated RbCsFAMA perovskite devices
were tested under a plasma lamp with a light intensity equivalent to AM 1.5 G in

Joule 4, 1-14, December 16, 2020 9



Mechanical Approach, Joule (2020), https://doi.org/10.1016/j.joule.2020.10.014

Please cite this article in press as: Chen et al., Identifying the Soft Nature of Defective Perovskite Surface Layer and Its Removal Using a Facile

¢? CellPress

air with a relative humidity of ~60 + 10%.% The light source contained a substantial
ultraviolet component and no ultraviolet filter was used during stability testing. All
devices were loaded with a resistor so that they worked at maximum power point
(MPP) at the beginning of the tests. Instead of monitoring device stability at a
reduced temperature of ~25°C, which may cause an overestimation of solar cell sta-
bility,”” we conducted the stability test at real operation temperature. Light illumina-
tion also heated the perovskite devices to ~65°C measured at the glass surface. The
PCE of an encapsulated control device degraded rapidly from 19.1% to 14.7% after
testing for 324 h (Figure 5C). On the contrary, the efficiency of a tape-treated device
dropped only slightly to 97.1% of its initial efficiency after light soaking for 1,440 h.
This is one of the most stable PSCs reported for those tested at real operation con-
ditions.'?*¢%*74? Moreover, we measured the operational stability of another five
tape-treated devices to check the reproductivity of our strategy. The stability data
in Figure S17 show that all tape-treated devices retained 95.2% =+ 1.9% of their
initial efficiencies after light soaking for over 1,400 h. This indicates that the tape
treatment method has a very good reproducibility and is, thus, promising for scal-
able manufacturing of perovskite modules.

Conclusion

In summary, we demonstrated a strategy to remove defective perovskite surfaces
with low-cost adhesive tapes to stabilize perovskite films. This strategy also
increased the PCEs of the perovskite devices up to 22.0%. The tape-treated device
exhibited a long operational time of >1,400 h with negligible efficiency loss. Our
studies have also shown the universality of this method in other commonly used
perovskite compositions and the compatibility of this method with scaling up of
perovskite photovoltaics. This method can also be broadly used in other thin-film
perovskite electronic devices and eventually in all perovskite compositions.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and materials should be directed to,
and will be fulfilled by, the Lead Contact, Jinsong Huang (jhuang@unc.edu).

Materials Availability
This study did not generate new unique materials.

Data and Code Availability
This study did not generate any datasets or codes.

Materials

Poly(bis(4-phenyl)(2,4,6-trimethylphenyl)lamine) (PTAA, average GPC M, 7,000-
10,000), bathocuproine (BCP), lead iodide (Pbl,, 99.999% trace metals), lead bro-
mide (PbBry, 99.999% trace metals basis), tin (ll) iodide (Snly, 99.99% trace metals
basis), cesium iodide (Csl), rubidium iodide (Rbl), N,N-dimethylformamide (DMF),
2-methoxyethanol (2-ME), dimethyl sulfoxide (DMSQO), L-a-phosphatidylcholine
(LP), 3-(decyldimethylammonio)-propane-sulfonate inner salt (DPSI), isopropanol
(IPA), toluene, and chlorobenzene were purchased from Sigma-Aldrich and were
used without further purification. Methylammonium iodide (MAI), methylammonium
bromide (MABr) and formamidinium iodide (FAI) were purchased from GreatCell So-
lar. Methylammonium chloride (MACI) was purchased from Xi‘an Polymer Light
Technology Corp.
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Device Fabrication

Patterned ITO glass substrates (1.5 x 1.5 cm) were first cleaned by ultrasonication with
soap, deionized water and IPA, and then UV-ozone treated for 15 min before use. The
hole transport layer PTAA with a concentration of 2 mg mL~" (dissolved in toluene)
was spin-coated onto ITO glass substrates at a speed of 5,000 rpm for 30 s and then an-
nealed at 100°C for 10 min. The perovskite precursor solutions with different composi-
tions were prepared and then deposited onto the PTAA-covered substrates according
to the processing conditions detailed in Table S4. Except that the bladed films were pre-
pared in ambient conditions (298 K and RH ~60%), the other films were all spin-coated in
a No-filled glovebox. Surface treatment with adhesive tape was performed by pressing
the tape (3M Temflex 1700 tape) onto the surface of perovskite films under a pressure
of ~1 MPa and then slowly separating the tape from the film surface. This step can be
repeated two or three times to further improve the uniformity of tape treatment. The
devices were completed by thermally evaporating Cso (30 nm, 0.2 As™"), BCP (6 nm,
0.1As™", and copper (90 nm, 1 As"ina sequential order. The device active area is
8 mm? determined by a shadow mask.

