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Efficient and Air-Stable Mixed-Cation Lead Mixed-Halide
Perovskite Solar Cells with n-Doped Organic Electron

Extraction Layers

Zhiping Wang, David P. McMeekin, Nobuya Sakai, Stephan van Reenen,
Konrad Wojciechowski, Jay B. Patel, Michael B. Johnston, and Henry J. Snaith*

The discovery of organic-inorganic metal halide perovskite
materials for applications in solar-energy conversion has
sparked a tremendous research and development effort world-
wide in both academia and industry.2! This attention is due to
their extraordinary optoelectronic properties, such as long elec-
tron-hole diffusion lengths,¥! tunable band gap,*! low recom-
bination rate,® solution processability,”) and potential low
fabrication cost.®l In the past few years, perovskite solar cells
have experienced an unprecedented development, achieving the
highest certified power conversion efficiency (PCE) of 22.1% in
a single-junction device.”) Although device efficiency now sur-
passes the record efficiency for mainstream multi-crystalline
silicon,!% long-term stability, suitable to deliver greater than
25 years outdoor operation, remains to be proven. Both the per-
ovskite absorber layer and the interfaces between the perovskite
and the charge extraction layers can have a significant impact
upon the long-term stability of the solar cell.[11-16]

All commercial solar modules are encapsulated in order to
enable 25 years of operation. Silicon modules have historically
been encapsulated with a polymer back sheet laminated with
a hot-melt polymer foil to a glass front sheet, and are moving
toward glass—glass laminates to deliver improved stability.
Thin-film modules, such as copper indium gallium (di)sele-
nide, generally employ both a lamination foil and more robust
polymer edge sealing to deliver a stable glass—glass laminated
module.'”] However, the more robust the cell technology is
to environmental degradation, the less elaborate the environ-
mental encapsulation will need to be, and hence the less costly
the production. The target for perovskite solar cells is therefore
to become robust enough to be compatible with conventional
thin-film glass—glass laminate encapsulation technologies.!'”!
For that purpose, focusing on enhancing the stability of the per-
ovskite materials and devices under accelerated environmental
stressing in air will force continued improvement of the perovs-
kite solar cells to environmental degradation.

To improve the air stability of the devices, various n and
p-type interface materials have been developed aiming to
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protect the perovskite absorber layer from exposure to mois-
ture, oxygen, and UV light.'8-20 Recently, Yang and co-workers
demonstrated that inorganic metal oxides can be employed as
interfacial materials to enhance the air stability.'®! Bryant et. al.
show that this light and oxygen induced degradation of perovs-
kite solar cells can be slowed down by the use of interlayers
that extract electrons from the perovskite film before they can
react with oxygen.l?!l Organic charge collection layers, such as
fullerenes, have been shown to enable highly effective electron
extraction when interfaced with the perovskite absorbers?2-24
and reduce UV-induced degradation of the solar cell in com-
parison with devices employing inorganic TiO,.?2 The use of
organic layers also facilitates fabricating the entire solar cell
at low temperatures (no need for the high temperature sin-
tering step required to obtain highly crystalline metal oxide
layers), suitable for processing involving temperature sensitive
substrates, including flexible plastic foil and for silicon solar
cells.l?2l However, compared with their inorganic metal oxide
counterparts, organic semiconductors are prone to degrada-
tion in water, oxygen, and UV light themselves.['¥! One strategy
for circumventing this problem with organic charge extraction
layers is to utilize air-stable dopants that increase the density
of mobile charge to compensate for the trapped charge, which
could be generated under operation, i.e., with the presence of
0,, H,0.! Although p-type dopants are used universally in
perovskite solar cells, there are very few reports on n-doping
of the electron collection layers. For fullerene derivatives and
other organic n-type charge conductors, dihydro-1H-benzo-
imidazol-2-yl (N-DBI) derivatives have been established as air-
stable n—type dopants.”>?’] It has been reported that N-DBI
doping can improve the air stability of n—channel organic
field effect transistors.?>?8 3.dimethyl-2-phenyl-2,3-dihydro-
1H-benzoimidazole (N-DMBI) has also been used to n—dope
phenyl-Cg;-butyric acid methyl ester in an inverted structure.?’)
However, after film deposition, the dopant must be activated
via overnight thermal annealing in an inert atmosphere after
film deposition.[>”] This long annealing process is incompat-
ible with the CH3;NH;PbI; inverted architecture due to thermal
degradation of the perovskite.

