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22.7%.[7] Such enhanced efficiency results 
from both detailed device optimization 
studies and materials engineering. Per-
haps the most significant development 
has been the introduction of inorganic 
cations (including potassium, caesium, 
and rubidium) into the more ubiquitous 
methylammonium (CH3NH3

+) and for-
mamidinium (HC(NH2)2

+) based perovs-
kites. Such cations can result in a range 
of effects, including enhanced perovskite 
crystal growth,[6] enhanced material sta-
bility at elevated temperature,[4,6] and sup-
pressed light-induced ion migration or 
segregation.[5,8,9] Further enhancements in 
device stability have been gained from the 
use of thinner, hydrophobic, UV-stable, 
and dopant-free electron and hole trans-
port materials (ETMs and HTMs).[10–17] For 
example, titanium dioxide (TiO2) has been 

replaced by tin dioxide (SnO2),[10,18,19] which has reduced UV 
sensitivity, and the water-soluble and acidic material poly(3,4-eth
ylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)[2,20] 
has been replaced by hydrophobic polymers such as poly[bis(4-
phenyl)(2,5,6-trimethylphenyl)amine (PTAA) or poly(N,N′-bis-4-
butylphenyl-N,N′-bisphenyl)benzidine (poly-TPD). Other work 
has explored reducing trap state density and enhancing charge 
transport across interfaces within a PSC device.[1–6,21–24] Such pro-
gress indicates that with careful design, PSCs have the capability 
to achieve not only high PCE, but also acquire long-term stability.

An important component of a photovoltaic (PV) device is its 
encapsulation, as this protects it from the damaging effects of 
oxygen and moisture. In silicon-based PV, this is typically achieved 
using glass together with laminated ethylene vinyl acetate (EVA) 
layers. However, this level of protection is not sufficient for PSCs 
and it is believed that perovskites are sensitive to decomposition 
products of EVA (acetic acid).[25] For this reason, there is a clear 
need to develop effective encapsulation strategies for PSCs and 
to explore their role in extending the operational lifetime of the 
device. Indeed, effective encapsulation systems permit the study 
of intrinsic cell degradation mechanisms, such as those caused 
by light, temperature, and processing route without unwanted 
effects resulting from moisture-induced degradation.

PV T80 device lifetime is defined as the time taken over 
which the PCE falls to 80% of its initial value.[26,27] In our pre-
vious work on organic PCDTBT-based bulk heterojunction solar 
cells, we demonstrated that the use of a glass coverslip and a 
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Perovskite Encapsulation

1. Introduction

The power conversion efficiency (PCEs) of perovskite solar cells 
(PSCs) fabricated using various process routines now routinely 
exceed 20%,[1–7] with a highest certified PCE reported being 
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UV-curable epoxy can protect the device to such an extent that 
T80 lifetimes (measured after an initial burn-in) exceeding 
10 000 h can be demonstrated.[26,28] We have also applied this 
encapsulation technique to PSCs, and concluded that the 
relatively short T80 lifetimes determined (280 h after burn-
in) resulted from the acidic[29] and hydrophilic nature of the 
PEDOT:PSS hole extraction layer that was used.[27] During 
this study however, it became apparent that some degradation 
occurred to the PSC during the UV-curing of the epoxy, and it 
was speculated that either some polar solvent or initiators in the 
epoxy underwent a reaction with the perovskite. We note that 
other work using UV-curable epoxies to encapsulate PSCs has 
also not demonstrated devices having long-term stability.[30–32]

In this paper, we demonstrate that perovskites can be 
degraded by the deposition and curing of typical epoxy mate-
rials. To mitigate this effect, we use a solution-processable 
poly mer interlayer (polyvinylpyrrolidone (PVP)) placed between 
the PSC and the epoxy, which we demonstrate to reduce direct 
degradation from the epoxy. This allows us to establish a sig-
nificantly improved yield of high-performing, stable PSCs, with 
devices having a T80 lifetime of 1000 h. Using our most stable 
process as a “baseline,” we then explore the effect of a solvent-
annealing process that is often used to enhance device efficiency. 
Interestingly, we find that solvent-annealed devices suffer from 
a large negative burn-in, such that 40% of their initial PCE is 
lost within the first 10 h of aging under AM1.5 illumination. 
Our measurements demonstrate that devices must be sepa-
rately optimized for efficiency and stability, and that efficient 
PSC devices are not necessarily operationally stable.

2. Results and Discussion

Devices were based on an indium tin oxide (ITO)/poly-
TPD(2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
(F4-TCNQ))/MAPbI3/[6,6]-phenyl-C61-butyric acid methyl ester 
(PC60BM)/bathophenanthroline (Bphen) architecture and were 
fabricated as illustrated schematically in Figure 1a,b. Here, all 

layers (except the 100 nm thick silver cathode) were deposited by 
spin-coating. We have used the hydrophobic hole transport poly-
 mer poly-TPD, doped with F4-TCNQ. The use of such materials  
is expected to minimize the level of trapped moisture within the 
device. The MAPbI3 perovskite was deposited by spin-coating 
from the low boiling point, nontoxic solvent acetonitrile. Here, 
the perovskite ink was created by bubbling methylamine through 
an acetonitrile solution containing MAPbI3 nanocrystals. During 
the bubbling the nanocrystals dissolve, forming a yellow-
colored solution. This solvent system was originally developed 
by Noel et al., and allows facile wettability of the perovskite 
precursor ink onto a poly-TPD surface.[33] We acknowledge 
other reported techniques to improve wettability such as UV–
ozone treatments,[34] dimethylformamide (DMF) rinsing,[35] 
and the use of ultrathin amphiphilic polymer layers in order to 
increase the wettability of DMF-based perovskite solutions.[36,37] 
However, we find that using MAPbI3 deposited from an acetoni-
trile solution is a highly reproducible and reliable route to deposit 
perovskite layers on thin (<10 nm) hydrophobic HTMs. Finally, 
PC60BM and BPhen layers were deposited from chlorobenzene 
and isopropyl alcohol (IPA) solutions, respectively.

