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Abstract

We explore degradation pathways within encapsulated CH,NH,Pbl,  Cl_perovs-
kite devices based on the inverted architecture: ITO/PEDOT:PSS/CH,;NH,PbI,
CL/PC,,BM/LiF/Al. Devices were subjected to more than 670 h of continuous
illumination approximating AM1.5, with a Ts80 lifetime of (280 = 20) hours
determined. Devices stored in the dark underwent a similar drop in efficiency
over the same time-period. Using external quantum efficiency, time-resolved
photoluminescence, X-ray diffraction, scanning electron microscopy and laser
beam induced current mapping, we attribute the primary cause of degradation
to reactions with residual moisture trapped in the device, resulting in the
decomposition of the perovskite.
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Introduction

Perovskite solar cells (PSCs) are a promising technology
for low-cost photovoltaics. Despite being first realized only
10 years ago [1], PSCs have seen a remarkably rapid rise
in power conversion efficiency (PCE), with champion
devices now exhibiting efficiencies over 20% [2] — a value
that is comparable to crystalline silicon. Notably, PSCs
also boast advantages such as being processed from scal-
able processes such as spray-deposition [3, 4] or blade
coating [5], together with band gap-tuning by control
over composition [6]. It is known, however, that many
perovskite materials have relatively limited operational
stability (although new classes of perovskite materials ap-
pear much more stable [7]). It is therefore important to
understand the degradation mechanisms that limit opera-
tional stability to mitigate such effects.

To date, most lifetime measurements on PSCs have
been conducted on so-called standard architecture devices,
in which electron extraction proceeds through a

transparent contact positioned on top of the device sub-
strate, with hole extraction occurring via a reflective top-
contact. Here, lifetime studies on PSCs utilizing this
architecture have included the perovskite materials
CH,;NH,Pbl; and CH,NH,Pbl, Cl . Here, Chauhan et al.
have shown that devices incorporating a CH,NH,PbI,
(Cl. mixed halide perovskite within an FTO/TiO,/
CH,;NH,Pbl,_ Cl /P3HT/Ag architecture had a T80 life-
time of approximately 200 h and 1100 h under dark-
storage [8]. Guarnera et al. used the same structure, but
included an additional Al,O, nanoparticle layer between
the perovskite and Spiro-OMeTAD layers [9]. This sig-
nificantly improved device stability, with a 5% decrease
in PCE observed over 350 h. The improvement is at-
tributed to the buffer layer preventing metal atoms mi-
grating into the perovskite layer and increasing current
shunt pathways. Recently, Yin et al. demonstrated that
CH,;NH,Pbl; devices incorporating a TiO, layer doped
with 1% niobium (Nb) retained 89% of their initial PCE
after 1200 h [10]. Recent studies have now turned to a
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study of the stability of multication perovskite materials.
In particular, Saliba et al. demonstrated perovskite devices
based on the composition Cs;(MA |,FA| ¢3)qsPb(I 43Br
0.17)3 having remarkably improved stability when held in
a nitrogen atmosphere [7]. On illumination, it was found
that the PCE decreased by approximately 10% over an
initial 250 h period, before then decaying with a half-life
of ~5000 h. Further studies have now shown that the
stability of caesium-based perovskite devices can be im-
proved through the incorporation of potassium; a result
ascribed to the increased phase stability of the reduced-
volume lead-halide octahedra [11, 12].

We note, however, that relatively few studies have
investigated the stability of so-called “inverted architecture”
devices. Here, hole extraction occurs through the bottom
transparent contact (next to the substrate) with electron
extraction occurring via a top reflective contact. Of note,
Xie et al. performed a 10 h stability test on unencapsulated
ITO/PEDOT:PSS/CH,;NH,PbI,/PCBM/PFN-Br/Ag devices
in which the devices had either been annealed under
vacuum or remained unannealed [13]. It was found that
devices that had not been annealed degraded completely
within 2 h, whereas annealed devices remained stable. This
was attributed to methylammonium chloride within the
film absorbing water, enabling the decomposition of the
perovskite. Kim et al. also observed complete degradation
of unencapsulated CH,;NH,Pbl, devices within 125 h when
stored in air, without illumination [5]. A second “shelf-
life” study from Kim et al. looked at replacing the
PEDOT:PSS hole transport layer with the less hygroscopic
copper doped nickel oxide (Cu:NiO, ), resulting in improved
stability [14]. Here, the PCE of unencapsulated devices
with a PEDOT:PSS hole transport layer decreased by 70%
over 250 h, whilst those using Cu:NiO, were reduced by
less than 10%. The lower stability of the devices utilizing
PEDOT:PSS was speculated to be due to the acidic and
hygroscopic nature of the material, resulting in the deg-
radation of the ITO and the perovskite layer.