Herein, we demonstrate “air-stable” doping of the n-type
Cgo electron extraction layer in an n-i—p planar heterojunc-
tion perovskite device and show enhanced device efficiency
with improved long-term device stability under simulated
full spectrum sun light. Using the n—-doped Cg, charge col-
lection layer, we achieved a current-density voltage (/-V)
determined power conversion efficiency of 18.3% (with a sta-
bilized efficiency of 17.6%) and improved device stability in
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the mixed halide CH3;NH;PbI,Cl;_, system. We also present
the first long-term stability study of the new “mixed-cation
mixed-halide” perovskite composition FAgg;Csg17Pb(ly¢B1o4)3
(FA = (HC(NH,),)) and discover that the cells are remarkably
stable when exposed to full spectrum simulated sun light in
ambient conditions without encapsulation. We find that the
nonencapsulated devices comprising the n-doped Cg, layer
with the FA(g3Cs17Pb(IBro4); absorber layer sustain 80%
of their “post burn-in” efficiency after 650 h stressing under
full sun illumination in ambient conditions, and over 3400 h
when sealed in a glass—glass laminate. The air stability is more
than a 30-fold improvement over comparable state-of-the-art
CH;3NH;PbIL,Cl;_, devices, highlighting the significance of this
achievement.

We have previously shown that the compact TiO,, often
employed in planar heterojunction perovskite solar cells,
induces an accelerated degradation when the cells are exposed
to full spectrum sun light.?23% Here we therefore focus our
efforts on employing Cg, as the n—type charge collection layer.
We first investigate the influence of n—doping of the Cg, layer.
Compared with its parent N-DMBI, 4-(1,3-dimethyl-2,3-dihydro-
1H-benzimidazol-2-yl)-N,N-diphenylaniline (N-DPBI) has a
decreased electron-donating strength of the amine function-
ality by a substitution of methyl groups with phenyl rings.]*!l
The aromatic phenyl rings stabilize the radical species through

(a)
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resonance, ensuring a stable doped formulation over time. We
dissolved N-DPBI and Cg in dichlorobenzene and spin-coated
the solution in a nitrogen-filled glove box directly on glass or
fluorine doped tin oxide (FTO) coated glass to form a thin
film. To activate the doping, we thermally annealled all the as-
deposited films on a hotplate for 12 h at 80 °C in a nitrogen
atmosphere. Through this thermal-activation process, a reac-
tion between the N-DPBI dopant and host Cy, would lead to
the formation of Cgy, radical anions, which is responsible for
the doping effect.?*?’l To evaluate the n—type doping ability of
N-DPBI, we measured the conductivity of neat (control) and
doped Cy films on glass in air, as we show in Figure 1b. As
expected for successful extrinsic doping, the conductivity of
the Cg film increased by more than three orders of magnitude
from 6 x 107® S cm™ with neat Cgy to 9 x 1073 S cm™ with
1 wt% (=2 mol%) N-DPBI doping. We observe further evidence
for n—doping by measuring a reduction in the work function
of Cgo films coated on FTO substrates when the Cq is doped
with N-DPBI (Figure 1b and details in the Supporting Informa-
tion), which is in close agreement with previous studies, which
have used ultraviolet photoemission spectroscopy to confirm
n-doping of Cg.2632 As we show in Figure S1 in the Sup-
porting Information, with exposure of the doped Cg films to
air, we do not observe significant decreases in conductivity over
time, which indicates the excellent air stability of the doping.
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Figure 1. a) Chemical structures of C¢y and n—type dopant N-DPBI molecules; b) conductivity and Kelvin-probe measurement of neat and N-DPBI-
doped Cq films at different doping concentrations; c) top-view and cross-sectional SEM images of perovskite films deposited on neat (control) and
N-DPBI doped Cg films. The images on top show contact angle measurement of water and DMF on control and doped Cg films. The circles highlight

interfacial voids/defects.
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At a higher doping concentration of 10 wt% (=20 mol%), we
observe the conductivity decreasing slightly to 4 x 107 S cm™.
This is likely due to inhomogeneous mixing of the dopant and
Cgo molecules at higher doping concentrations, as has been
previously postulated.?”:3334 We show atomic force microscopy
images of doped Cg, films in Figure S2 in the Supporting Infor-
mation, which are consistent with this notion.