We have used our device architecture to explore the use of 
solvent annealing to grow perovskite grain size and thereby 
improve device efficiency. This process involves exposing the 
perovskite to a solvent vapor at an elevated temperature (100 °C). 
This establishes a quasi-stable liquid-phase environment 
between the polar solvent dissolving the MAPbI3 surfaces and 
grain boundaries, permitting the growth of perovskite grains.[38] 
This process continues until the growth of larger grains is no 
longer energetically favorable—for example, when the grain 
extends throughout the entire film and can no longer maximize 
its surface area at the base and top of the film.[39] To incorpo-
rate solvent annealing into the device preparation process, we 
held freshly prepared ITO/poly-TPD(F4-TCNQ)/MAPbI3 mul-
tilayers at 100 °C for 15 min in a DMF solvent atmosphere. 
Following this, they were further annealed under nitrogen to 
remove any residual DMF, after which device processing pro-
ceeded as normal. We henceforth refer to solvent-annealed and 
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Figure 1. a) A schematic of the fabrication and testing routine used to create perovskite solar cells incorporating a PVP/epoxy encapsulation. b) Device 
architecture showing all layers, together with their approximate thicknesses. c) Current–voltage sweeps and d) stabilized power outputs for champion 
devices with the thermally annealed MAPbI3 active layer (black) and with additional solvent annealing (blue). Dashed and solid lines represent forward 
and reverse sweep directions, respectively.
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non-solvent-annealed films as SA and non-SA, respectively. 
We can evidence the growth of perovskite grains following sol-
vent annealing using scanning electron microscopy (SEM) as 
shown in Figure 2a,b (images recorded before and after solvent 
annealing). Here, it can be seen that the average size of MAPbI3 
grains increased from (140 ± 10) to (370 ± 30) nm following sol-
vent annealing. This increase in grain size is also accompanied 
with an increase in surface roughness from 6.5 to 19 nm (calcu-
lated from atomic force microscopy (AFM) images presented in 
Figure S1, Supporting Information).

We have characterized all devices using current–voltage (J–V) 
sweeps, together with stabilized power outputs (SPOs) (see e.g. 
data for SA and non-SA devices in Figure 1c,d). Very little hysteresis 
is observed in the J–V scan, as has been reported for other compa-
rable inverted architecture PSCs.[2] Full device metrics (PCE, JSC, 
open-circuit voltage (VOC), and fill factor (FF)) for “champion” PSCs 
are shown in Table 1. We find that non-SA PSCs have a FF of 80% 
but have a lower JSC of ≈18 mA cm−2, yielding a maximum PCE of 
15.3%. As expected, SA PSCs had a PCE of 17.6%, explained largely 
as a result of their higher JSC (20 mA cm−2). Here, we attribute the 
initially larger values of device JSC in SA films to a reduction in the  

density of grain boundaries.[38,40,41] However, we cannot exclude 
the possibility that increased light scattering (from a rougher top 
surface) or increased interface area between the MAPbI3 and 
PC60BM might also result in increased charge generation and 
extraction.

Devices were finally encapsulated in a nitrogen atmosphere 
using a one-part epoxy resin incorporating a UV-activated initi-
ator (supplied by Ossila Ltd.). Encapsulation involved placing a 
drop of epoxy on top of the device to create a seal over the whole 
PSC with a glass coverslip, with the UV-epoxy being “cured” 
by exposure to a UV lamp. Here, the epoxy is deposited such 
that it covers the PSC to the edge of substrate, and had a thick-
ness of (70 ± 10) µm. This created a seal that is just over 2 mm 
between the edge device active area and the surrounding atmos-
phere. Typical epoxies similar to the one employed here have a 
water vapor transmission rate (WVTR) of 0.7–0.94 g m−2 d−1.[42]  
Alternately, a (135 ± 5) nm layer of the polymer PVP dissolved 
in methanol (see chemical structure in Figure 3e) was first 
spin-cast onto the device, after which the device was sealed 
using epoxy and glass. Here, PVP was selected as it can be 
processed from methanol, which due to its low boiling point 
(65 °C) evaporates rapidly during spin-coating, leaving very 
little time for it to interact with the PSC stack. Note that 
control experiments have shown (see Figure S2a, Supporting 
Information) that the exposure of MAPbI3 PSCs to methanol 
does not affect their electronic properties. A schematic of an 
encapsulated device is shown in Figure 1b.

