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Gas chromatography-mass spectrometry analyses
of encapsulated stable perovskite solar cells
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INTRODUCTION: Although advances in materials
and processing have led to remarkable advance-
ments in the energy conversion efficiency of
perovskite solar cells (PSCs), increasing from
3.8% to 25.2% in only 10 years, these solar cells
cannot become commercially viable unless their
underperforming durability is improved. The
instability of perovskites must be addressed if
PSCs are to compete with silicon technology,
which currently offers a 25-year performance
warranty. Previous approaches to this problem
include the use of metal oxide barrier layers and
butyl rubber sealants. Here, we report a low-
cost polymer/glass stack encapsulation scheme
that enables PSCs to pass the demanding In-
ternational Electrotechnical Commission (IEC)
61215:2016 Damp Heat and Humidity Freeze
tests. These tests help to determine whether
solar cell modules can withstand the effects of
outdoor operating conditions by exposing them
to repeated temperature cycling (-40° to 85°C)
as well as 85% relative humidity. Our airtight
encapsulation scheme prevented moisture in-
gress. It was also effective in suppressing out-
gassing of decomposition products, which limits
decomposition reactions of organic hybrid PSCs
by allowing these reactions to come to equilib-
rium. The gas compositions were verified by gas
chromatography-mass spectrometry (GC-MS).

RATIONALE: In the GC-MS technique, gas chro-
matography separates the components in a

mixture, and the chemical identity of each
component is determined with mass spec-
trometry. We could directly identify with
high specificity the decomposition products
of multi-cation perovskite precursors, of un-
encapsulated perovskite test structures, and
of encapsulated full cells at elevated tempera-
tures. The results allowed us to identify ther-
mal degradation pathways by determining the
outgassing products of mixed-cation perov-
skites during heating. We then used GC-MS
to evaluate the effectiveness of different pack-
aging techniques developed for PSCs. The
packaging schemes were a polyisobutylene
(PIB)-based polymer blanket encapsulation, a
polyolefin-based blanket encapsulation, and a
PIB edge seal. These packaging layers were
then capped by a glass cover. For the edge seal,
the decomposition gases inside the cell were
sampled with a syringe. The feasibilities of
these packaging techniques were also demon-
strated by IEC photovoltaic module standard
Damp Heat and Humidity Freeze testing.

RESULTS: Signature decomposition products
such as CH3l, CH3Br, and NH; were identified
and decomposition pathways were proposed for
CH3NH3I (MAI), HC(NH,),I (FAI), CH;NH3Br
(MABr), and mixed-cation and mixed-halide
(FAI), g5 + (MABT), 15 perovskite precursors,
including their secondary decomposition re-
actions at 350° 140° and 85°C. The GC-MS

results confirmed that the Br-containing pre-
cursor was less prone to thermal decompo-
sition than an I-containing precursor. Also,
CsFAMA cells were found to outgas one-fifth
as much decomposition product as their FAMA
counterparts, which indicated that the Cs-
containing cells had better thermal stability.
Although the decomposition of FAI is revers-
ible, the mixing of MA with FA precursors
caused decomposition products to participate
in the secondary reaction that was irreversible.
This finding confirmed the disadvantage of
mixing of MA with FA perovskite through the
reduction in chemical stability. The blanket-
encapsulated PSCs sustained no efficiency degra-
dation after 1800 hours of Damp Heat testing
or 75 cycles of Humidity Freeze testing.

CONCLUSION: GC-MS identified signature vol-
atile products of the decomposition of organic

hybrid perovskites under
thermal stress, thereby
Read the full article  informing decomposi-
at https:/dx.doi. tion pathways. The find-
org/10.1126/ ings are important for
science.aba2412 developing potential cell-
.................................................. stabilizing strategies, giv-
en that cells in the field typically experience
high operating temperatures. In addition,
results of GC-MS confirm that the low-cost
pressure-tight encapsulation we developed is
effective in suppressing such outgassing and
therefore decomposition reactions of PSCs.
This encapsulation scheme is the simplest of
all for perovskite cells to pass IEC photovoltaic
module standard tests. Our approach can be
applied to evaluating the effectiveness of other
packaging approaches, as well as testing the
effectiveness of coatings and material compo-
sitions aimed at limiting light and thermal
degradation.
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Stable perovskite solar cells exceeding the requirements of the IEC 61215 Damp Heat and Humidity Freeze tests. Unencapsulated and encapsulated
perovskite cells were analyzed by gas chromatography—-mass spectrometry, detecting signature volatile products of the organic hybrid perovskite decomposition
under thermal stress and confirming the effectiveness of the low-cost pressure-tight polymer/glass stack encapsulation schemes developed.
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SOLAR CELLS

Gas chromatography-mass spectrometry analyses of
encapsulated stable perovskite solar cells