To examine if there is any impact of N-DPBI doping on the
Cqo layer upon the microstructure of perovskite films subse-
quently deposited, we employ scanning electron microscopy
(SEM) to characterize the top and cross-sectional morphology
of perovskite films deposited on neat (control) and doped Cg,
films. All perovskite films display no conspicuous differences
in topology with pinhole-free surfaces. However, in the cross-
sectional images we observe dark regions that we interpret to be
vacancies/voids at or close to the perovskite/neat Cq interface,
which we highlight with circles in Figure 1c (also see Figure S3
in the Supporting Information). We note that these voids do not
appear to traverse the films in the form of complete pin-holes.
Surprisingly, we find that upon doping the Cg, these interfacial
voids disappear, the absence of which is apparent in Figure 1c.
To further understand this effect, we show the contact angle of
water and N,N-dimethylformamide (DMF) on neat and doped
Ceo films in the insets of Figure lc. The contact angle gradu-
ally decreases with increasing doping concentration. It seems
that the incorporation of N-DPBI dopant into Cg, increases the
wettability of the Cg film, which could be due to the increased
surface energy of Cg, films in the presence of triphenyl rings in
N-DPBI dopant molecules.’>7] In Figure S4 in the Supporting
Information we show X-ray diffraction (XRD) patterns of the
perovskite films deposited on neat and doped Cg, substrates.
All the perovskite films crystallize into a typical tetragonal
crystal structure, as reported previously.?l In the low doping
regime (1 wt%), we observe an increased XRD peak intensity
as compared with the perovskite film coated upon the neat Cg,
film. This could originate from the disappearance of the inter-
facial voids/defects. In comparison with the control perovskite
film, we observe similar XRD peak width for the films pro-
cessed on 1 wt% doped Cgp, while the peak width of the perovs-
kite films processed on 5 and 10 wt% doped Cq is significantly
broadened, indicative of a reduced crystallinity.’®) A recent
study comparing different p—type organic hole conductors used
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in inverted p—i-n perovskite solar cells suggests that relatively
nonwetting/hydrophobic substrates facilitate larger crystalline
domain growth of the perovskite layers.3% We observe similar
results here, where increasing the hydrophilic nature of the
Ceo film by doping has led to reduced XRD peak intensity and
broadening of the peak width, which we interpret to indicate
lower crystallinity in the perovskite films.3¥40 However, as we
previously noted, the neat Cy, film appears to be too hydro-
phobic, resulting in void formation at the perovskite Cg, inter-
face. Therefore, the ideal compromise morphologically is for
the system to contain a small concentration of N-DPBI in the
Cgo, which we observe to effectively eliminate voids at the Cqp/
perovskite interface without sacrificing film crystallinity.

On contact with charge transport layers, perovskite films
typically exhibit strong photoluminescence (PL) quenching,
which we interpret to indicate efficient charge transfer from
the photoactive layer to the transport layer.'¥! To investigate
N-DPBI doping effects on interfacial electron transfer
dynamics, we perform steady-state and time-resolved pho-
toluminescence (TRPL) measurements on glass/perovskite,
glass/(neat or doped Cq)/perovskite samples, as we show in
Figure 2 and Figure S5 in the Supporting Information. We
observe highly efficient quenching of the PL in the steady-state
PL spectra of perovskite films coated on Cg, indicating fast
electron transfer from perovskite to Cgy, which is consistent
with our previous studies.?>?*l When coating the perovskite
films upon 1 wt% N-DPBI doped Cg, films, the PL emission
of the perovskite film is even more significantly quenched. For
the TRPL decays, we observe a significantly faster PL decay for
the films coated upon 1 wt% N-DPBI doped Cg,. With exces-
sive N-DPBI doping (5 and 10 wt%), we notice a reduction in
PL quenching for both steady-state and TRPL (Figure S5, Sup-
porting Information), indicating less efficient electron extrac-
tion at the perovskite—Cg, interface. In summary, it appears that
a small amount of N-DPBI doping renders a higher conduc-
tivity of the n—type Cq layer, shifts the Fermi level in the Cg
closer to vacuum, improves physical contact with the perovskite
layer, and enables faster electron extraction, all of which should
be favorable for solar cell operation.