We now examine the interaction between the epoxy and 
the different materials within the PSC device stack. Figure 3a 
shows comparative UV–vis absorbance spectra of a control 
MAPbI3 film on a quartz substrate, and a MAPbI3 film that 
has been encapsulated using epoxy and glass. It can be seen 
that the unencapsulated MAPbI3 control is characterized by a 
strong absorbance over the whole UV–vis region with a sharp 
band edge around 780 nm. The absorbance of the encapsulated 
MAPbI3 film is however reduced by more than a factor of 3. 
This reduced absorption is clearly indicative of undesirable 
chemical reactions between the epoxy and MAPbI3. We expect 
however that in a full PSC device stack, the perovskite layer 
would be partially protected from direct contact with the epoxy 
by the PC60BM and silver electrodes.

To explore possible interactions between the epoxy and 
the PC60BM, we have again measured changes in its rela-
tive UV–vis absorption on encapsulation. We plot the absorb-
ance spectrum of a pure PC60BM film in Figure 3b, together 
with that of an encapsulated PC60BM film. Here, the absorp-
tion of the epoxy encapsulation has been subtracted, as it is 
strongly absorbing at wavelengths < 450 nm. Again, we find 
a significant reduction in the absorption of the PC60BM film 
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Figure 2. a,b) Top-view scanning electron microscopy (SEM) images 
of MAPbI3 prior to solvent annealing and after solvent annealing. 
c,d) Cross-sectional SEM images: fresh solvent-annealed device, and a 
solvent-annealed device aged without encapsulation. e) The growth of silver 
iodide dendrites on another degraded device (as confirmed in Figure S6,  
Supporting Information) can be clearly seen. All scale bars are 2 µm.

Table 1. Solar cell performance parameters for champion devices either 
with or without solvent annealing.

Solvent anneal No solvent anneal

PCE [%] (stabilized) 17.55 (16.5) 15.31 (15.7)

JSC [mA cm−2] 20.21 17.77

Voc [V] 1.08 1.08

FF [%] 79.81 80.12
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on encapsulation, a result indicative of chemically induced 
degradation. While the exact origin of this degradation mech-
anism is unclear, we suspect that either a photoinitiator or a 
polar species within the epoxy reacts with the MAPbI3 and 
PC60BM during UV-curing, causing them to undergo decom-
position. We believe that this degradation process is unlikely to 
result from direct UV-induced photo-oxidation, as the curing 
process was performed in a nitrogen atmosphere. We found 
that a multilayer of perovskite/PC60BM still loses some absorp-
tion if encapsulated with an epoxy that had been left under 
vacuum for 48 h (Figure S3, Supporting Information). This 
suggests that it is a component of the epoxy itself (such as a 
photoinitiator) that is most likely responsible for the degrada-
tion rather than absorbed moisture within the epoxy.

To demonstrate that the PVP polymer is able to protect the 
active layers within the device from chemical species present 
in the epoxy during curing, we repeated the encapsulation 
experiments described above. Here, PVP was first coated onto 
a film of PC60BM. The results of this experiment are shown in  

Figure 3b, where it can be seen that the pres-
ence of the PVP coated onto the PC60BM 
almost completely protects it from the effects 
of the epoxy, with the absorption of the 
PC60BM being very similar in both the control 
and epoxy/PVP/PC60BM films. Figure 3c sim-
ilarly compares the absorption of a MAPbI3/
PC60BM control, together with a MAPbI3/
PC60BM/epoxy multilayer in which a PVP 
protection layer was either present or absent. 
Interestingly, we find that the absorption of 
the MAPbI3/PC60BM/epoxy multilayer is sig-
nificantly reduced compared to the MAPbI3/
PC60BM control, however the combined pres-
ence of the PVP/PC60BM layers appears to 
completely protect the MAPbI3 from dam-
aging species within the epoxy. This protec-
tion can be clearly visualized in the images 
shown in Figure 3d. Here, a bleaching of the 
MAPbI3 absorption can be seen in devices 
that did not incorporate the PVP interlayer.

We now discuss the effect of the PVP inter-
layer on device efficiency and stability. Here, 
we have measured J–V sweeps and SPOs of 
PSCs that were recorded before encapsu-
lation, after encapsulation and after 200 h 
of aging under continuous illumination in 
an Atlas Suntest CPS+ chamber.[27,43] Such 
measurements were made on non-SA and SA 
MAPbI3 devices, both with and without the 
PVP interlayer. Metrics for all devices studied 
are presented in Figure 4 and in Table 2, with 
SPO measurements for devices shown in 
Figure S4 (Supporting Information).

In Figure 4a, we present device metrics 
for non-SA devices. We find that non-SA 
PSCs that were encapsulated using PVP/
epoxy have a higher PCE (12.9 ± 1.5)% than 
devices that were either unencapsulated 
(11.6 ± 1.5)%, or encapsulated with epoxy 