In this paper, we report a comprehensive study of the
operational stability of perovskite solar cells based on the
inverted architecture ITO/PEDOT:PSS/CH,NH,PbI, Cl /
PC,BM/LiF/Al. Devices were subjected to 670 h of con-
tinuous illumination with JV scans performed every
15 min, whilst being held at open circuit between meas-
urements. Device were also fabricated and stored under
dark conditions over a period of 840 h with JV scans
measured once a week. External quantum efficiency, time
resolved photoluminescence, X-ray diffraction, scanning
electron microscopy and laser beam induced current map-
ping have been used to explore the observed the degrada-
tion mechanisms. We find that following a 160 h burn-in
period, devices undergo decay characterized by a (stabilized)
Ts80 lifetime of approximately 280 h. Devices stored under
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dark conditions undergo comparable levels of degradation
over the same period. Although we cannot rule out ad-
ditional degradation of the ITO and perovskite due to
the acidic nature of the PEDOT:PSS, we speculate that
the decomposition of the perovskite is likely to occur via
reactions with residual water trapped in the device (most
likely within the PEDOT:PSS hole-extraction layer); a
process that is likely accompanied by the formation of
trap states at the perovskite interface.

Materials and Methods

Perovskite precursor solutions were prepared by mixing
PbCl, (Sigma-Aldrich, Dorset, UK; 98% pure) and meth-
ylammonium iodide (MAI, Ossila Ltd., Sheffield, UK;
99.9% pure) at a ratio of 1.0:2.9 in a N, glovebox.
Dimethylformamide (DMF, Sigma-Aldrich, 99.8% pure)
was added to the mixture to give a total solid content
of 660 mg/mL. The solution was left on a hot plate at
70°C overnight to dissolve.

Solar cells were fabricated on glass substrates coated by
a prepatterned layer of ITO (Ossila Ltd., 20 Q/[]). The
substrates were first cleaned by sonication in 5% Hellmanex
solution, hot DI water, and isopropyl alcohol (IPA) for
5 min each. Between each sonication the substrates were
dump rinsed in hot DI water, and were rinsed with IPA
and then dried with nitrogen after the final sonication. A
(35 £ 2) nm  poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS, Ossila Ltd.) hole-
transport layer was deposited by spin-coating at
5000rpm, and annealed at 125°C for 15 min. The perovskite
precursor solution was spin cast in air (relative humidity
of (30 £ 2)%) at 4000 rpm from a solution at 70°C onto
substrates initially held at 90°C. We note that the ink for-
mulation used here was optimized to work in air, and
does not produce working devices if the perovskite is instead
deposited in a nitrogen-filled glove box. We have purposely
explored this material system, as it is in principle compat-
ible with a high-volume air-based manufacture process. The
substrate was then annealed in air at 90°C for 90 min to
give a (470 + 20) nm thick MAPbI, CI_ perovskite layer.
A (150 + 5) nm thick PC, BM electron-transport layer
was then spin cast at 1000 rpm from chlorobenzene (Sigma-
Aldrich, 99.95%) at a concentration of 50 mg/ml in a
nitrogen filled glove box. A 2 nm LiF electron-transport
layer (0.1 A/s) and a reflective 100 nm Al cathode (1.0
A/s) were then deposited by thermal evaporation onto the
PC,(BM at a base pressure of <10 mbar. Finally, the
devices were encapsulated under nitrogen. This was per-
formed by depositing one drop of UV curable epoxy (sup-
plied by Ossila Ltd.) onto the device. A glass slide (C181,
Ossila Ltd.) was then placed on the epoxy droplet which
the spread across the device surface. The epoxy was then