Lei Shi'*, Martin P. Bucknall?>3, Trevor L. Young®, Meng Zhang*, Long Hu®, Jueming Bing"%”,
Da Seul Lee?, Jincheol Kim'®, Tom Wu®, Noboru Takamure®, David R. McKenzie®,
Shujuan Huang"®, Martin A. Green’, Anita W. Y. Ho-Baillie*5”*

Although perovskite solar cells have produced remarkable energy conversion efficiencies, they cannot
become commercially viable without improvements in durability. We used gas chromatography-mass
spectrometry (GC-MS) to reveal signature volatile products of the decomposition of organic

hybrid perovskites under thermal stress. In addition, we were able to use GC-MS to confirm that a
low-cost polymer/glass stack encapsulation is effective in suppressing such outgassing. Using

such an encapsulation scheme, we produced multi-cation, multi-halide perovskite solar cells
containing methylammonium that exceed the requirements of the International Electrotechnical
Commission 61215:2016 standard by surviving more than 1800 hours of the Damp Heat test and

75 cycles of the Humidity Freeze test.

etal halide perovskite solar cells (PSCs)

have undergone substantial improve-

ments in power conversion efficiency

(PCE), which has increased from 3.8%

10 25.2% in only 10 years (I-4). Coupled
with its potential for low fabrication cost (5),
PSC technology is very promising either as a
stand-alone perovskite cell or as a top cell in a
tandem device. For PSCs to be commercially
viable, however, they need to endure long-term
environmental stresses imposed by moisture
(6-12), heat (12-17), and light (17-19). Over the
years, industry and research groups have devel-
oped technologies for moisture barriers (20-24)
such as epoxy, butyl rubber, ceramic thin films,
and dyads, which can effectively isolate perov-
skite and organic solar cells from high-humidity
environments (25-29). Other strategies of vary-
ing cell design and material choice to improve
moisture and thermal stability include altering
three-dimensional (3D) perovskite composi-
tion (30-34), applying 2D perovskite material
(85-39), and using alternative electron/hole
transport materials (7, 40-43). Light stability
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is also effectively improved by some of these
methods (34, 42, 44-47).

One strategy to improve the thermal stability
of PSCs is to suppress stress-induced gaseous

deoomposﬂlon OI Hie perovsﬁte matena'ls, Wﬁlai

can be achieved by a pressure-tight coverage
or encaBsulation usigg materials such as AlZOﬁi
aluminum zinc oxide, and SnO, (48-52). Lee et al.
deposited four layers of organic/inorganic
dyads (thickness >1 um) by initiated chemical
vapor deposition and atomic layer deposition
(ALD) onto (FAPbI3)( g7(MAPDbBr3)0 13 PSCs
[FA = formamidinium; MA = methylammo-
nium (CH;NH,)], which maintained 95% of
their initial efficiency after 300 hours of storage
in the dark at 50°C and 50% relative humidity
(RH) (50). Bush et al. used an ALD SnO,/zinc
tin oxide bilayer and a sputtered indium tin
oxide (ITO) layer as the barrier and contact
layer, respectively; a Csg17,FAq.83Pb(Io.83Bro17)3
cell, when encapsulated by glass/ethylene vinyl
acetate (EVA)/glass and edge-sealed by butyl
rubber, endured 1000 hours at 85°C and 85%
RH (46). This was the first PSC reported to pass
the International Electrotechnical Commis-
sion (IEC) 61215:2016 Damp Heat test. In their
work, cesium-formamidinium (Cs-FA) was used
as the mixed cation because of its thermal
stability (32). However, a mixed-cation PSC
able to pass this test would be more desirable
if it contained MA because it offers higher
flexibility for composition engineering and
because MA-containing mixed-cation PSCs have
higher performance potential (53). Boyd et al.
managed to stabilize MAPbI; PSCs by using a
similar SnO,/ITO barrier layer where ITO not
only covers the PSC but “wraps around” the
cell, such that the barrier stack covers the
perovskite edges to inhibit the escape of vola-
tile species from decomposed MAPbI; perov-

skite. As a result, cells were stable at 85°C for
1000 hours in inert atmosphere without any
additional encapsulation (49). These barrier
layers, however, require vacuum processes and
their deposition conditions must be tuned
such that they do not affect the performance of
the PSC; such factors inevitably increase the
fabrication cost.