alone (11.0 ± 0.9)%. This appears to result from a nonreversible 
increase in device JSC from (15.9 ± 0.2) to (17.0 ± 0.2) mA cm−2  
before and after encapsulation with PVP/epoxy, respectively. 
A similar improvement in JSC is also observed upon illumi-
nating unencapsulated PSCs with the UV-curing lamp as  
shown in Figure S2b (Supporting Information). Intriguingly, 
the JSC of PVP/epoxy encapsulated devices further increases 
on aging to an average value of (18.0 ± 0.1) mA cm−2. This is 
accompanied by an increase in average VOC from (1.05 ± 0.01) 
to (1.1 ± 0.01) V. We suspect these increases in JSC and VOC may 
originate from reduced recombination at the perovskite/trans-
port layer interfaces. This is likely due to illumination causing 
a photogenerated electric field which drives ion migration, with 
such ions reducing the density of trap state and recombination 
rates at the transport layer interfaces.[44,45] In Figure S5a (Sup-
porting Information), we plot the external quantum efficiency 
(EQE) of PSCs before and after aging where it can be seen 
that the integrated JSC increases from 17.66 to 19.78 mA cm−2. 
Figure S5a–c (Supporting Information) also demonstrates that 
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Figure 3. Absorbance spectra of various material combinations. a) Absorbance spectra 
recorded for MAPbI3 (black) and epoxy encapsulated MAPbI3 (red). b) Absorbance spectra 
for pure PC60BM (black), and PC60BM after encapsulation with epoxy (red) and with a PVP 
interlayer placed between PC60BM and epoxy (PVP/epoxy encapsulated, blue). Reference 
absorbance spectra of epoxy (pink) and PVP (purple) are also shown (note that PVP has 
negligible absorbance across all observed wavelengths). c) Absorbance spectra of MAPbI3/
PC60BM before (black) and after encapsulation with epoxy (blue) and with PVP/epoxy (orange). 
d) Photographs of completed devices using different encapsulation routines, e) the chemical 
structure of PVP, and f) the epoxy deposition process.



www.advenergymat.dewww.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801234 (5 of 11)

changes in JSC upon aging do not result from: (i) changes in the 
energetic location of the perovskite band edge, or (ii) changes 
in the morphology and distribution of grain sizes.

In devices that were encapsulated using just epoxy, we observe 
a decrease in average PCE from (11.0 ± 0.1) to (8.7 ± 0.4)% after 
aging, with this loss in efficiency occurring due to a reduction 

in FF, although this is also accompanied by an increase in JSC. 
It appears therefore that even though the active area of the PSC 
is largely protected by a silver electrode, this is not sufficient to 
prevent device degradation—a process manifested by a “flick” 
in the J–V sweep above VOC (see Figure 4d). This observation 
is generally indicative of inefficient charge extraction at one of 
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Figure 4. a,b) Box plots of all performance metrics from both forward and reverse sweeps for PSCs. Specifically, part (a) shows data for PSCs without 
solvent annealing, and part (b) shows data for solvent-annealed devices. In both cases, data are presented at various stages of encapsulation and 
after 200 h aging under 1 sun illumination. Data recorded before encapsulation are shown using black symbols, after encapsulation with epoxy 
only (red symbols), epoxy-only after aging (purple), with a PVP interlayer and epoxy (blue) and PVP/epoxy after aging (orange). The number of cell 
measurements recorded for each condition is presented in the PCE plot in parts (a) and (b). Extreme outliers, such as cells that have fully degraded 
due to encapsulation failure are not included. c–f) Representative J–V sweeps before and after encapsulation and subsequent aging. Specifically, devices 
in which no solvent anneal was used are summarized in parts (c) and (d), with solvent-annealed devices in (e) and (f). In all cases, we show data for 
devices that were either encapsulated with epoxy only, or with epoxy and PVP.

Table 2. Performance metrics for representative devices. Here, data include PVP/epoxy and epoxy-only devices that are either solvent-annealed (SA) 
or non-solvent-annealed (non-SA). Stabilized measurements were not performed before encapsulation to minimize device degradation.

PVP + epoxy Epoxy

No solvent anneal Before encapsulation After encapsulation After 200 h aging Before encapsulation After encapsulation After 200 h aging

PCE [%] (stabilized) 9.21 13.14 (12.8) 13.75 (14.1) 10.11 10.63 (10.4) 11.16 (12.4)

JSC [mA cm−2] 11.48 15.62 18.46 12.45 13.19 18.53

Voc [V] 1.03 1.05 1.12 1.02 1.03 1.11

FF [%] 78.16 79.94 66.66 78.87 77.84 54.51

Solvent anneal

PCE [%] (stabilized) 15.62 15.26 (14.7) 7.4 (7.2) 15.55 15.70 (14.7) 7.32 (7.2)

JSC [mA cm−2] 18.75 18.67 14.18 18.32 18.58 13.91

Voc [V] 1.05 1.05 0.99 1.06 1.07 1.01

FF [%] 78.67 77.63 52.79 80.38 79.31 51.95
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the interfaces (most likely the top MAPbI3-PC60BM interface). 
It is possible that the degradation of MAPbI3—even in regions 
away from the cell area—has a negative impact on the stability 
of device pixels that are largely protected by the silver contact. 
Devices that were encapsulated by PVP/epoxy appear signifi-
cantly more stable, with the PSC demonstrating no statistically 
significant change in efficiency over the testing period. Such 
results highlight the ability of the PVP interlayer to protect the 
active device layers from the epoxy and thereby resulting in 
enhanced PSC stability.

