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ABSTRACT: While perovskite solar cells have invigorated the
photovoltaic research community due to their excellent power
conversion efficiencies (PCEs), these devices notably suffer from
poor stability. To address this crucial issue, a solution-processable
organic chemical inhibition layer (OCIL) was integrated into
perovskite solar cells, resulting in improved device stability and a
maximum PCE of 16.3%. Photoenhanced self-doping of the
fulleropyrrolidine mixture in the interlayers afforded devices that
were advantageously insensitive to OCIL thickness, ranging from 4
to 190 nm. X-ray photoelectron spectroscopy (XPS) indicated that
the fulleropyrrolidine mixture improved device stability by
stabilizing the metal electrode and trapping ionic defects (i.e., I7)
that originate from the perovskite active layer. Moreover, degraded
devices were rejuvenated by repeatedly peeling away and replacing
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the OCIL/Ag electrode, and this repeel and replace process resulted in further improvement to device stability with minimal

variation of device efficiency.

B INTRODUCTION

Organometallic trihalide perovskites (OTPs) afford efficient
active layer materials in photovoltaic devices,' > yielding
certified power conversion efficiency (PCE) values exceeding
20%.°7'¢ Although the efficiency of perovskite-based devices
has improved rapidly,'” key fundamental issues remain, most
notably pertaining to device stability.'*'? Snaith and co-workers
reported that degradation of OTPs by external contaminants
(e.g, water) can be mitigated by device encapsulation in an
inert atmosphere, as suggested by little-to-no change in visible
light absorption over extended exposure (~1000 h) to
simulated sunlight.20
multilayered photovoltaic devices opens new pathways for
potential degradation arising from charge selective transport
layers, ionic defects in the perovskite layer, and metal
electrodes.” ~**

Titanium dioxide (TiO,) is a commonly used electron
transport layer (ETL) for perovskite-based photovoltaic
devices. However, UV excitation induces a high density of
trap states and causes significant device deterioration.”
Similarly, doped hole transport layers (HTLs) improve
perovskite device performance, but ultimately device lifetime

However, integrating perovskites into

-4 ACS Publications  © 2017 American Chemical Society
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suffers as the perovskite reacts with dopants and decomposes.”’

Recently, device stability has been improved by inserting
nondoped charge transport layers, such as fullerene deriva-
zinc oxide nanocrystals,29 and conjugated small
molecules and polymers,”* ™ between the perovskite and
electrode. Although interlayers and encapsulation methods
improve device stability, the greatest challenges remain from
ion contamination inherent to the polycrystalline perovskite
films (e.g., halide or methylammonium ions).””** For example,
Guerrero et al. found that ionic defects lead to “self-
degradation” over time by ion migration from the perovskite
active layers to the electrode/ETL interface, causing charge
buildup that impedes electron extraction and diminishes device
performance.” An elegant method to overcome this issue was
developed by Back et al,, in which an amine-containing titanium
suboxide (Am-TiO,) sol—gel chemical inhibition layer (CIL)
served to extract and stabilize the ionic defects.’”

We have been investigating functional fullerenes and
fulleropyrrolidines as solution-processable organic chemical
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inhibition layers (OCIL) in perovskite solar cells. These
tulleropyrrolidines demonstrate unique photoenhanced self-
doping properties that efficiently modulate material con-
ductivity and afford high performance perovskite solar cells
across a wide range of OCIL thickness. In addition to providing
superior processing advantages, such as precluding the need for
thermal annealing and passivating sublayers and metal electro-
des, this work enables the removal of ionic defects extracted
into the OCIL by peeling away the OCIL/cathode, then
replacing it, with little-to-no decrease in device performance.
Consequently, degraded devices can be rejuvenated by
repeatedly peeling away and replacing the OCIL/Ag electrode,
resulting in significant recovery of device efficiency and
improved stability over numerous cycles.