In terms of characterizing heat-induced mass
loss from MAPbDI,, thermal gravimetric analy-
sis (TGA) has shown that MAPbI; reversibly
decomposes to methylamine (CH3;NH,) and
hydrogen iodide (HI), leaving Pbl, as the solid
remnant (54, 55). Coupling thermal analysis
with Fourier transform infrared spectros-
copy (FTIR), Williams et al. showed that MAI
(CH3NH_;I) does not release gaseous products
until 240°C (56). No methylamine (CH3NH,)
was detected, but CH3;I and NH; were found
(56, 57). Given that their samples were perov-
skite precursor solutions, the findings were con-
voluted with the dimethylformamide (DMF)
solvent signals. Juarez-Perez et al. used TGA-
mass spectrometry (MS) to investigate the mass
loss of solvent-free MAPDI; single crystals and
determined that the gaseous products released
are a mixture of CH;NH,, HI, CH3l, and NH;
(58). They also (59) found that MAPbI; and
MAPDBr; thin films started thermal decom-
position within an hour of annealing in high
vacuum (~107° torr) at typical solar cell opera-
tion temperatures (40° to 60°C). However,
the possible presence of DMF solvent residue
might have interfered with the results, as its
mass spectrum overlaps with those of some of
the decomposition products. It is challenging
for FTIR and MS to unambiguously identify
unknown compounds or multiple known com-
pounds in a mixture (e.g., perovskites with en-
capsulants) that are detected simultaneously.
By contrast, for TGA, the mass loss that led to
the cell efficiency drop could be well below the
detection limit because perovskite decompo-
sition can start at surfaces or interfaces and
proceeds in a layer-by-layer manner (60). More
recently, Juarez-Perez et al. used microwave
rotational spectroscopy to unambiguously
detect CH3I and CH3NH, from MAPDI; de-
composition at 280°C (61), identifying more
than one decomposition pathway. However,
HI and NHj3 could not be detected by their
spectroscopy setup because the lowest tran-
sitions for these two species were beyond the
upper frequency limit.

Although much of the reported PSC stability
research was conducted at 85°C (table S1),
photovoltaic modules in real-world outdoor
conditions must be able to withstand a com-
bination of moisture ingress and temperature
extremes. The TEC 61215:2016 Damp Heat,
Thermal Cycling, and Humidity Freeze tests
(62) (Table 1) are among the standard accelerated
tests specified for commercial modules. Such
modules must survive these tests with less than
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Table 1. Specifications of the three IEC 61215:2016 tests.

Test Conditions Min. Tgs
Damp Heat 85°C, 85% RH 1000 hours
Thermal Cycling -40°C (15 min dwell) to 85°C (15 min dwell) 200 cycles

Ramp rate of 100°C/hour
Humidity Freeze 50 rounds of Thermal Cycling as prerequisite, 10 cycles

followed by —40°C (30 min dwell) to 85°C,
85% RH (20 hours dwell)

Ramp rate of 100°C/hour for 0°C <> 85°C
Ramp rate of 200°C/hour for 0°C < -40°C

Cover Glass

Cover Glass

Fig. 1. Solar cells for IEC 61215:2016 Damp Heat and Thermal Cycling tests. (A) “Rear” or metal-side
view of PSC before packaging (red square denotes the active area). (B to D) “Front” view (from the superstrate
side) of PSC after PIB-based blanket encapsulation (B), PO-based blanket encapsulation (C), and PIB edge
seal (D). (E and F) lllustrations of the cross sections of the respective encapsulation schemes (not to scale).

5% relative loss in efficiency. The Humidity
Freeze test, a combination of Damp Heat
and Thermal Cycling, therefore exerts the
harshest stress on solar cells and their en-
capsulation. For example, ingressed moisture
inside the encapsulation will solidify during
freezing and subsequently delaminate the en-
capsulant. Temperature cycling can promote
the decomposition of perovskites (58), which
itself can accelerate the decomposition reac-
tion. Therefore, weakness in the encapsulation
or instability in the perovskite material, if
they exist, will most likely be revealed by the
Humidity Freeze test.

Previously, we reported a low-cost and ef-
fective polyisobutylene (PIB)-based polymeric
“blanket-cover” encapsulation scheme for pla-
nar FAPDbI; cells passing the IEC 61215:2016
Thermal Cycling test (200 cycles of oscillation

Shi et al., Science 368, eaba2412 (2020) 19 June 2020

between -40° and 85°C) that survived 500 hours
in Damp Heat without degradation (25). We
found that the edge-seal packaging scheme is
less effective than the blanket-cover approach
and hypothesized that the success of the latter
is due to its ability to suppress the outgassing
of volatile decomposition products. Here, we
developed an improved packaging sequence
and applied it to Csp05I'A0.sMAg15Pb(To.85Br015)3
and FAg gsMAg 15Pb(I 85B10 15)s. The resulting
MA-containing perovskite cells were able to pass
the TEC6 1215:2016 Damp Heat and Humidity
Freeze tests.