In Figure 4b, we present device metrics for devices that 
were solvent-annealed. Such devices start with an initially 
higher PCE and JSC and are also characterized by a narrower 
distribution of device metrics. Again, no hysteresis is observable 
in the J–V scans (see Figure 4e,f) and we find that there is no 
significant change in device performance upon encapsulation 
(even without the PVP interlayer). However, it appears that 
all SA devices degrade rapidly, and undergo a reduction in all 
performance metrics (most notably losing shunt resistance). 
Our measurements on non-SA PSCs described above indicate 
that the PVP/epoxy encapsulation is highly robust, and thus 
extrinsic (moisture and oxygen induced) degradation pathways 

in SA devices can most likely be excluded. We conclude 
therefore that the observed instability in encapsulated SA PSCs 
most likely has an intrinsic origin.

In Figure 5, we plot device metrics for SA and non-SA 
devices during aging over a period of up to 220 h. The PCE 
of non-SA devices that were unencapsulated is presented 
in Figure 5a. Here, it can be seen that such devices undergo 
complete degradation within around 2 h. We expect this 
process results from the use of a silver electrode, which 
has been reported to react with MAPbI3 decomposition 
products (methylammonium iodide (MAI), hydriodic acid (HI), 
or iodide (I−)).[46–48] Such degradation products initially origi-
nate from exposed perovskite grain boundaries as a result of 
reactions involving moisture and oxygen,[48] and then diffuse 
through pinholes, along grain boundaries, and through the 
PC60BM. While ion migration may initially be beneficial for 
device performance, the device performance decreases when a 
significant accumulation of ions and degradation components 
occurs at the silver electrode. Cross-sectional SEM images of 
SA PSCs without encapsulation were used to better understand 
degradation (see Figure 2c–e). It can be seen that on aging, 
we evidence the presence of localized dendrite-like structures 
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Figure 5. The effect of aging under illumination and load on device performance. The figures plot the normalized PCE (black) over time for individual 
cells. Here, data are split into non-solvent-annealed devices (left column) and solvent-annealed devices (right column). Devices are either a) without 
encapsulation, b,c) PVP encapsulated, d,e) encapsulated with epoxy only, or f,g) encapsulated with PVP/epoxy. Solid lines are used to plot data for 
individual devices that we consider to be stable, with dotted lines indicating devices that have degraded much faster than other stable devices. For each 
subplot, we present data recorded from four devices, except for the plot summarizing PVP/epoxy encapsulated devices, where data for eight devices 
are shown. h,i) Normalized device metrics (JSC: blue, Voc: red, FF: orange) over time for PVP/epoxy encapsulated devices. Here, part (h) corresponds to 
devices that were not solvent-annealed with part (i) corresponding to with solvent-annealed devices. In all cases, the plotted line represents the mean 
of device measurements with the translucent band representing the standard deviation of all cells.
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on the silver electrode surface which energy-dispersive X-ray 
(EDX) spectroscopy measurements indicate contain an excess 
of silver and halide compared to regions of the PSC that are 
less degraded (Figure S6, Supporting Information), a finding 
consistent with previous reports.[44,47,49,50]

Figure 5b plots the time-dependent PCE of non-SA PSCs 
that were encapsulated using just PVP. It can be seen that 
devices are characterized by a significant improvement in sta-
bility, with 50% of devices maintaining their initial PCE after 
100 h. The remaining devices (data plotted using dotted lines) 
undergo a rapid decline in efficiency and fail after around 100 h 
of operation. This indicates that despite PVP being soluble in 
many polar materials,[51–53] it provides some protection from 
oxygen and moisture ingress. Given the fact that PVP is hydro-
philic and has a high WVTR (>2000 g m−2 d−1 
when used in hydrogels),[53] we conclude that 
the protection it provides may result from it 
preferentially absorbing moisture that would 
otherwise migrate into the device. However 
without additional epoxy/glass encapsula-
tion, it is apparent that PVP alone does not 
act as an effective moisture barrier layer. For 
SA PSCs that were only encapsulated using 
PVP (see Figure 4c), we find that all devices 
fail after around 12 h.

Figures 4e,g and 5d,f compare the stability 
of non-SA and SA PSCs that were encapsu-
lated with epoxy and PVP/epoxy, respectively. 
We find that the yield and reproducibility 
of devices encapsulated using PVP/epoxy 
is improved compared to devices encapsu-
lated using epoxy alone. For example, from 
a total of eight SA and eight non-SA PVP/
epoxy encapsulated cells, we find that only 
one device fails out of each device set over 
the 220 h testing window. The evolution of 
average device metrics for non-SA and SA 
devices encapsulated using PVP/epoxy is 
shown in Figure 5h,i respectively. For non-SA 
devices, there is clear positive burn-in of JSC 
that occurs over the first 30 h of aging, how-
ever this is accompanied by a reduction in FF 
that results in no change in PCE during this 
time. Notably, the PVP/epoxy encapsulation 
does not prevent SA devices experiencing a 
significant negative burn of around 40% over 
the first 10 h of testing.

We have performed an extensive analysis 
of the lifetime of SA and non-SA devices 
as shown in Figure 6a. Here, we plot a 
histogram of extrapolated T80 lifetimes for 
45 SA and 82 non-SA PSCs, with devices fab-
ricated over a series of independent device 
runs. It can be seen that no SA device has a 
T80 above 200 h, while a number of non-SA 
devices have an (extrapolated) T80 lifetime of 
over 2000 h.

It is interesting to speculate on the origin 
of the more rapid degradation of SA PSCs. 