B RESULTS AND DISCUSSION

Fulleropyrrolidines were selected as OCILs for their advanta-
geous features, including (1) excellent electron transport and
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Figure 1. Top: 'H NMR spectrum of Cgy/Cye-N in CDCl,, showing
aromatic protons from Cg-N (blue squares) and C,-N (green
circles). Bottom: Device structure and composition for the perovskite-
based photovoltaics studied.

film forming properties; (2) efficient electron extraction at the
OCIL/metal interface due to a large interfacial dipole (A);*
and (3) the presence of amine functionality for trapping
transient ionic contaminants (e.g., I") from the perovskite
active layer.”” We selected a Cy,/C,, mixture instead of pure
Cyo since the mixture exhibits excellent performace and is more
economical (Cgy ~ $50/g vs Cg/Cro < $15/g)."" Amine-
substituted Cgqy/C,, fulleropyrrolidines were synthesized by
Mitsunobu coupling of 2,3,4-trihydroxybenzaldehyde and 3-
dimethylaminopropan-1-ol to vyield 2,3,4-tris(3-
(dimethylamino)propoxy)benzaldehyde, which was employed
in a Prato reaction using the fullerene mixture and sarcosine

(see synthesis in Supporting Information). Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry confirmed the presence of both the Cg-N and
C,-N adducts, while '"H NMR and UV/vis absorption
spectroscopies characterized the ratio of the two components
(Cg0:Cyo & 3:2, see Figure 1 and Figures S1—S3). The aromatic
protons identified in the '"H NMR spectrum distinguish Cgy-N
and C,-N by the chirality and asymmetry of the full-
eropyrrolidine—C,, adducts that produce multiple resonances
with complex coupling patterns.** Different reactivity across the
two [6—6] ring-fusion bonds (aka, [6—6] a- and p-type)
results from the asymmetry of C,, and affords two sets of [6—
6] monoadducts.*

Fullerene/perovskite planar heterojunction solar cells, shown
in Figure 1, were fabricated by depositing an anionic
poly(phenylenevinylene) (PVBT-SO;Na, Figure S4) onto
indium tin oxide (ITO) as an efficient water-soluble HTL for
perovskite solar cells.**** The perovskite layer was prepared by
spin-coating a solution of Pb(OAc), and methylammonium
iodide (MAI) (1:3 molar ratio, 650 mg/mL in total) in N,N-
dimethylformamide (DMF) onto the HTL/ITO substrates at a
spin speed of 2000 rpm for 60 s inside a glovebox (N,
atmosphere, <1 ppm of O,, <1 ppm of H,0), followed by
mild thermal annealing (90 °C, S min) to form the
polycrystalline perovskite layer (film thickness ~300 nm).
The perovskite film is quite uniform and smooth as shown in
Figure SS. Subsequently, phenyl-Cg,-butyric acid methyl ester
(PCs;BM) was applied by spin-coating onto the perovskite
layer from chlorobenzene, which acts as the ETL (film
thickness: ~60 nm), followed by spin-coating of the C¢-N or
mixed Cg/Co-N OCIL from 2,2,2-trifluoroethanol (TFE) at a
variety of film thicknesses (a representative cross-sectional
image of the device is provided in Figure S4). The Ag cathodes
were then applied by thermal evaporation onto the full-
eropyrrolidine interlayer to complete the device.