To assess if the N-DPBI doped Cg, can enhance solar cell
performance, we have fabricated and optimized devices based
on the n—i-p planar heterojunction architecture glass/FTO/Cq,

10° O Perovskite
O Control
A 1wt%
10"
10*
ity
500

0 100 200 300 400
Time after excitation (ns)

Figure 2. a) Steady-state and b) time-resolved photoluminescence (PL) spectra of perovskite films deposited on neat (control) and T wt% N-DPBI
doped Cg coated glass substrate. The inset in (a) is a magnification of the PL spectra.
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Figure 3. a) J-V characteristics of optimized perovskite solar cells with neat (control) and 1 wt% N-DPBI doped Cq layers, measured from forward
bias to short circuit; the device configuration is FTO/Cgq (neat or doped)/ CH3;NH;Pbl,Cl;_,/spiro-OMeTAD (doped with Li-TFSI and tBP)/Au. b) SPO
of the champion cells by holding the cell at a fixed voltage near the maximum power point on the J-V curve for 120 s, and stabilized V, measured by
holding at open-circuit conditions without a voltage scan. c) Defect energy distribution within complete perovskite solar cells with neat (control) and
1 wt% N-DPBI doped Cq electron-transporting layers (1 wt%) both before (pristine) and after aging (aged) for 25 d in a dry desiccator in air without

encapsulation, as indicated in the figure legend. The integrated trap density is 0.96 x 10'® cm

3 (control-pristine), 1.30 X 10'® cm™3 (control-aged),

0.55 x 10" cm™ (1 wt%-pristine), and 0.70 x 10" cm™3 (1 wt%-aged). d) Aging for 624 h of encapsulated high-performance perovskite solar cells with
neat (control) and 1 wt% N-DPBI doped Cg, electron-transporting layers under full spectrum simulated AM1.5, 76 mA cm=2 irradiance at V¢ without
a UV filter at =53 °C. The time to 80% of the decay (tgo) of champion devices is shown on the graph (with the t, efficiency extrapolated back to the

y-axis from the linear fit).