36 © 2017 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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cured under a UV lamp (MEGA electronics LV202-E 365 nm
peak, Poiput = 2.5mW/cm?) for 30 min. We have measured
the thickness of the cured epoxy layer and find it to be
approximately 90 ym. Microscopy measurements performed
on such cured epoxy films between glass slides suggest
that this film is uniform, homogeneous and devoid of
pinholes or gas-bubbles (see Fig. S1). We believe that the
thickness of the epoxy film used here is sufficient to absorb
the majority of the incident UV radiation used in film
curing. For this reason, we do not detect significant per-
ovskite degradation as a direct result of the UV curing
stage, although we suspect that some interaction between
the uncured epoxy and the device active layer may reduce
initial device performance. Once cured we believe that the
epoxy protects the device from environmental degradation
without causing further degradation in performance.

Devices were characterized under ambient conditions
using a Newport 92251A-1000 AM1.5 solar simulator and
a Keithley 237 source meter. The output intensity was
calibrated to 100 mW/cm? using a NREL certified silicon
reference cell. An aperture mask was used to define device
area to 0.0256 cm?. Devices were light-soaked for 20 min
and then measured from —1 to 1 V, then 1 to =1 V at
a rate of 0.4 V/s. Lifetime data was taken using an Atlas
Suntest CPS+ with a 1500 W xenon bulb with IR reduc-
ing filters calibrated to 100 mW/cm?. Measurements were
performed without an aperture mask from -1 to 1 V
with a scan rate of 0.1 V/s and devices were held at open
circuit between measurements. Further details of the life-
time testing system, including the spectrum of the illu-
mination can be found in reference [15]. External quantum
efficiency (EQE) measurements were performed using a
tungsten halogen lamp (LOT Oriel LSB117/5), a mono-
chromator, and a Newport 818-UV calibrated silicon
photodiode as the reference. Nominally, identical devices
were also prepared for dark-storage tests. Here, such sam-
ples were wrapped in aluminum foil and placed inside a
light-tight container and only removed for JV measure-
ments. The humidity and temperature during dark-storage
was 32 = 2 RH% and 18 £ 2 °C respectively.

Time resolved photoluminescence (TRPL) measurements
were performed using a 225 pW, 507 nm pulsed laser
(2.5 MHz, 4 pJ/cm?) to excite the sample and a PicoQuant
single photon avalanche photodiode to collect the signal.
A 550 nm long pass filter was used to prevent laser light
from entering the detector. Measurements were performed
under dynamic vacuum of at least 107> mbar.

Laser beam induced current (LBIC) mapping was per-
formed on freshly fabricated and devices that had been
aged by exposure to light from the solar simulator. The
system comprised a mechanically chopped laser that was
passed through a spatial filter before being focused to a
spot size of ~1 pym onto the sample via a 50x Mitutoyo
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infinity-corrected long working distance objective. The
sample was mounted on a computer controlled XY-stage,
and moved in a sawtooth pattern in steps of 1 ym. Two
different diode lasers were separately used to generate
photocurrent; a blue 3mW, 405 nm diode laser (power
density of 27 W/cm?) and a 5 mW, 670 nm (40 W/
cm?). Photocurrent was measured using a Stanford
Research Systems SR830 lock-in amplifier referenced to
the chopped laser. As the CH,;NH,PbI, CI has an ab-
sorption that is a strong function of wavelength, photo-
current imaging at different wavelengths will probe the
generation of charge carriers at different distances into
the bulk of the film. We can in fact quantify this using
the values for the real and imaginary refractive index
for CH,NH,Pbl, Cl (see Fig. S4); we calculate that at
405 nm (670 nm) the laser intensity will drop to 1/e of
its initial value after penetrating a distance of approxi-
mately 30 nm (230 nm) into the film. This indicates
that the blue laser will mainly generate carriers toward
the perovskite-PEDOT:PSS interface, while the red-laser
will generate carriers throughout the bulk of the film.
To explore the evolution in perovskite structure as it
underwent degradation, X-ray diffraction was performed
on unencapsulated control thin-films consisting of ITO/
PEDOT/perovskite glass using a Bruker D8 diffractometer
(Cu-Ka). Scanning electron microscope (SEM) images were
also recorded from the same films using a FEI (Inspect
F) operating at a beam energy of 2 keV. In all cases,
films were explored immediately after deposition, and then
after one and two weeks following storage in the dark in
dry air (RH 32%). EDS-SEM analysis was performed using
an FEI Inspect F50 at 15 keV accelerating voltage with
energy dispersive X-ray spectrometer (Oxford Instruments).
All point spectral analysis was performed using AZtecEnergy
EDS software (Oxford Instruments, Abingdon, UK).