Device Characterization

The J-V characteristics of solar cells were performed using a Xenon-lamp-based so-
lar simulator (Oriel Sol3A, Class AAA Solar Simulator) and the power of the simulated
light was calibrated to 100 mW cm~2 using a silicon reference cell (Newport 91150V-
KGS5). All devices were measured using a Keithley 2400 source meter with a forward

or backward scan rate of 0.1V s™’

in air at room temperature, and the delay time was
10 ms. There was no preconditioning before measurement. A metal mask with an
aperture (1.6 X 3.8 mm) aligned with the device area was used for measurements.
The steady-state PCE was measured by monitoring current with the largest power
output bias voltage and recording the value of the photocurrent. The tDOS of solar
cells were derived from the frequency-dependent capacitance (C-f) and voltage-
dependent capacitance (C-V), which were obtained from the thermal admittance
spectroscopy (TAS) measurement performed by an LCR meter (Agilent E4980A).
The transient photovoltage was measured under 1 sun illumination. An attenuated
UV laser pulse (SRS NL 100 Nitrogen Laser) was used as a small perturbation to
the background illumination on the device. The laser-pulse-induced photovoltage
variation on V.. is recorded by an Agilent Digital Storage Oscilloscope 3104A.
The wavelength of the N, laser was 337 nm with a repeating frequency of about
10 Hz, and the pulse width was less than 4 ns.

Device Encapsulation

Athin layer of CYTOP was first blade-coated onto the back surface of the device, fol-
lowed by thermal annealing at 70°C for 20 min on a hot plate. Then, a cover glass was
attached onto the back surface for further protection by epoxy resin.

Device Operational Stability Test

Long-term stability measurements of encapsulated perovskite devices were oper-
ated under a plasma lamp with a light intensity equivalent to AM 1.5 G, without a
UV filter, in air (relative humidity ~60% =+ 10 %). The temperature of the devices un-
der illumination was measured to be ~65°C. All devices were loaded with a resistor
so that they worked at MPP at the beginning of the test. The J-V curves were re-
corded with a reverse scan rate of 0.1V s™".

Structure Characterization

GIXRD measurements were carried out with a Rigaku SmartLab diffractometer using
Cu Ka radiation (a wavelength of 1.5418 A), and the height of films was calibrated
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before each measurement. Cross-section FIB sample lamellae were prepared on a
FEI Quanta 3D FEG DualBeam instrument. In this study, we started with a complete
solar cell with both evaporated C60/BCP and Cu, and also a thick layer (>2 pm) of Pt
was sputtered onto the device surface for the purpose of better protection. The sam-
ple was cut from the bulk material with a 30 kV ion beam and the last step was witha 3
nA current. During final thinning, the voltage was set to 16 kV and the currents used
were 0.5 and 0.15 nA. Then, a final polish was done at 2 kV and 28 pA, which is lower
than the threshold previously reported for the film samples without electrode pro-
tection.”® Since our sample had been coated by heat-conductive materials of Cu
and Pt, more heat will accumulate at the middle of the perovskite film than at the
perovskite/electrode interface. As a result, the bulk of perovskite film would be
damaged much more than the interfaces, if there was beam induced damage. The
FIB lamellae were targeted with a final thickness of about 100 nm but this may
vary locally. TEM was performed on a FEI Talos F200X analytical scanning transmis-
sion electron microscope operating at 200 kV and the bright-field TEM images were
acquired in a low dose condition. The total electron dose was less than 100 e A2, As
suggested by previous work,*® this is a safe dose for TEM imaging of MAPbl3. During
the bright-field TEM images acquisition period, we did not observe any phase
change according to in situ fast Fourier transform (FFT). SEM images were taken
on FEI Helios 600 Nanolab Dual Beam System operating at 5 or 20 kV, and EDS
spectra were obtained with an EDS Oxford instrument (INCA PentaFET-x3). The
AFM images were scanned from an Asylum Research MFP-3D Atomic Force Micro-
scope under a tapping mode. The XPS was performed on a Kratos Axis Ultra DLD X-
ray photoelectron spectrometer by using a monochromatized Al Ko source (hv =
1,486.6 eV).

Mechanical Characterization

A Bruker Hysitron TI980 Triboindenter was utilized to perform both nanoscratch and
nanoindentation on one-step spin-coated MAPbI; films using a three-sided dia-
mond Berkovich tip. The Berkovich indenter tip was calibrated on quartz standards
using a preliminary calibration procedure.

lon-Migration Studies

Activation energy for ion migration was measured using a lateral device structure of
glass/PTAA/perovskite/Au by a Keithley 2601 source meter at different tempera-
tures. The electric field of the lateral device was 0.4 V um~". The device was set in
a Lakeshore Probe Station to obtain desired temperature.

PL Mapping

The PL mapping was conducted on a PicoQuant MT100 FLIM System at room tem-
perature. A 485 nm laser (PicoQuant LDH-P-C-405B) pulsed at 1.5 MHz with an inten-
sity of 0.89 sun per pulse was coupled into the confocal microscope and focused
onto the sample. The PL mapping was conducted over a 10 X 10 um region, and
the PL intensity was recorded by a hybrid PMT detector.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2020.10.014.
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