(neat or doped)/perovskite (CH3;NH;3PbI;Cl;_,)/spiro-OMeTAD/
Au. In Figure 3 we show J-V characteristics of champion
devices under simulated 1 sun AM1.5G (100 mW cm™) irra-
diance and give the full performance statistics of the entire
device population in Figure S6 in the Supporting Information.
With N-DPBI doped Cg, the champion device exhibits a Jsc
of 23 mA cm™2, a fill factor (FF) of 0.75, and a V,. of 1.06 V,
yielding a power conversion efficiency of 18.3%. In contrast
to the control device (i.e., with neat Cg), the enhancement is
mainly due to improved Jsc and FF (also see Figure S6 in the
Supporting Information). Additionally, we observe an almost
30% reduction in series resistance (R),*! which can be attrib-
uted to the enhanced conductivity of the doped Cg, layer or
improved electronic contact at the Cq~FTO interface.*? In
Figure S18 in the Supporting Information, we show the reverse
dark current of the pristine and doped devices. Since we do
not observe a significant reduction in the dark current density
at low applied biases with doping, we do not expect the voids
observed from SEM images to propagate through the film in
the form of pin-holes. Rather that indicates poorer physical con-
tact between the perovskite and the Cg at this heterojunction.
The J-V measured efficiency ], and V,. is artificially inflated
by the anomalous hysteresis phenomena, whereby ionic species
can migrate to the interfaces and modulate the trap-assisted
recombination.[” To avoid this issue, we determined the stabi-
lized power output (SPO)!3 by measuring the current at a fixed
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maximum power point voltage over time. We observed a sub-
stantial increase in SPO from 16.2% to 17.9% for cells with and
without doping, as we show in Figure 3b along with statistics
in Figure S6 in the Supporting Information. We also calculated
the ratio between the J-V measured efficiency and the SPO. We
find the “SPO ratio” is closer to one for doped devices, implying
a reduction in the trap-assisted recombination site density.*"]
We would expect a lower trap density to also deliver an increase
in V,., which we do not observe in the measured J-V curves.
However, in Figure 3b we also show the V, over measured over
time, where we observe that the V, of the cell containing doped
Cyo is higher than the V.  of the control cell. Previous studies
suggest that electron accumulation, arising from inefficient
charge transfer at perovskite interfaces, exaggerates current
voltage hysteresis and that the main origin is a combination
of both defect sites responsible for trap-assisted recombina-
tion and mobile ionic species.'¥!1>16] Cyy or other fullerene
derivatives are already known to be able to effectively passivate
or inhibit the formation of defect states at the perovskite sur-
face.'®* Tt may be that the n-doping of Cg, further assists,
by reducing the density of “vacant” trap sites in the perovskite
absorber layer in the vicinity of this interface, by inducing elec-
tron accumulation within the perovskite film in this region by
surface charge transfer.

To quantify the effect of doping on the defect energy distri-
bution in the active layer of the device, we carried out thermal
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admittance spectroscopy (TAS) measurements following pro-
cedures described in refs.[*>*% and in the Supporting Informa-
tion, and we show the results in Figure 3c. We find for all the
devices studied a broad spectrum in the trap density of states
exists, with a maximum between 0.23 and 0.26 eV with respect
to the valance band energy (E,), and integrated defect densi-
ties of around 10'® cm™3. The measured defect density for the
control devices is consistently higher by roughly a factor of
two than in the devices with doped Cg, layers. We interpret the
TAS results to indicate that the improvement in SPO for the
devices containing the doped Cg layers is due to a reduction in
interfacial trap density (or vacant trap density), through which
nonradiative recombination can occur. Moreover, to examine
the air stability of the doped Cgy, we measured the TAS spectra
of nonencapsulated perovskite solar cells aged in dry air in the
dark for 25 d (600 h). We discovered that the trap density of the
device comprising the doped Cg film increases by 27% from
0.55 to 0.75 x 10'® cm™ after aging, while the trap density in the
control device increases by 35% from 0.96 to 1.3 x 10'® cm™.
This suggests that the beneficial impact of the N-DPBI dopant
is persistent, even when the cells are aged in air. This is in good
agreement with previous studies identifying the air stability of
the N-DPBI doping.>>-%/]

To examine whether the Cqy doping has an impact upon the
device stability, we performed a 600 h aging test of high-perfor-
mance encapsulated MAPbI,Cl;_, devices with neat and doped
Cgo under full spectrum simulated AM1.5, 76 mA cm™2 irradi-
ance at Voc As we show in Figure 3d, we observed that the
devices with the doped Cg, exhibit better long-term stability, in
comparison with the control device in both of the J-V scanned
PCE and the SPO (Figure S19, Supporting Information). How-
ever, after only a week of sunlight exposure we observed a color
change from dark brown to yellow. This color change is acceler-
ated in the regions without the metal electrodes, as we show
in Figure S12 in the Supporting Information. This is because
of the known thermal- and photo-instability of MAPDI;, 21474
combined with the use of the hygroscopic lithium bis-trifluo-
romethanesulfonimide (Li-TFSI) dopant, which we add to
Spiro-OMeTAD.P%