Additionally, we used gas chromatography-
mass spectrometry (GC-MS) to directly iden-
tify with high specificity the decomposition
products of perovskite precursors, unencapsulated
and encapsulated perovskite test structures,
and full cells at elevated temperature. The find-

ings confirm the outgassing behavior of multi-
cation mixed halide perovskites and identify
thermal degradation pathways. We then used
GC-MS to quantitatively confirm the effective-
ness of the polymer blanket cover in conjunc-
tion with glass in suppressing such outgassing.
This encapsulation scheme demonstrates the
feasibility of developing a simple, low-cost pack-
aging technique for stable perovskite cells.

PIB encapsulated and edge-sealed cells

The solar cell structure used was FTO/c-
TiO,/mp-TiO,/perovskite/PTAA/Au (FTO =
fluorine-doped tin oxide; c-TiO, = compact TiOs;
mp-TiO, = mesoporous TiO,; PTAA = poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine]) (Fig. 1,
E and F). The composition of the perovskite
layer was either Cs¢,05FA¢ sMAg.15Pb(o.85Br0.15)s
(i.e., CSFAMA) or FAg s5MAg 15Pb(Lo 85Bro.15)3
(i.e., FAMA).

Figure 1A shows the view from the “rear”
or Au side of cell before packaging; Fig. 1, B
to D, shows the “front” of the cell (viewing from
the superstrate side) after PIB-based polymer
(PVS 101) blanket encapsulation, polyolefin
(PO)-based polymer blanket encapsulation,
and PIB edge seal, respectively. Figure 1, E and
F, illustrates the cross sections of the respective
encapsulation schemes. Note that the PO used
in this work is slightly narrower than the PIB
used. The effect of the width of the polymer
tape on cell durability is discussed below.

PCE was maintained after encapsulation
(table S4). The packaged devices were then
subjected to the IEC Damp Heat and Humid-
ity Freeze tests (as specified in Table 1) in an
environmental chamber (fig. S2B). The cells’
PCEs were measured ex situ at regular inter-
vals. Results are plotted in Fig. 2 and sum-
marized in Table 2.

Regarding cells that underwent the Damp
Heat test, PIB-based blanket-encapsulated cells
sustained no degradation after 1800 hours,
far exceeding the requirement specified by
the IEC 61215:2016 standard (1000 hours). The
short-circuit current density (Jgc) and open
circuit voltage (Vo) remained reasonably sta-
ble throughout the test, whereas the fill fac-
tor (FF) increased by more than 10% relative
(fig. S3, A to C). Negligible change in the x-ray
diffraction pattern of the CSFAMA perovskite
film was observed after 1800 hours of Damp
Heat (fig. S3D). On the other hand, PCEs of
PIB edge-sealed cells degraded by 30% in the
first 200 hours, which is consistent with the
observations of edge-sealed FAPbI; devices
in our previous work (25). We believe that
such a degradation is due to heat-induced
decomposition rather than moisture ingress
(see below).

Regarding cells that underwent the Humid-
ity Freeze test, PIB-based blanket-encapsulated
cells also passed the IEC 61215:2016 test; in
particular, the CsSFAMA cells experienced no
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Fig. 2. Results of the IEC 61215:2016 tests demonstrating the effectiveness of packaging schemes.
(A and B) PCE evolution of PIB-encapsulated or edge-sealed PSCs (A) and PO-encapsulated PSCs (B) during

Damp Heat (DH) and Humidity Freeze (HF) tests. The

dashed lines denote 5% relative PCE loss, which

is the maximum allowed by the IEC standard after 1000 hours of Damp Heat or 10 cycles of Humidity Freeze.
Error bars denote SD. See Table 2 for absorber composition, quantity, and result summary.

Table 2. Summary of results of Damp Heat and Thermal Cycling tests for PSCs edge-sealed

or encapsulated using three different methods.

Test Encapsulation No. of samples  Perovskite Tos Result

Damp Heat PIB wide blanket 3 CsFAMA >1800 hours  Pass
PO narrow blanket 3 CsFAMA >564 hours Fail
PIB edge seal 4 CsFAMA <100 hours Fail

Humidity Freeze  PIB wide blanket 4 CsFAMA >75 cycles Pass
PIB wide blanket 2 FAMA 10 cycles Pass
PO narrow blanket 4 CsFAMA >30 cycles Pass
PO narrow blanket 3 FAMA 10 cycles Pass
PIB edge seal 4 CsFAMA x 2, <<10 cycles  Falil

FAMA x 2

degradation after 75 Humidity Freeze cycles,
which is 7.5 times the number required by
the IEC 61215:2016 standard. Their Jgc, Voo,
and FF values were also stable throughout the
test (fig. S3, A to C). Interestingly, FAMA cells
also passed the 10 cycles required for such
tests (taking into account the 50 prerequisite
rounds of Thermal Cycling), with average PCE
dropping by only 5% after the test. Similar to
the Damp Heat test result, PIB edge-sealed
PSCs failed the Humidity Freeze test, suffer-
ing 30% PCE degradation after 10 Humidity
Freeze cycles.