Results and Discussion

In Figure 1, we plot the power conversion efficiency (PCE),
fill factor (FF), short circuit current density (), and open
circuit voltage (V) of four CH;NH,PbI, Cl_devices as a
function of irradiance time. The data represented by lines
was recorded using the Atlas system, whilst the data rep-
resented by symbols was taken using the calibrated Newport
solar simulator (AM1.5, 100 mW/cm?). All of the data is
normalized to its initial value. It is important to note that
a spectral mismatch exists between the xenon lamp of the
Atlas system and the solar spectrum, and no aperture mask
was used when performing measurements, therefore the data
is used only to highlight trends, with all JV curves presented
being taken using the Newport solar simulator.

Over the course of the 670 h test, the average PCE of
devices decreased by approximately 80%, with the loss

© 2017 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 37
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Figure 1. (A) PCE, (B) FF, (C) Jsc, and (D) Voc of four CH3NH3PbI3-xClx devices over 670 h of continuous illumination. Solid points are data taken
using a calibrated solar simulator. All JV scans were performed from -1 to 1 V.

primarily originating from a ~ 70% reduction in the J_.
The FF and V__ were affected to a lesser extent, decreas-
ing by 10-20% and 25-30% respectively. The trends seen
in the data recorded using the Newport solar simulator
are similar to those recorded using the Atlas system,
although we observe some difference in the FF recorded
using the different systems. We believe that this may
originate from the fact that the temperature of the devices
recorded using the Atlas system is slightly higher (37 vs.
25°C) [17].

We present the Ts80 lifetime of the devices held under
the solar simulator in Table 1, defined as the time taken
to reach 80% of the PCE immediately after the burn-in
period (160 h). Data is presented measured using the
Atlas Suntest CPS+ system and the calibrated Newport
solar simulator. It can be seen that the calculated Ts80
lifetimes determined by the two systems are in statistical
agreement. Our results indicate therefore that the devices
have a Ts80 lifetime of (280 = 20) hours. This is a
shorter lifetime than those seen by Yin et al.,, who ob-
served 68% loss of PCE after 300 h of aging, followed
by very slow degradation over the subsequent 900 h [10].
Further improvements in stability can be gained using
cesium-doped FAPbI; perovskites [12].

The JV curves used to plot the data-symbols in Figure 1
are plotted in Figure 2A. We also plot the average device

metrics before and after aging in Table 2. It can be seen
that we observe a large decrease in the shunt resistance
(Ry,) [from 1100 + 150 Q cm? to 460 + 20 Q cm?],
indicative of an increase in leakage pathways, and an in-
crease in the series resistance (R, [5.6 * 0.3 Q cm? to
25 + 6 Q cm?], indicative of an increase in the energetic
barriers to charge extraction and the creation of trap states
within the active layer. Indeed, the decrease in V__
[0.92 = 0.01 V to 0.69 £ 0.02 V] indicates an increase in
charge carrier recombination rate within the device. It can
also be observed that there is an increase in the level of
hysteresis during the first week of testing (168 h), due to
changes in the J_ between forward and reverse scans, fur-
ther indicating an increase in the density of trap states
and the migration of ionic species within the active layer
[15-23].

Concomitant with the decrease in J_, we observe a
decrease in the external quantum efficiency (EQE) of the
devices as shown in Figure 2B, with the peak EQE value
dropping from 80% to 33%. The shape of the EQE curve
also changes with time (Fig. S2), with the peak photocur-
rent wavelength shifting from 468 nm to 432 nm. This
is also accompanied by a shift in the band edge (see Fig.
S3). The relative loss of EQE at wavelengths greater than
500 nm is characteristic of an increase in the relative
levels of Pbl, within the device [24]. The peak EQE and

Table 1. PCE loss over burn-in period and whole test, and T80 lifetimes calculated using data from both the Atlas Suntest CPS + and the calibrated

Newport solar simulator.