A fundamental issue with the MAPDI; based perovskite is
the relative volatility of methylammonium iodide (MAI), which
evolves out of the film during heating, and this process is accel-
erated in an atmosphere containing moisture.>>=3 In addi-
tion, the MAPDI; has also been shown to degrade more rapidly
when exposed to light in an atmosphere containing oxygen, due
to a chemical reaction between oxygen and MA* in the presence
of electronic charge in the perovskite.® We have previously
shown that formamidinium (FA)-based perovskites are much
more thermally stable than methylammonium (MA)-based
perovskite.[**%°] One problem with FAPbI; however is that it is
not structurally stable in the black perovskite phase and under-
goes a phase transition to a yellow phase at room temperature.
At room temperate in an inert atmosphere, the FAPbI; black
phase can be metastable. However, exposure to moisture rap-
idly induces the phase transition into the yellow phase. This
structural instability can be overcome by adding a fraction of
MA; however, this puts the chemically unstable MA back into
the perovskite. Recently, two separate works have demonstrated
that adding Cs to the FAPDI; can also structurally stabilize the
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FA-based perovskite and specifically enhance its stability toward
this black-to-yellow phase transition in humid air.®”] Recently
we have introduced a new perovskite composition comprising
FA(3Cs0.17Pb (1o ¢Brg4)3, which we have already shown to work
very well as a wider band gap perovskite absorber, and exhibit
improved stability to halide segregation and thermal stability, as
compared with MAPD(I 4By 4)3.>°! However, as of yet we have
not proven this new material to have superior long-term opera-
tional stability. For FA(g3Csg 17Pb(IyBro4); devices, we used a
tin oxide (Sn0O,)/Cg, double electron extraction layer, similar to
that which we employed in our previous work.’>) We note that
we have introduced the additional SnO, layer here, since for
the cells comprising FA(g3Csg 17Pb(IyBrg4); films, which are
heated at 185 °C for 90 min in air, we appeared to introduce or
create a charge extraction barrier at the FTO/Cg interface. This
barrier is eliminated with the additional SnO, interlayer. We go
into more depth on this specific point in the Supporting Infor-
mation and in Figure S15 (Supporting Information).

In order to assess the long-term operational stability of
FA(53Cs0.17Pb (1o Bro4)3 solar cells, we performed similar sta-
bility measurements to above, with solar cells comprising the
mix-cation lead mix-halide perovskite as the absorber layer. We
also compare with a reference MAPDIL,Cl; ,. We present the
results for cells light soaked (AM1.5 full spectrum light) at V¢
in air with ambient humidity (=55%), as we show in Figure 4
and Figures S13 and S14 in the Supporting Information. We
emphasize that the cells in Figure 4a are not encapsulated. The
cells comprising this FA/Cs perovskite exhibit a much stronger
resistance to aging under these conditions. All cells exhibit a
fast degradation over the first 50 h, with the MAPDIL,Cl;_, cell
degrading to =0% efficiency over this time. In contrast, the FA
083C80.17PD (L9 ¢B1o4)3 cells only degrade by a few percent abso-
lute efficiency over this time and then proceed to degrade at
a much slower linear rate.’®>% We note that we do not want
to suggest that the FA(g3Csg17Pb(IoBro4); composition can
specifically resist the degradation induced by the hydroscopic
additives (i.e., Li-TFSI). But these results simply show that it
is simply much more stable in general than the MAPbLIL,Cl;_,
composition. This is both thermal and moisture stability, and
importantly stability to operation in the presence of oxygen.[00:61]
Clearly, the next step forward is to optimize the solar cells with
a more stable hole-transporter doping composition, which is a
subject of ongoing study.