PO encapsulated cells

As edge sealing is the less ideal packaging
method, only the blanket approach was tested
for PO-encapsulated PSCs. However, the width
of the PO tape available from the supplier is
narrower than that of the PIB tape. Although
the PCEs of PO-encapsulated PSCs increased
initially during the Damp Heat test, they
decreased after 600 hours. Both Jgc and FF
contributed to PCE loss (fig. S4, A and C). The
decomposition of the perovskite layer induced
by the gradual moisture ingress can be seen in
fig. S5A; the absorber layer area diminishes
from the edges toward the center, revealing the

Shi et al., Science 368, eaba2412 (2020) 19 June 2020

underlying gold after 800 hours of Humidity
Freeze. This is due to the smaller size of the
available PO tape that covered only 2 mm of
edge margin at the narrowest part, resulting
in weaker performance than for the wider PIB
tape, which covered the entire edge margin
(5 to 6 mm). Wider PO coverage may allow
PSCs to sustain the 1000 hours required for
the Damp Heat test. The slight increase in V¢
(fig. S4B) is due to the slight bandgap increase
of the perovskite evidenced by the slight blue
shift of the photoluminescence peak (fig. S5B),
owing to the possible halide segregation induced
by heat and moisture ingress.
PO-encapsulated CsFAMA cells sustained no
degradation after 30 cycles of the Humidity
Freeze test, again exceeding the IEC 61215:2016
standard. In addition, their PCEs increased by
10 to 20% relative. No moisture ingress was
visible in these PSCs after 30 cycles of Humidity
Freeze. Figure S4 shows that the Jsc and Vi of
the cells remained stable and that FF improved
by more than 20% relative, which contributed
to the observed PCE increase. Without Cs in
the perovskite, FAMA cells survived only 10
Humidity Freeze cycles with an average PCE
drop of 5%, although they still met the IEC
61215:2016 requirement. The better stability

provided by Cs has been verified by GC-MS
(see below). Nonetheless, we can conclude that
the PO encapsulant is robust in terms of its
ability to withstand extreme thermal cycles.

Overall, the excellent stability of the encap-
sulated PSCs reported here is attributed to the
pressure-tight environment provided by the
polymer/glass packaging, which effectively sup-
pressed outgassing and thermal decomposition
of the PSCs during the accelerated lifetime
testing. Both hypotheses are verified by the
following GC-MS experiments.

Gas chromatography-mass spectrometry
analysis

Automated headspace GC-MS analyses (fig.
S6) were carried out on three types of samples
in this work: organic perovskite precursor
powders, unencapsulated test structures, and
encapsulated test cells.

Organic perovskite precursor powders

The organic perovskite precursors MAI, FAI,
MABr, and (FAI)q g5 + (MABr), 15 in powder
form were analyzed with the aim of identify-
ing their major decomposition products. This
is because organic components of the perov-
skites have been reported to be the source of
volatile products (17, 57-59, 63, 64). They were
sealed in vials and subsequently annealed on a
hotplate at three different conditions: 350°C
for 15 min, 140°C for 10 hours, and 85°C for
100 hours (58, 64,).

Figure 3 summarizes the peak areas of the
chromatograms for the annealed precursor ma-
terials. After annealing, CH;I, HCN, and CH3Br
were found to be the major decomposition
products from CH3;NHgI (MAI), HC(NH,),I
(FAI), and CH3NH3Br (MABr), respectively (Fig.
3A), as evidenced by the chromatograms ob-
tained and shown in fig. S7, A to C, refer-
encing the mass spectra in fig. S8, A to C. In
addition, NH3 was detected in all precursor
materials tested (Fig. 3 and fig. S7E). These
findings are in agreement with reports of the
same decomposition products in the litera-
ture (57, 59, 64). Decomposition reactions of
MALI, FAI, and MABr are shown in Egs. 1 to 3,
respectively, according to results from GC-MS.
Other reactions, as shown in Egs. 4a and 4b,
have also been reported to be the decompo-
sition pathways (although reversible) for MAI
and MABT, respectively (61, 63). However, our
results suggest that the CH3;NH, is merely an
intermediate product of MA decomposition,
as the detected amount was negligible (figs.
S7F and S8D) relative to other major decom-
position products.

CH;NH;I(s) > CHzI(g)+NHs(g) (1)

HC(NH, ),1(s) < HCN(g)+NH; (g)+HI(g)
2)
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Fig. 3. Signature decomposition products of dry perovskite precursor powders. (A to C) GC-MS peaks of products after annealing at (A) 350°C for 15 min, (B)

140°C for 10 hours, and (C) 85°C for 100 hours.