One possible explanation comes from the presence of residual 
DMF solvent within the perovskite that remains from the sol-
vent annealing treatment. Studies on perovskites cast from a 
DMF precursor solvent suggest that residual DMF can be diffi-
cult to remove as a result of its high boiling point (153 °C).[54] To 
explore whether residual solvent is left in the perovskite films, 
we have used Fourier transform infrared (FTIR) spectroscopy 
measurements to study the non-SA and SA perovskite films 
(as shown in Figure S7, Supporting Information), however we 
failed to detect even trace amounts of DMF in such films. We 
note that recent work has demonstrated a differential degrada-
tion of individual (and even adjacent) perovskite grains. Indeed, 
grains with different defect densities or stoichiometry can 
result in some grains being more stable than others.[55] It can 
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Figure 6. a) A histogram of extrapolated PSC T80 lifetime for devices containing solvent-
annealed (blue) or non-solvent-annealed (black) perovskite films. The inset highlights device 
data recorded over the first 200 h of measurement. b) Normalized PCE recorded over 1500 h for 
one device having particularly high stability. Bulb symbols represent breaks in the measurement 
due to the lamp being restarted or replaced. Calibrated current–voltage measurements (circles) 
were taken at 0 h (black), 150 h (blue), and 1500 h (red). The result of these measurements 
is shown: c) J–V sweeps and d) stabilized power outputs. Dashed and solid lines represent 
forward and reverse J–V sweeps, respectively.
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be seen in the SEM cross-section image of a SA device shown 
in Figure 2d that some grains are dark and completely degraded 
while others likely remain as MAPbI3 even after aging. We 
have also found (see Figure S6, Supporting Information) that 
there is also a large variation in the quality and uniformity of 
the silver contact after aging. We speculate that the quasi-stable 
liquid-phase environment established during solvent annealing 
increases the mobility of ions such that the larger resultant 
grains have a wider distribution of stoichiometric and ionic 
defects relative to a non-SA MAPbI3 film. Indeed, Figure 2c 
demonstrates that some grains in the fresh SA device appear 
smaller and brighter than other larger grains. This inhomoge-
neity will likely lead to an increased tendency for instability, par-
ticularly in grains having a PbI2 deficit.[55] It is also possible that 
the increased roughness of the SA MAPbI3 relative to non-SA 
MAPbI3 (from 6.5 to 19 nm, see Figure 2a,b and Figure S2, 
Supporting Information) might result in reduced device sta-
bility. Here, increased roughness of the interface between the 
MAPbI3 and the PC60BM may facilitate the diffusion of MAI, 
HI, and I− into the PC60BM and then to the silver top contact, 
resulting in enhanced device degradation.

Our previous study on the stability of PSC devices incor-
porating a PEDOT:PSS hole-extraction layer demonstrated 
that device lifetime was limited to ≈300 h. Here, we ascribed 
this instability to the presence of moisture trapped within 
the hydroscopic and acidic PEDOT:PSS.[27,29,56] The PVP/
epoxy system developed here allows us to test this hypothesis, 
and we therefore explored replacing the poly-TPD HTM with 
PEDOT:PSS. The enhanced hydrophilic nature of PEDOT:PSS 
can be evidenced from contact-angle measurements, with 
relative contact angles for PEDOT:PSS and poly-TPD being 
15.1 ± 2.1° and 60.2 ± 4.1°, respectively (see Figure S8, 
Supporting Information). We find such devices incorporating 
PEDOT:PSS undergo a rapid reduction in device metrics, with 
devices completely failing after 24 h (see Figure S9, Supporting 
Information). This result highlights a clear correlation between 
the use of hydrophobic charge extraction layers and long-term 
operational stability in PSCs.

Finally, using our encapsulation system we can explore the 
stability of non-SA MAPbI3 devices over an extended time 
period. This is shown in Figure 6b, where we follow the effi-
ciency of a device encapsulated with epoxy/PVP over a period 
of 1500 h. It can be seen that after 1000 h of testing, the device 
retained 80% of its starting efficiency, a result that was expected 
given the expected extrapolated T80 lifetimes in Figure 6a. 
After this long burn, the device efficiency stabilized, indi-
cating that its T80 lifetime after burn-in is likely to be in the 
range of 1000s of hours. Note that the device was periodically 

removed from the aging setup to record calibrated AM1.5G 
J–V measurements as shown in Figure 6c. This confirmed that 
device PCE had dropped from 13.2 to 11.9% after 1500 h of 
aging, corresponding to a burn-in of 15%. These values were 
obtained from both J–V sweeps as well as SPO measurements 
(see Figure 6d) that were recorded at the same time (see data 
summary presented in Table 3).