PCE loss over
burn-in (%)

PCE after burn-in

Burn-in time (h) (%)

PCE loss over 670 h

(%) Tgq Atlas (h) Tgo Newport (h)

160 6.0+ 0.6 39.0+0.5

260 + 10 280 + 20

38 © 2017 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Figure 2. (A) JV curves and (B) EQE measurements for devices at different stages of the lifetime study. Squares in part (A) represent forwards scans,

triangles represent backwards scans.

Table 2. Mean device metrics along with their standard deviation for open circuit voltage, short circuit current density, fill factor, power conversion
efficiency, and shunt and series resistance, extracted from JV curves, for devices before and after ageing.

Time (h) Scan direction PCE (%) FF (%) Jsc (mA/cm?) Voc (V) Rsh (Q cm?) Rs (Q cm?)

0 Forwards 10.2+0.5 70+ 2 -158+ 0.4 0.92 +0.01 1100 + 150 56+03
Backwards 106 +0.4 731 -16.0+ 0.4 0.91 £ 0.01 1360 + 350 6.0+0.5

670 Forwards 20+0.2 50+3 -6.1+0.3 0.69 £ 0.02 460 + 20 25+6
Backwards 23+04 52+3 -6.7+0.3 0.69 +0.02 530 + 20 23+5

the corresponding wavelengths are detailed in Table S1,
along with the integrated and measured J.

To further explore the origin of the CH,NH,Pbl; Cl
device degradation route, we measured the PCE, FF, J
and V__ for devices stored under dark conditions over a
period of 840 h. Figure 3A-D shows average device metrics
(normalized to their initial values) determined over 40 in-
dividual device pixels. Because our measurements were col-
lected on a weekly basis (to avoid significant exposure to
light), we are unable to determine a burn-in time as is
done for the data presented in Figure 1. However it is clear
that over a time interval of 670 h, the average PCE of the
devices has fallen to a value that is around 45% of their
original value. This reduction is similar to that observed
under exposure to the AMI1.5 radiation, which underwent
a reduction to around 20% of their original efficiency over
the same time period (see Fig. 1A). We note that the re-
duction in efficiency of dark-stored devices occurs principally
as a result of a reduction in V__and J; a result also in
accord with measurements performed under the solar simu-
lator. This reasonably close correspondence between degra-
dation processes observed in dark- and light-storage tests
strongly suggests that the dominant degradation mechanism
observed here is not catalysed by the exposure to light.

To further explore the mechanisms of the degradation,
we have used time resolved photoluminescence (TRPL)
measurements to explore carrier recombination dynamics.
Here, measurements were performed on encapsulated
films based on the structure ITO/PEDOT:PSS/
CH;NH,PbI, Cl  both before illumination, and again
after one and two weeks of continuous illumination as
shown in Figure 4A. Here, it can be seen that there is
an observed drop in the charge carrier lifetime after one
week (168 h) of illumination. This effect could result
from several different processes, including an increase in
the density of trap states within the material, an increase
in recombination rate and a decrease charge-carrier
mobility [25-27].

We have also performed a preliminary study regarding
the effectiveness of the encapsulation system. Images of an
unencapsulated and an encapsulated ITO/PEDOT:PSS/
CH,NH,PbI, Cl_film are shown in Figure 4B,C respectively.
After 16 h of illumination, it can be seen that the unen-
capsulated films became yellow; a process characteristic of
complete degradation of the CH;NH,PbI, Cl to PbI, in
the presence of light [24, 28, 29]. In contrast the encap-
sulated films retained their original dark-brown color char-
acteristic of CH,;NH,Pbl,_ Cl_after two weeks of illumination.