CH;NH;Br(s) = CH;Br(g)+NH;(g)  (3)

CH;NH;1(s) < CH;NH, (g)+HI(g) (4a)

CH3NH;Br(s) & CH;NH, (g)+HBr(g) (4b)

For the perovskite precursor FAI annealed at
lower temperatures (140°C and 85°C), H3C3N3
instead of HCN was found to be the major
decomposition product (Fig. 3, B and C, and
figs. SO and S10). Regarding high-temperature
(350°C) annealing of the precursor (FAI)q g5 +
(MABTr), 15, the decomposed products of HCN,
CH3Br, and NH; detected (Fig. 3A) were ex-
pected from the FAI and MABr mixture in
85:15 molar ratio (fig. S7D). However, we also
detected CH3I (Fig. 3A), which is typically a
product of MAI decomposition. This could
come from the decomposition of a solid so-
lution of FA0‘85MA0_1510_85BI'0.15 formed by
annealing (FAI)( g5 + (MABr), 15 at high tem-
peratures (see photos in fig. S11A). This
appears to be the case for the 140°C-annealed
precursor mixture (fig. S11B) as well, which
may be eutectic, given that the melting points
of FAI and MABr powders are 242°C and
296°C, respectively.

CH;I was still detected from (FAI)q g5 +
(MABr), 15 annealed at the much lower tem-
perature of 85°C (Fig. 3C), despite the lack of
solid FA g5sMAg 1510.85Bro.15 solution formed
(fig. S11C). Apparently, this CH3I was mostly
produced by the reaction between the CH;NH,
and HI as described by Eq. 5 (63), where
CH3NH, comes from MABTr (65) (Eq. 4b) and
HI comes from FAI (Eq. 2):

A
+ HI(g)[Eq.2] — CH3I(g)+NHs(g) (5)
CH3CN (acetonitrile) (figs. S7, D and H, SS8E,
and S9A) is also a product of the decomposi-

tion of 350°C- and 140°C-annealed (FAI)q g5 +
(MABr), 15 detected by the QPlot method. It is

believed that CH3CN is the product of HCN
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(from FAI; Eq. 2) reacting with CH3;X (from
MA-containing precursors; Eq. 1, 3, or 5) through
a secondary reaction (Eq. 6):

HCN(g)[Eq. 2] + CH;X(g)[Eq. 1,3, or 5|—
CH;CN(g)+HX(g),X =IorBr  (6)

The secondary reactions that consume CH;NH,
[Eq. 4, which is kinetically favorable (63)]
and HCN [Eq. 6, which has a negative Gibbs
free energy change (-45.3 kJ/mol at 350°C and
-46.9 kJ/mol at 140°C) (66, 67)] explain why
the CH3Br and HCN peaks (purple histo-
grams) from (FAI), g5 + (MABr), 15 annealed
at 350°C were disproportionally lower than
the CH3Br peak from pure MABr (yellow his-
tograms) and the HCN peak from pure FAI
(red histogram) (Fig. 3A). Another signature
FA-related decomposition product is H3C5N;
(sym-triazine) (Eq. 7):

3HC(NH,),1(s) >
H3C3N3(g)+3NH;(g)+3HI(g)  (7)

In addition to H3C;N3, other FA-related decom-
position products include H,C3;N, and CHO
(NH,) (formamide) detected by the Amine
method (figs. S7G, S8, I to K, S9C, and S10A).
H,C;N,, detected from the 350°C-annealed pre-
cursor could be the product of a reaction be-
tween H5C3N; and NH; at high temperature.
CH(N,Hj3) (formamidine), as reported in (64),
was not directly detected here, but CHO(NH,),
possibly in its oxidized form, was detected,
although the source of oxygen is yet to be
ascertained.

Another minor product, CH;(NH)CHO (meth-
ylformamide), was detected specifically from
(FAT)o g5 + (MABr), 15 (figs. S7G, S8L, S9C, and
S10C). This could be formed by CHO(NH,) re-
acting with CH;l, with HI also being a product.
Alternatively, CH3(NH)CHO could be formed
by CHO(NHS,) reacting with CH;NH,, with NH;
also being a product (68). Methylformamide,
more so than CH3CN, is an interaction product
of low temperature-annealed MA and FA mixed
powders (fig. S1I0A).

HI could be detected by the Amine method
(fig. S9C) and more reliably by the direct MS
analysis method from annealed MAI, FAI, and
(FAI)o g5 + (MABr)g 15 (fig. S12), as predicted by
Egs. 2 and 4a. Likewise, HBr could be detected
by the direct MS analysis method from an-
nealed MABr (fig. S13), as predicted by Eq. 3.