3. Conclusions

In summary, we have demonstrated that PVP not only acts as 
a protective interlayer to protect MAPbI3-based solar cells from 
the epoxy used to encapsulate such devices, but is also able to 
provide partial protection from moisture and oxygen. By com-
bining PVP, epoxy, and glass we develop a highly effective mul-
tilayer encapsulation system, achieving T80 lifetimes of 1000 h 
for inverted architecture MAPbI3 PSCs. We expect that such a 
solution-processable interlayer system could be integrated into a 
cheap roll-to-roll process suitable for manufacture. We highlight 
the importance of isolating PSCs from the damaging effects 
of epoxy and expect there are other materials (both polymeric 
and dielectric) that could also be used as barrier interlayers for 
PSC encapsulation, provided that the deposition of such inter-
layers does not damage the PSC. We demonstrate that these 
impressive lifetimes for inverted architecture PSCs are reliant 
on the use of a hydrophobic polymer hole transport material, 
poly-TPD, instead of the more commonly utilized hydrophilic 
PEDOT:PSS. We use this encapsulation system to explore 
the comparative stability of PSCs containing a MAPbI3 active 
layer that had been initially exposed to solvent vapor (a solvent-
annealing process) which we show increases the average size of 
the perovskite crystal grains. This annealing process results in 
an initial increase in device PCE, with the non-solvent-annealed 
control and the solvent-annealed device having a peak efficiency 
of 15.3 and 17.6%, respectively. We find however that this initial 
efficiency gain is rapidly lost over a 10 h burn-in period, with 
the efficiency of the solvent-annealed device falling below that 
of the non-solvent-annealed control. Our results indicate that 
more research is required to understand what steps may be 
required to stabilize solvent-annealed PSC and that higher effi-
ciency PSC devices do not necessarily have long-term intrinsic 
stability. Optimization of device stability should be viewed as an 
important separate task to the optimization of efficiency. With 
encapsulation equivalent to our successful multilayer sealing 
and device optimization driven to obtain stability, MAPbI3-
based PSCs can operate effectively for thousands of hours. 
Combining these developments with perovskite compositional 
advancements paves the way for stability lasting many years.

4. Experimental Section
Materials and Handling: All solvents, except those used for cleaning, 

were purchased from Sigma Aldrich in their anhydrous form and stored 
in a nitrogen-filled glove box. All dry powders were stored under vacuum. 
Dry powders were weighed out in air, with all solvents added to the dry 
powders in the glove box. All solutions were filtered with a 0.45 µm 
polytetrafluoroethylene (PTFE) filter shortly before deposition with spin-
coating performed in the glove box using a dynamic technique.
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Table 3. Performance metrics for champion PSCs recorded at three 
points during 1500 h aging (data taken from Figure 6a).

After  
encapsulation

After  
150 h aging

After  
1500 h aging

PCE [%] (stabilized) 13.21 (12.8) 14.52 (14.1) 11.98 (11.7)

JSC [mA cm−2] 17.18 17.50 16.25

Voc [V] 1.07 1.10 1.09

FF [%] 72.01 75.42 67.87
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Device Fabrication: PSCs were fabricated on 20 Ω square−1 
prepatterned ITO glass photovoltaic substrates. Substrates were first 
sonicated for 10 min in hot Hellmanex detergent solution, then placed 
in boiling deionized (DI) water, sonicated for 10 min in hot DI water, 
followed by a final 10 min sonication in IPA. Shortly before deposition 
of the hole transport layer, substrates were dried with a nitrogen gun 
and UV–ozone cleaned for 15 min. poly-TPD and F4-TCNQ were 
dissolved in toluene at 1 and 0.2 mg mL−1, respectively. The poly-TPD 
solution was heated to 80 °C to fully dissolve the solution. Following 
Wang et al.,[20] the poly-TPD was spin-coated from a hot solution 
onto a recently UV–ozone cleaned substrate at a speed of 4000 rpm 
to create a uniform ultrathin poly-TPD film. This was then annealed 
at 110 °C for 10 min before being transferred to the glove box. The 
methylamine bubbled acetonitrile MAPbI3 was made following the 
procedure described by Noel et al.[33] A 0.5 m solution composed of 
methylammonium iodide to lead iodide (99.99%) at a ratio of 1:1.06 was 
then spin-coated on the poly-TPD at 4000 rpm in the glove box.[33] The 
resulting 350–400 nm thick MAPbI3 film was then annealed at 100 °C 
for 45 min in the glove box. To solvent anneal the PSCs, the MAPbI3 
films were held at 100 °C for a further 30 min. During the first 15 min 
of this anneal, they were sealed under a glass petri dish in a solvent 
atmosphere created using 20 µL of DMF. After 15 min, the petri dish 
lid was then removed. After the ITO/poly-TPD/MAPbI3 films had cooled 
to room temperature, a 30 mg mL−1 PC60BM solution in chlorobenzene 
(which had been stirred overnight at 70 °C and then left to cool before 
deposition) was spin-coated at 3000 rpm to produce a 100 nm thick 
PC60BM layer. The substrates were annealed again for 10 min at 90 °C in 
a glove box. After the ITO/poly-TPD/MAPbI3/PC60BM films had cooled 
to room temperature an ultrathin Bphen layer was spin-coated from a 
0.5 mg mL−1 IPA solution at 6000 rpm in a glove box. Before completing 
the PSCs the entire ITO/poly-TPD/MAPbI3/PC60BM/BPhen stack was 
brought into a humidity-controlled clean room (<35% RH) and held at 
80 °C while being patterned with a DMF-coated cotton bud to swab the 
sides and edges of the substrate (see an image of the swabbed films in 
Figure 1a:v). After cooling and returning to the glove box, the patterned 
substrates were placed in a thermal evaporator and left overnight under 
a <2 × 10−6 Pa vacuum. The following day a 100 nm Ag cathode was 
thermally evaporated onto the film surface at a rate of 1 Å s−1. The final 
device layout for an encapsulated PSC is shown in Figure 1b. Here, we 
show a completed PSC device has eight cells formed by the overlap 
between Ag cathodes and ITO anode, with each cell having an active area 
of 0.04 cm2. The PSCs were taken back into the glove box and either left 
without encapsulation, or coated with 135 ± 5 nm of polyvinylpyrrolidone 
(Sigma-Aldrich) spin-coated at 6000 rpm from a 25 mg mL−1 methanol 
solution, or coated with a drop of UV-initiated one part epoxy (Ossila), 
covered with a glass encapsulation slide and cured under a UV light for 
20 min, or encapsulated with both PVP and epoxy. The encapsulation 
materials were deposited to cover the whole PSC stack. Note that the 
glass slide can usually only be removed with force (a process which 
often also results in the removal of other PSC layers), indicating that 
the epoxy makes a strong seal to the PSC, even in the presence of a PVP 
interlayer. All layer thicknesses reported here and shown in Figure 1b 
were measured using a Bruker DektakXT profilometer and confirmed 
with cross-sectional SEM as detailed below.