© 2017 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 39



Degradation of inverted architecture perovskite solar cells

(A)

Jge (%)
g

400 500 600 700 800

Time (h)

0 100 200 300 300

400 500 600 700 800

Time (h)

0 100 200 300 900

C. Bracher et al.

(B)

120

110

100-/‘\‘\\¢
90
80

204
103

FF (%)

400 500 600 700 800

Time (h)

0 100 200 300 900

PCE (%)
w
<

104

400 500 600 700 800

Time (h)

0 100 200 300 900

Figure 3. (A) Jsc, (B) FF, (C) Voc and (D) PCE of four CH3NH3PbI3-xClx devices over 840 hours of dark-storage. Data points are recorded using a

calibrated solar simulator. All JV scans were performed from -1 to 1 V.

To check whether damage to the LiF/Al cathode occurred
during the lifetime test, we recorded images of the cathode
using an optical microscope both before and after imaging,
as shown in Figure 4D,E respectively, however no obvious
delamination or formation of pin-holes was observed.

Laser beam induced current mapping was used before
and after the irradiation measurements to investigate
changes in spatially resolved photocurrent generation,
with typical data plotted in Figure 5. Here, Figure 5A,D
present optical microscope images recorded from the
position corresponding to the LBIC mapping experiments
both before and after 670 h of aging under simulated
solar irradiation respectively. It can be seen that no obvi-
ous degradation of the film is visible. Figure 5B,E were
recorded using a 405 nm laser before and after 670 h
aging. Figure 5C,F similarly plot data recorded using a
670 nm laser both before and after irradiation respectively.
Unfortunately, the location on the device surface of the
two sets of measurements is different. We can, however,
analyse the photocurrent maps by plotting a histogram
of the photocurrent recorded across the device, with all
histograms normalized to their peak photocurrent. This
is shown in Figure 5G,H for devices imaged at 405 and
670 nm respectively, with each figure plotting histograms
for devices both before and after irradiation.

We find that after aging, the average photocurrent signal
measured by LBIC (at both imaging wavelengths) reduced
by around 60%; a result consistent with the reduction in
device ] measured in aged devices. Note however that
this reduction in photocurrent is correlated with a small
increase in the standard deviation of the photocurrent

signal, which increased from 4.2% to 7.4%, and 4.0% to
7.2% when imaged at 405 and 670 nm respectively. The
relative similarity of the LBIC images recorded from aged
devices at 405 and 670 nm suggests that degradation of
the perovskite occurs equally both toward the PEDOT:PSS
interface and within the bulk of the film. It is apparent,
however, that the small increase in the relative width of
the photocurrent distribution on aging indicates that per-
ovskite degradation does not occur uniformly across the
film, but that some areas are more susceptible to degrada-
tion than others. This could be due to thickness or com-
positional variations of the perovskite film. However, we
suspect that this degradation process may be initiated at
the edges of the perovskite grains. Larger scale LBIC im-
ages covering whole devices were recorded after aging (see
Fig. S5). We find that the photocurrent was relatively
homogeneous across most pixels, however, an area at the
edge of one device exhibited very low current generation,
possibly due to complete degradation of the perovskite.

To further characterize the film degradation process,
we recorded X-ray diffraction (XRD) spectra on dark-
stored samples over a period of 2 weeks to explore the
effects of dark-stored degradation. Here, films were not
encapsulated, but were stored in a dry environment (at
a relative humidity of ~30%) to characterize the dominant
degradation mechanisms. Typical data are presented in
Figure 6, where we show X-ray diffraction around the
(110) perovskite and (001) Pbl, reflections [11, 30-32].
Here, it can be seen that after approximately 2 weeks,
the presence of Pbl, is detected through the growth of
a (001) scattering feature at an angle of 12.5°.

40 © 2017 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Figure 4. (A) Time resolved photoluminescence data for encapsulated ITO/PEDOT:PSS/CH3NH3PbI3-xClx films taken before illumination and after 1
and 2 weeks of continuous illumination. (B) Unencapsulated ITO/PEDOT:PSS/CH3NH3PbI3-xClx after 16 h of illumination. (C) Encapsulated ITO/
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respectively. The scale bar represents 10 ym.
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Figure 5. Microscopy of devices before and after 670 h of operation. Parts (A) and (D) show optical microscopy images of the film surface in the
regions corresponding to the laser-beam induced current (LBIC) measurements, with images recorded before and after aging respectively. Parts (B)
and (E) are LBIC images acquired using a 405 nm laser, before and after aging respectively. Parts (C) and (F), are LBIC images acquired using a 670 nm
laser, before and after aging respectively. Parts (G) and (H) are histograms of the data shown in parts (B) and (E), and (C) and (F) respectively. Note
that parts (B), (C), (E), and (F) have been independently normalized to the maximum measured photocurrent value.