As shown in Figure 2A, devices containing mixed Cg/C,o-N
(~60 nm) gave a maximum PCE of 16.3% with an open circuit
voltage (Vo) of 0.95 V, a short circuit current density (Jc) of
22.6 mA cm™?, and a fill factor (FF) of 76%. No visible -V
hysteresis was observed under forward and reverse voltage
scans, which was comparable to devices made with pure C4-N
as shown in Figure S6A. For comparison, devices containing
Cgo/Cy0-N as the ETL directly coated onto the perovskite layer
only gave an optimal PCE of 13.2% (Figure S6B). The control
device, without the interlayer, produced a far lower peak PCE
of 9.2%, with a pronounced S-shape to the J—V curve, and
significant hysteresis (Figure 2A). The high external quantum
efficiency (EQE) values in Figure 2B demonstrate a broad
photoresponse, extending to ~800 nm, with values exceeding
90% from ~500 to 740 nm. The dependence of device
performance on interlayer thickness was investigated by spin-
coating Cgo/C;-N solutions of varying concentrations (1—40
mg/mL) onto the same perovskite/PC¢BM layer, resulting in
Ceo/C-N OCIL thicknesses ranging from ~4 to ~190 nm. As
shown in Figure 2C, V¢ and FF remained relatively constant
with increasing OCIL thickness. An interlayer thickness of ~60
nm afforded the maximum J¢ value and optimal PCE (16.3%),
while further increasing the layer thickness caused a decrease in
Jsc and overall device performance. Notably, devices main-
tained PCE values in excess of 12% across all OCIL thicknesses
tested, with device metrics summarized in Table 1. Overall, this
excellent tolerance to interlayer thickness represents an
important feature for widening the processing window of
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Figure 2. Photovoltaic performance. (A) J—V curves of the optimized perovskite devices with and without a Cg/C;-N interlayer; (B) the
corresponding EQE profile of the optimal device; (C) device performance as a function of interlayer thickness (error represents +1 standard
deviation from 8 devices; devices for OCIL thickness measurements were prepared at the same time using the same batch of perovskite precursors);
(D) normalized PCE of devices with different interlayer thicknesses as a function of time under MPP tracking tests.

Table 1. Metrics for Best Performing Device from Figure 2A and the Device Metrics for Figure 2C

OCIL thickness (nm) Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
best device 0.95 22.6 75.8 16.3

4 0.91 + 0.06 20.49 + 0.66 68.23 + 3.81 12.72 + 1.59

12 0.96 + 0.01 20.96 + 1.54 71.03 + 3.23 1435 £ 1.28

24 0.96 + 0.01 21.22 + 0.57 7244 + 2.47 14.82 + 0.73

60 0.94 + 0.01 22.64 + 047 72.37 £ 1.65 15.37 £ 0.51

93 0.95 + 0.02 20.21 £ 0.58 69.94 + 1.46 13.44 + 0.56

190 0.96 + 0.01 18.33 + 0.37 67.39 + 2.79 11.92 + 0.45
perovskite-based devices, which is particularly important when interlayers exhibited much greater stability. For example, after
considering potential for scale-up and integration into ~500 s the PCE values for devices with ~24 nm and ~60 nm
commercial devices. OCILs started declining, while devices with thicker interlayers
The influence of Cg4)/C;-N on device stability was (~93 nm) showed almost no degradation following the MPP
investigated further using maximum power point (MPP) tracking test, confirming the beneficial influence of OCIL
tracking tests performed in an inert atmosphere glovebox (N, thickness on device stability and the excellent tolerance of

atmosphere, <1 ppm of O, <l ppm of H,O, Figure 2D). device performance to relatively thick interlayers.

Under simulated AM1.5G irradiation (100 mW cm™2), devices To examine the mechanism underpinning device improve-
without an interlayer, and with ~24, ~60, and ~93 nm ment and stabilization with Cg,/C,-N interlayers, we
interlayers, were held at their approximate MPP voltages investigated the surface chemistry of interlayer-modified Ag
(without interlayer, V., = 0.6 V; with interlayer, V,,,, = 0.8 V), electrodes by X-ray photoelectron spectroscopy (XPS) and
and the PCE of each device was measured every ~400 s (Figure ultraviolet photoelectron spectroscopy (UPS). As shown in
2D). Devices without an interlayer showed poor stability, and Figure 3A, the Ag3d peaks shifted to lower binding energy after
their PCE declined rapidly by ~60% within ~500 s. Over the coating the metal with an ultrathin film of C¢/Cy-N (~2 nm),
time frame of these measurements, devices containing indicating a strong interaction between the metal and fullerene
218 DOI: 10.1021/acscentsci.7b00454
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Figure 3. (A) XPS measurements of the Ag substrate with and without a Cg/C,-N interlayer: high resolution Ag3d XPS spectra; (B) UPS
measurements of Ag substrate with and without a C4/Cyo-N interlayer; (C) EPR spectra of Cgp/Cyo-N in toluene (~10 mg/mlL, 200 uL); (D) I-V
measurements of Cgy/Cyo-N thin film coated on parallel gold electrodes; (E) in situ photocharging EPR measurement; (F) photoswitching of a Cgy/
C,o-N thin film coated on parallel gold electrodes with a constant bias of 20 V.