All solar modules degrade, with commercial modules aver-
aging around 0.5% relative degradation in efficiency per year,
indicating an =40 year lifetime to 80% performance.’”) How-
ever, when tested for over 20 years this degradation rate has
been observed to increase.5%%2 Nevertheless, fitting the long-
term decay of the degradation to a linear function would be
consistent with how degradation is expected to proceed in
commercial modules. We note that an exponential fitting of
lifetime data is unlikely to be representative of a true lifetime
projection, since that would imply that the degradation rate
progressively reduces with increasing aging time. We fit the
post “burn-in” section of the power conversion efficiency to
a straight line and extrapolate the curve back to zero time to
obtain the t = 0 efficiency. We determined the lifetime to 80%
degradation (tg) from this t = 0 post burn-in efficiency®® for
the most stable devices to be 656 h, and the SPO is 583 h for the
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Figure 4. Comparison of stability of MAPbI,Cl;_, (with neat Cgo) and FAq3Csq17Pb(lg¢Bro4) perovskite devices with neat (control) and 1 wt% N-DPBI
doped Cg electron-transporting layers. The device configuration is FTO/SnO,/Cs (neat or Twt% doped)/perovskite/spiro-OMeTAD (doped with Li-
TFSI and tBP)/Au. A MAPbI,Cl;_, reference device is aged for comparison. The devices were aged under full spectrum simulated AM1.5, 76 mW cm™2
average irradiance at V¢ in air without a UV filter. The Suntest XLS + aging box irradiates pulsed light. There is an early burn-in with an exponential
decay over the first 100 h followed by an approximate linear decay. The dashed lines in (a) and (b) are linear fits to the latter section of the decay. The
time to 80% of the post burn-in decay (tgo) of champion devices is shown on the graph (with the t, efficiency extrapolated back to the y-axis from the
linear fit, as shown in Figure S20 in the Supporting Information). The devices in (a) are nonencapsulated while the ones in (b) are encapsulated with

a hot-melt polymer foil and a glass coverslip.

FA(g3Cs.17Pb(Iy 6Brg4)3 devices comprising doped Cg, which is
nearly 30 times longer than the tg lifetime of the MAPDL,Cl;
devices. The most significant difference we observe between
the control FAgg3Cso17Pb(Iy¢Bro4); devices (comprising neat
Cygo) and the devices comprising doped Cg is that the degree of
the efficiency drop on burn-in is significantly lower than for the
doped cells. The other important observation is that the devices
with the doped Cg layer are persistently more efficient than the
devices with the neat Cg, layer over the entire aging window,
indicating that the improvement introduced by doping of the Cg,
layer is stable. We note that although these cells are “nonencap-
sulated,” the gold electrode is acting as a basic protection bar-
rier. This is apparent in the photographs we show in Figure S12
in the Supporting Information, where we observe discoloration
of the FA(g3Csg17Pb(IgBro4); perovskite in the regions sur-
rounding the gold electrodes. We proceed to encapsulate the
devices with a hot melt polymer foil and a glass coverslip and
show the stability results in Figure 4b and Figure S14 in the
Supporting Information. We determined a tg, half-life of 3423 h
and 2958 h for the J-V measured and stabilized power output
for the most stable encapsulated FA(g3Csg17Pb(IgBro.4); per-
ovskite devices comprise 1 wt% doped and neat Cg, charge
extraction layers, respectively. We observed that the encap-
sulated cells comprising the neat Cq, degrade further in the
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burn-in region, and slightly faster in the longer term decay. We
show the data for the most stable cells, along with the linear
fit in Figures S13 and S14 in the Supporting Information. We
note that all the cells above have been stressed under open-cir-
cuit voltage conditions and the efficiency has been measured
in a separate solar simulator at different periods of time, with
the cells measured immediately after removing from the light
soaking box. It is ideal to age cells under load, since this is the
condition under which they will have to operate in real-world
conditions. In addition, we and others have observed with dif-
ferent device architectures (for instance containing compact
TiO, charge collection layers) that the devices do degrade faster
under load than at V.. In order to assess if this is also hap-
pening here, we stressed some cells at V.. and with a fixed
resistive load (putting the cell close to the max power point).
Encouragingly, as we show in Figure S16 in the Supporting
Information, we do not observe a significant difference in the
degradation rate between these cells.

We measured this degradation under constant 760 W m™
irradiance. Therefore, the 3423 h under 760 W m~2 constinuous
illumination, is equivalent to the solar flux which would be
absorbed in the solar cell after 17 343 h, or =2 years exposure to
real world illuminations in a geographic location were the yearly
average solar irradiance is 150 W m™2. This stability is therefore
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a significant achievement and a step forward, and we have not
invoked any thermal acceleration factors, but it notably remains
a factor of ten off the required 25 years stability. In addition,
identifying the origin of and eliminating the early time degrada-
tion we observed here is required to deliver long-term stability
at the highest efficiency, which is required to be commercially
competitive. We note that as judged by the nonencapsulated
stability test, the FA(g3Csg17Pb(Io¢Brg4)3-based solar cells are
~30 times more stable than the MAPDI,Cl;_,-based cells. This
emphasizes that this new composition is a clear candidate for
stable commercial perovskite solar cells and modules.