To explore changes in film morphology at higher
spatial-resolution as a result of dark-storage, SEM images
were recorded on an unencapsulated ITO/PEDOT:PSS/
CH,;NH,PbI, Cl  sample stored in the dark in dry-air
for a period of 2 weeks. Figure 7 plots images of the
same sample (but recorded at different positions) when
freshly cast, and after one and two weeks. Here, images
were recorded over a period of 2 weeks. It can be seen
from Figure 7C that after 2 weeks, the perovskite grains
appear to separate, leaving pin-holes. We propose that
such an evolution in film structure is consistent with
degradation of perovskite films that commences at grain

boundaries and progresses inwards to the centre of grains.
Additionally, Figure S7 is a higher magnification SEM
image showing that smaller grains, with a higher pro-
portional grain surface area, are the first to show reduc-
tion in size. It is likely that the apparent reduction in
perovskite grain size is correlated with the increase in
Pbl, fraction, as evidenced in Figure 6. EDS-SEM analysis
was also performed on a degraded perovskite film (Fig.
S8). Here, we found that the Pb:I ratio decreased in
degraded regions of the film. We found that the Pb:I
ratio (atomic wt%) varied from 1:2.98 to 1:1.24 between
regions that appeared undegraded to most degraded

42 © 2017 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Figure 6. X-ray diffractograms from the same sample imaged across a
period of 2 weeks. Note the presence of Pbl2 after 2 weeks under dark-
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respectively. This suggests that in regions where the Pb:I
ratio is less than 2, there are also other additional non-
Pbl, degradation products present such as PbCO,,
Pb(OH), and PbO [33]. The difference could also be
due to iodine escaping the film as HI or I, degradation
products [34].

Our measurements therefore confirm the degradation of
the unencapsulated perovskite films under dark-storage,
with degraded films appearing less continuous in nature
and characterized by an increased fraction of Pbl,. When
the perovskite film is used as the active layer in working
devices, we observe a reduction in device performance that
also does not appear connected to exposure to light, and
thus a light-induced reaction of a superoxide with meth-
ylammonium is unlikely to be important here [28, 29].
Rather, the significant decrease in ], the reduction in the
EQE at wavelengths >500 nm and decrease in charge car-
rier lifetime suggests a reaction with water resulting in the

Figure 7. Secondary electron (SE) SEM images of typical regions of perovskite films when freshly prepared, or stored in air (in the dark) for a period
of 1 or 2 weeks. Images are presented at 3 different magnifications 10,000x, 20,000x%, and 40,000x with the scale bars representing 10, 5, and 2 yum

respectively.
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decomposition of the perovskite into methylamine
(CH,NH,), hydroiodic acid (HI), iodine, and PbI, [11, 28,
29, 35]. Exact differences in the rate of degradation of
light- and dark-stored devices are likely to be explained
on the basis of differing temperature. Note however at this
stage we cannot fully rule out additional reactions between
the acidic PEDOT:PSS and ITO or perovskite resulting in
additional degradation pathways [14]. We note however
that organic photovoltaics incorporating a PEDOT:PSS/ITO
anode retain high efficiency after a period of at least one
year [37]. We also speculate that the locally reduced pho-
tocurrent observed in the LBIC images of aged devices
(see Fig. 5E,F) may correlate with regions of increased Pbl,
concentration. Measurements using LBIC and Raman map-
ping are planned to test this hypothesis.