mixture. This interaction was further confirmed by UPS, as a
thin layer of C4/C;-N (~2 nm) provided a large negative
interfacial dipole (A ~ —0.7 eV), effectively decreasing the
work function of Ag (Figure 3B). This in turn leads to an
increase in the built-in electrostatic potential (V};) across the
device, and increases device efficiency. In contrast, an ultrathin
layer of PC4BM (~2 nm) yielded no significant interfacial
dipole, inducing a low device PCE. The chemical passivation of
the Ag electrode offered by these interlayers advantageously
delays electrode corrosion from halide defects (e.g, 7).
Electron paramagnetic resonance (EPR) spectroscopy and
conductivity measurements were performed to probe the
electrical properties of Cg/C;-N. The EPR spectra of Cgy/
C,-N in the dark showed three transitions, with a central peak
at 3498 G (g = 2.002) and a peak-to-peak line width of AHpp =
1.4 G (Figure 3C). The central peak is assigned to the fullerene
anions, due to the characteristic g value and its sharp line
shape.® The two transitions spaced equidistant from the
central peak are attributed to super hyperfine splitting

219

generated by spin density spreading onto the '*N atom with
I = 1 nuclear spin. Moreover, the hyperfine splitting of A = 40
G with g = 2.002 confirmed the presence of radical cations on
the tertiary amines."” Thus, the central peak arises from an
overlap of the amine cation and C4,/C;, anion. As control
experiments, EPR measurements of PC4,BM and phenyl-C;-
butyric acid methyl ester (PC,;BM) produced no such signals
(Figure S7A,C). Based on these results, and supported by
density functional theory (DFT), the self-doping property of
C¢0/Co-N mainly occurs by intramolecular electron transfer
from the tertiary amines to the electron deficient fullerene. This
is also seen in the individual EPR spectra of C¢-N and C,-N
(Figure S7A,C) and is consistent with a molecular dipole
oriented from the fullerene cage to the tertiary amines.">*’
Interestingly, the EPR signal intensified when irradiated with
white light (70 mW cm™), indicative of photoenhanced self-
doping (Figure 3C, Figure S7A,C). Current—voltage (I-V)
measurements confirmed that photocurrent within the Cgy/
C,o-N thin films is nearly 1 order of magnitude larger than in
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Figure 4. Repeel and replace process. Left: schematic of “peel and
replace”. Right: a photograph of the electrode peeling process
performed simply by hand using Scotch tape.

the dark (Figure 3D). PC¢BM, on the other hand, showed
negligible photocurrent gain, and PC;;BM showed only slight
photocurrent enhancement under the same conditions (Figure
S7B,D). An in situ photocharging EPR measurement was
performed to further investigate photoenhanced self-doping of
Cgo/Cy0-N. As shown in Figure 3E, irradiation modulated the
population of free radicals, which affords a reproducible on/off
current cycling in Cg/C;-N thin films (Figure 3F). This
photoenhanced self-doping property affords a broad thickness
processing window for Cgy/C,;-N OCIL, while also enhancing
chemical passivation in devices. Moreover, self-doping of Cgy/
C,-N leads to higher conductivity without using external
dopants, which improves stability of the perovskite active layer.