For 350°C- and 140°C-annealed precursors,
the amount of NH; produced was similar from
all precursors except MABr, which suggests that
MABE is less prone to thermal decomposition.
This is because Br™ is a stronger conjugated
base of hydrogen halide than I" (67) and has
a much higher oxidation potential (69), thus
favoring the CH;NH,/HBr decomposition path-
way (Eqg. 4b) over the detrimental CH;Br/NHjz
route (Eq. 3).

From low temperature-annealed MAI and
MABTr, no NH; was detected, possibly because
of the reaction between CH;X (X = I or Br) and
NH; at low temperature producing ammonia
salt, as reported in (61). The lack of contribution
from MABr to mixed (FAI)p g5 + (MABr)y 15 in
terms of NH3 product explains the almost
identical NH; peaks from pure FAI and mixed
(FAT)og5 + (MABI)o 15 (Fig. 30).

GC-MS experiments were also performed on
CsI and (CsI)g 5 + (FAI)gg + (MABI)( 15 POW-
ders. The chromatograms (fig. S7H) were sim-
ilar to those of mixed FAMA precursors without
Cs, which suggests no outgassing from CsI
(fig. S7I).

These findings illustrate that the mixing of
MA with FA perovskite reduces stability, pro-
ducing decomposition products that otherwise
would not be predicted in FA-only perovskites.
Although the decomposition of FAI as repre-
sented by Eq. 2 is reversible (64), when FAI is
mixed with MA-containing precursors, the
decomposition products participate in the
secondary reaction (e.g., Eq. 5), which is ir-
reversible (61).

Figure 4 shows the types of unencapsulated
test structures and encapsulated test cells
analyzed in this work, each designated with a
label with prefix “Con.” For the GC-MS analy-
ses, these samples were sealed in the vials and

4 of 7

020z ‘Z Ainc uo /Bio°Bewadualds adualds//:dny woly papeojumoq


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

annealed at 85°C for 100 hours to encourage
outgassing before GC-MS measurements.

Unencapsulated test structures

Figure 5A compares the GC results of 85°C-
annealed unencapsulated test structures Con. 1
(FAMA/PTAA), Con. 2 (PTAA), and Con. 3
(FAMA), all of which were fabricated on FTO/

Fig. 4. Unencapsulated Con. 1
test structures and
encapsulated test cells
for GC-MS measurement
(not to scale). A syringe
is used for the “Con. 1/
PIB-E/glass” structure for
manual gas sampling.
“Pero” is either
Cs0.05FA0gMAg 15Pb
(lo.gsBro.s)3 or
FA0gsMAq15Pb(lo.g5Bro5)s.

Control structures

Glass

Au

¢-TiO,/mp-TiO, glass substrate and covered by
Au. After 100 hours, no outgassing could be
detected from PTAA thin film (Con. 2) by either
the Amine method (Fig. 5A, orange curve) or the
QPlot method (fig. S14). This is an encouraging
demonstration of the good stability of PTAA.

Similar to the results for 85°C-annealed
mixed perovskite precursor powders, the sig-
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Fig. 5. Signature decomposition products of unencapsulated test structures and encapsulated test
cells. (A) GC chromatograms for unencapsulated test structures Con. 3 (FAMA), Con. 2 (PTAA), and Con.
1 (FAMA/PTAA) annealed for 100 hours at 85°C. (B to D) SIM chromatographic peak areas of the
signature decomposition products of CHsl (B), CH3Br (C), and NH3 (D) for PSCs with or without packaging,

annealed for 100 hours at 85°C.
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nature decomposition products CH;I (Fig. 5B),
CH3Br (Fig. 5C), and NHj (Fig. 5D) could be
detected in unencapsulated Con. 1 test cells
using single ion monitoring (SIM) mode by
either method. CHO(NH,), CH3(NH)CHO (fig.
S15F), and a small amount of CH;NH, (inter-
mediate decomposition product) were also de-
tected (see fig. S15G). HCN and H3C3N3 were
not detected; the absence of HCN as a decom-
position product of unencapsulated cells annealed
at low temperature agrees with results reported
by Ma et al. (57), who observed HCN release
only at temperatures above 285°C and 350°C
for FAI and FAPbI, respectively.

More important, CSFAMA cells outgassed
one-fifth as much decomposition product (com-
pare the orange and blue histograms for Con.
1 samples in Fig. 5, B to D) as their FAMA
counterparts, indicating better thermal stabil-
ity of Cs-containing cells.

Encapsulated test cells

In encapsulated cells, the intensities of CHsl
(Fig. 5B), CH3Br (Fig. 5C), and NH; (Fig. 5D) de-
composition products were reduced. In addition,
CH3NH,, HI, CHO(NH,), and CH3(NH)CHO
could not be detected (fig. S15). PO (Con. 1/PO)
was more effective than PIB (Con. 1/PIB) in sup-
pressing CH3l and CHBr outgassing, especially
for FAMA cells. Although PO in itself was more
permeable to NH; than PIB (probably due to
the better absorption of NH; by PIB during the
test), the application of cover glass eliminated
NH; outgassing in any case (Fig. 5D).