Device Characterization: Device performance was determined under 
ambient conditions by measuring J–V curves using a Newport 92251A-
1000 solar simulator, with devices illuminated through a 0.0256 cm2 
aperture mask. Before each set of measurements, the intensity was 
calibrated to 100 mW cm−2 using an NREL certified silicon reference cell. 
The applied bias was swept from 0.0 to +1.2 V and back again at a scan 
speed of 0.4 V s−1 using a Keithley 237 source measure unit. The Vmpp of 
each device was extracted from the J–V scans, and the stabilized power 
output was recorded by holding the devices at their Vmpp.

Lifetime Testing: Device aging was completed using an Atlas Suntest 
CPS+ with a 1500 W xenon bulb, quartz IR reducing filters, and 
internal reflectors. It was previously shown that the lamp spectrum 
approximately matches AM1.5G.[27,43] The xenon bulb in combination 
with internal reflectors produces an irradiance level of ≈100 mW cm−2. 

This bulb was replaced several times during the longest lifetime-testing 
experiments. All lifetime PCE and JSC measurements reported here 
are normalized to seven silicon photodiodes that take into account 
fluctuations in the illumination intensity. Device performance was 
determined from reverse sweep J–V measurements. Here, the applied 
bias was swept from 1.15 to 0 V at a scan speed of 0.05 V s−1 using a 
Keithley 2400 source measure unit. Devices were not swept into negative 
voltage as this was found to reduce device stability, and were held at 
open circuit between measurements, with every device being scanned 
every 15 min. The temperature of the PSCs inside the Suntest was 
(42 ± 3) °C during operation. The humidity was not controlled, but was 
found to be within the range (38 ± 6)% RH over the entire course of the 
exposure. PSCs mounted in the Suntest were not covered by an aperture 
mask during lifetime testing, and thus device metrics are normalized to 
their initial values. T80 lifetimes were extracted directly when possible or 
extrapolated using a linear fit applied to the post burn-in region.

Absorbance: UV–vis absorption measurements were performed under 
ambient conditions using a UV–vis–NIR light source (Ocean Optics – 
DH-2000-BAL), and spectrometer (Ocean Optics – HR2000+ES). All 
data reported here are presented as absorbance. Samples for absorption 
measurements were prepared on quartz-coated glass, using the same 
deposition methods as used in device fabrication. All absorbance 
measurements of films that were encapsulated have had the absorbance 
of the reference encapsulation system subtracted.

Contact Angle: A contact angle goniometer (Ossila) was used to 
determine the sessile contact angle from images of droplets of deionized 
water on poly-TPD and PEDOT:PSS.

SEM and EDX Spectroscopy: An Inspect F, FEI Helios NanoLab G3 
UC, and Nova Nano 450 were used to image the surfaces of MAPbI3 
(at 2 keV) and cross section of PSCs device stacks (at 1 keV). For top-
view samples, MAPbI3 was deposited on ITO/poly-TPD substrates. 
Further details of the mounting of samples and use of the SEM are given 
in a previous work.[17] Compositional analysis was performed using 
EDX-SEM using the Helios NanoLab at 10 keV accelerating voltage, with 
the signal measured using an Oxford Instruments EDX spectrometer 
and analyzed using AZtecEnergy spectral analysis software.

Atomic Force Microscopy: A Veeco Dimension 3100 with a nanoscope IIIA 
controller operated in tapping mode was used to characterize the surface 
topography of the non-solvent-annealed and solvent-annealed samples.

FTIR Spectroscopy: To explore whether residual solvent remained in the 
MAPbI3 films, they were deposited on quartz glass and annealed for 60 min. 
They were then solvent-annealed for 5 min with solvent volume increased 
to 100 µL. No subsequent annealing was applied in order to maximize 
the quantity of any residual solvent. Films were then removed from the 
substrate using a razor blade, with the resultant powder investigated using 
a PerkinElmer 100 attenuated total reflection-IR (ATR-IR) spectrometer.

EQE: External quantum efficiencies were measured using a white 
light source that was monochromated using a Spectral Products DK240 
monochromator that was then imaged on the PSC active area. The 
intensity of the monochromated light was determined using a calibrated 
silicon photodiode having a known spectral response. The external 
quantum efficiency was measured across two scanning ranges (380–700 
and 600–850 nm) using an Xtralien X100 (Ossila) source measure unit 
to determine the PSC photocurrent.
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