To exploit this chemical passivation in devices, the Ag
electrode was removed by simply adhering Scotch tape (Figure
4) to the electrode and peeling it away. XPS analysis of the
peeled metal (Ag) electrodes (Figure S8) revealed both Ag and
N signals on the bottom surface, indicating partial removal of
the interlayer during peeling. For example, after performing an
MPP tracking test for ~4000 s, the Ag electrode was peeled
away and XPS analysis of the bottom metal surface showed
iodine on the electrodes from devices containing OCILs
thinner than ~93 nm, while no iodine was found on the
electrode for devices with >93 nm OCILs (Figure S8). This
suggests that migration of I” to the metal electrode, which has
been identified as a perovskite degradation mechanism,”’ can
be impeded by employing thicker OCILs. We speculate that
thicker OCILs capture transient 1" impurities, due to the
abundance of available tertiary amines. Furthermore, the
generation of radical cations on the tertiary amines of Cgy/
C,o-N after electron transfer to fullerene aids iodide capture.
Given that the formation of Agl at the CIL/Ag interface is
known to contribute to device instability,”” it would be ideal to
completely remove corrosive halide ions. We sought to
accomplish this using a peeling method, followed by
replacement with a fresh OCIL and Ag electrode to essentially
extract the ion contaminants passivated by the OCIL. Cross-
sectional scanning electron microscopy (SEM) after removal
of the Ag electrode revealed no observable damage to the layers
within the device sample (Figure S9).

This peel and replace process was repeated three times to
ensure the reliability of the technique, resulting in no apparent
device degradation, as shown in Figure SA (initial average PCE
= 14.0 + 0.7% for all 10 devices). The technique was performed
following extended device irradiation (MPP tracking test for
4000 s) to accelerate ionic defect contamination from the
perovskite photoactive layer to the OCIL and OCIL/Ag
interface (Figure SB). The device efficiency declined by >30%
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Figure S. Applying repeel and replace to photovoltaic devices. (A) Three cycles of measurements based on 10 perovskite devices. (B) Sample device

recovery measurement in three continuous cycles of MPP tracking tests (V.

S11.

= 0.8 V). J,uox values from the MPP tracking tests are shown in Figure
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(from PCE = 14.5 to 9.8%) after an initial 4000 s MPP tracking
test, but efficiency was recovered (PCE = 14.3%) essentially in
full following the repeel and replace procedure (Figure SB).
Interestingly, irradiating the same device for an additional MPP
tracking test of 4000 s led to less significant degradation
(~20%, from PCE = 14.3 to 11.7%), which was revitalized in
part by the peel and replace technique to give PCE = 12.4%.
Repeating an additional 4000 s MPP tracking test, and peel and
replace cycle, yielded a similar result as the second cycle,
recovering the device PCE to 13.2%. Thus, three cycles of MPP
degradation and electrode replacement resulted in only minor
PCE decline, from 14.5% to 13.2%, which underscores the
robustness of this process and the resulting perovskite solar
cells, as shown in Figure SB. XPS measurements performed on
the top of the device, after reapplying a fresh OCIL by spin-
coating, showed no iodine, further confirming that this method
extracts detrimental ions near the metal electrode (Figure S10).
This simple, consecutive repeel and replace procedure holds
potential to further extend the lifetime of perovskite solar cells
by recycling the perovskite active layer, providing a feasible
method to detach and repeatedly replace the interlayer and
electrodes.

B CONCLUSION

A solution processable fulleropyrrolidine mixture (Cgy/C;-N)
was developed and utilized as an efficient OCIL for perovskite
solar cells with a maximum PCE of 16.3%. Exceptional
insensitivity to the OCIL thickness, from ~4 to ~190 nm,
was found with PCE values exceeding 12% across the entire
thickness range due to photoenhanced self-doping of the
interlayer. This fulleropyrrolidine mixture efficiently passivates
the Ag electrode and traps halide ions (i.e,, I”) migrating from
the perovskite active layer, resulting in enhanced device
stability, as confirmed by XPS analysis and MPP tracking
tests on devices with different OCIL thicknesses. Furthermore,
degraded devices were revitalized by peeling and replacing the
OCIL/Ag electrode, resulting in improved device stability upon
repeated cycles with little change to the overall device PCE.
This electrode and device regeneration technique represents a
general method that is anticipated to apply broadly to
numerous OCIL materials and open new pathways to
overcome the intrinsic instability of perovskite-based devices.
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