We have previously found that polymer:fullerene solar
cells (using Ca/Al cathodes) encapsulated in the same man-
ner have operational lifetimes greater than 1 year [36], and
thus it is unlikely that the water that catalysed the perovskite
degradation entered through the encapsulation. This con-
clusion is based on the fact that ingress of moisture through
the encapsulation would most likely be evidenced through
initial degradation toward the edge of the encapsulated
film resulting from a diffusion-limited process; a result that
was not observed here. We suspect therefore that water
that was initially bound in the PEDOT:PSS film (which is
known to be highly hygroscopic [37, 38]), underwent dif-
fusion into the perovskite film and initiated its decomposi-
tion. However, it is also possible that the air-based process
used to deposit the perovskite resulted in a small fraction
of water also being trapped within the perovskite layer
itself. We note that as methylamine and HI are soluble in
water and are volatile, they would normally escape an un-
encapsulated CH,;NH,Pbl, Cl_film leaving a Pbl, film.
However, the encapsulation used here is likely to significantly
reduce the rate at which these species escape, allowing them
to remain in the film. As the highest occupied state of
methylamine is located at 1.17 eV above the valence band
maximum of the perovskite (and well into the band gap
of the material) and the lowest unoccupied state of HI
exists ~ 50 meV below the conduction band of the per-
ovskite, both of these species can potentially act as trap-state
of sites for nonradiative recombination [39]; a result con-
sistent with the observed increase in charge trapping.

Conclusions

We have explored the operational stability of perovskite
solar cells encapsulated using both glass and UV-cured
epoxy, based on the inverted architecture structure ITO/
PEDOT:PSS/CH,NH,PbI, Cl /PC, BM/LiF/Al. We find
that when exposed to AMI1.5 radiation, the operational
lifetime of devices (7580 lifetime) is (280 % 20) hours.

C. Bracher et al.

Devices stored under dark conditions had similar decay
lifetimes to those exposed to light from the solar simula-
tor. Optical microscopy indicated that this degradation was
not apparently connected to observable damage to the LiF/
Al cathode. Scanning photocurrent-imaging measurements
performed on devices at different excitation wavelengths
revealed nonuniformities across the active area of the aged
devices, with measurements also confirming that degrada-
tion occurred throughout the bulk of the perovskite layer
rather than being confined to an interface. Control meas-
urements using XRD on unencapsulated perovskite/
PEDOT:PSS films subject to dark-storage in dry air con-
firmed the generation of Pbl, through an observed increase
in a (001) Pbl, scattering signal. SEM imaging performed
on the same films indicated that degraded films were
characterized by less continuous structure. Our measure-
ments suggest therefore that the principle degradation route
in the encapsulated devices does not involve an optically
induced reaction with a superoxide species. Instead, we
speculate that the observed degradation occurred as a result
of a reaction between the perovskite and water that was
introduced into the device during fabrication (most prob-
ably via the hydroscopic PEDOT:PSS hole-extraction layer),
facilitating the decomposition of the perovskite into meth-
ylamine, hydroiodic acid and Pbl,. As the escape of meth-
ylamine and hydroiodic acid from the device is likely
hindered by the device encapsulation, such species may
also act as nonradiative recombination centers, reducing
charge transport properties and thus reducing device J_.
Our results highlight the importance of removing hydro-
scopic materials from the device structure.
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Supporting Information

Additional supporting information may be found in the
online version of this article:

Figure S1. 10x optical microscope image of cured epoxy
encapsulation between two clean glass slides.

Figure S2. EQE data normalized to the peak value each
week, highlighting the relative change in shape and loss
of EQE.

Figure S3. Tauc plot of EQE band edge. Inset are the
estimated values for the optical bandgap for each week
at wavelengths longer than 500 nm

Figure S4. Real and imaginary refractive index for
CH3NH3PbI3-xClx as measured by ellipsometry.

Figure S5. Laser beam inducted current maps of all
four devices after the 670 h stability test, taken using a
405 nm laser and normalized to the peak photocurrent.

Figure S6. XRD measurements taken on the same sample
across 2 weeks of dark-storage.

Figure S7. Secondary electron SEM image showing grains
that appear to be decreasing in size when compared to
those in Fig. 7 (main text).

Figure S8. EDS-SEM analysis of a degraded sample,
(a) SEM image showing three locations for EDS spectral
analysis, (b) spectrum at degraded point of film, (c) spec-
trum at pristine portion of film, (d) spectrum at partially
degraded section of film. Quantitative analysis shows the
degraded area is lead-rich, with Pb:I ratio (atomic wt%)
of 1.24, 2.98, and 2.74 for each spectra (b)—(d).

Table S1. Peak EQE and integrated Jo taken each week
during the lifetime study.
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