Before we move on to discuss our findings with respect to
the details of the n—doping of the Cgy, layer, we highlight key
broader aspects that these stability results imply.

1. Our perovskite cells composed of p and n—doped organic
charge extraction layers are reasonably stable in air (which
includes oxygen and moisture) and full spectrum sun light that
includes the UV component, which indicates that the perovs-
kite solar cells (this perovskite in this architecture) are not as
sensitive to these environmental stressing components as pre-
viously thought.[18-21:49,54.64.6]

2. The n—doping of the C4, appears to have a persistent ben-
eficial effect over prolonged operation in air, indicating that the
N-DPBI retains its doping function throughout the ageing test.

It is clear that the FA/Cs-based perovskite is more stable
that the MA-based perovskite. However, the reason why the
n—doping of the Cgy also additionally enhances the stability,
which is especially apparent for the MAPDI,Cl;_, devices, is less
obvious. We believe that there are likely to be a number of fac-
tors that are result in the enhanced stability.

First, we have determined that there are fewer active trap
sites in the perovskite films containing the doped Cg, The deg-
radation of the perovskite film may proceed via surface defects,
and hence reducing the number of defects is very likely to
positively improve the long-term stability. In addition, if these
aging-induced defects are generated at the Cq-perovskite heter-
ojunction, then doping of the Cgy will result in these newly gen-
erated defect sites becoming filled with electrons, and hence
reduce their negative impact upon device performance.

Second, it is known that fullerene molecules can dimerize
due to light exposure, and for organic photovoltaic devices, a
sever burn-in is observed in the solar cell performance during
aging, precisely due to this dimerization process. Heumueller
et al. recently showed that this dimerization can be strongly
inhibited when the fullerene is mixed with certain charge
hole-conducting polymers.[° Our results here could also be
explained by this dimerization occurring, introducing electron
traps. With n-doping, the much higher electron density in
the Cgy would once more fill these traps and make the impact
of fullerene dimerization less severe. This points toward a
clear strategy to further inhibit the severity of the burn-in, to
replace Cqo with Cyg, which does not undergo dimerization, and
increase the doping density to optimize for stability, and not
just initial ¢ = 0 efficiency.

In summary, we investigated the effects of n—doping of the
electron accepting layer in n—i-—p planar heterojunction per-
ovskite solar cells. The N-DPBI dopant provides a higher con-
ductivity and reduces the work function of the Cg, layer. We
observed stronger and faster PL quenching from perovskite
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films coated upon doped Cgy layers, indicating enhanced
electron extraction. We also find that employing the N-DPBI
dopant allows us to tune the surface wettability of the Cg,
films, which enables us to fabricate “void-free” perovskite/
Cqo interfaces. Through thermal admittance spectroscopy
we determined that the doped Cgy, reduces the defect density
in the devices, which we postulate to be due to the increased
electron density at the Cgy/perovskite heterojunction resulting
in filling of trap states at this interface. Due to these advance-
ments, we observed a high Jsc in excess of 23 mA cm™2, FF of
0.73, and increased stabilized power output ratio, achieving a
highest J-V scanned PCE of 18.3% and an SPO of 17.9% in
MAPDI,Cl;_, perovskite devices. We applied this doping tech-
nique to FA( g3Csg 17Pb(Iy¢Bro.4); perovskite devices, achieving a
post burn-in tg, lifetime of over 600 h stability when aged under
continuous full spectrum solar illumination in air without
encapsulation, and over 3420 h when sealed. This represents a
significant step forward to the goal of achieving high-efficiency
perovskite solar cells with long-term stability compatible with
commercial deployment.

Supporting Information

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