For edge-sealed PSCs, a syringe was used to
sample the gas within the cavity between the
PSC and the cover glass to look for the major
decomposition products. This is a nonintrusive
way to analyze chemical decomposition pro-
cesses without having to disassemble the pack-
aged PSC. Relative to unencapsulated cells, the
amounts of CH3;Br and CH;l detected from
edge-sealed cells were also reduced (Fig. 5,
B and C, and fig. S15, A and B), showing the
effectiveness of the edge sealing.

C;Hg was detected from encapsulated struc-
tures only (fig. S15, A and B); this C3Hj is believed
to originate from PIB- or PO-based polymer
outgassing and is particularly prominent in
manually sampled GC (because of direct con-
tact between PIB and the syringe during manual
sampling). Most important, CsHg was success-
fully distinguished from other perovskite-related
signals with similar MS patterns, such as CH5CN,
owing to the high specificity of GC-MS.

The application of cover glass on encap-
sulated cells successfully suppressed CH;Br and
NH; outgassing for either CSFAMA or FAMA
cells using any type of encapsulation: blanket
or edge-sealed CsFAMA using either PIB or PO.
It can be concluded that neither PO nor PIB
can completely suppress perovskite outgassing
without the use of cover glass. Nonetheless,
the polymers function effectively as moisture
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barriers and as strong adhesives between the
PSC and the cover glass. They also have low
elastic modulus (0.5 MPa for PIB; 20 MPa for
PO) (70) and therefore maintain the encap-
sulation integrity during the harsh conditions
simulated by the Humidity Freeze test (7).
The polymer/glass blanket encapsulation is
an effective scheme providing a pressure-tight
environment for the PSC. This causes any
decomposition reaction to reach equilibrium
quickly before damage occurs to the PSC, as
described by Eq. 8. AG is the free energy
change during the decomposition reaction,
AG® is the free energy change when the re-
actants and products are in their standard
states, and Q is the ratio of the product con-
centration to the reactant concentration. As
the concentration of products increases in a
pressure-tight environment, @ increases and
AG tends toward zero, indicating that the
reaction reaches equilibrium. The variation of
the temperature could even drive AG to posi-
tive (i.e., unspontaneous) reaction. Sealing the
PSC in a pressure-tight environment effectively
suppresses the decomposition reaction even
when it is not fully reversible, as is the case for
MA or FA/MA mixed multi-cation perovskites.

AG = AG° +RTInQ (8)

Finally, preliminary evaluation of the blanket
encapsulation (PIB and PO) scheme by maxi-
mum power point tracking (MPPT) with the
purpose of evaluating the temperature threshold
under constant illumination was carried out on
CsFAMA PSCs. The results (fig. S16) show that
blanket-encapsulated cells are more stable than
edge-sealed cells. Temperatures above 35°C trig-
ger degradations. It is expected that cells with
architectures that are less sensitive to ultra-
violet light will have better stability.

Conclusion

Our work shows that organic-inorganic PSCs
encapsulated with simple and low-cost poly-
isobutylene- or polyolefin-based polymer-glass
combinations have excellent durability exceeding
the requirements of the IEC 61215:2016 Damp
Heat and Humidity Freeze tests. These results
are especially noteworthy because the PSCs
used in this study contain MA cations, which
are known to have lower thermal stability. Yet
these cells survived the Humidity Freeze test,
which exerts the harshest humidity and ther-
mal stress. Using GC-MS, we have identified
the decomposition products of single, mixed-
cation, and mixed-halide perovskite precursor
materials as well as completed PSCs with high
specificity. On the basis of the identified signa-
ture decomposition products such as CH;l,
CH3Br, and NHj3, we propose decomposition
pathways for MAI, FAI, MABr, mixed-cation,
and mixed-halide perovskite precursors includ-

ing their secondary decomposition reactions.
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We then found that although decomposition
pathways are similar for complete PSCs, de-
composition is effectively suppressed by the use
of polymer-glass blanket encapsulation, which
is a hermetic encapsulation scheme creating
a pressure-tight environment and preventing
the escape of decomposition products. The devel-
opments in this work contributes valuable
knowledge and advances for stabilizing PSCs,
increasing their commercialization prospects.

Methods summary

Details of materials and processes for PSC
fabrication, packaging, and characterization
can be found in the supplementary materials.

Similar to previous reports, electrical feed-
through was achieved without the use of metal
but instead via the FTO layer, ensuring her-
meticity (25). However, additional edge clean-
ing steps were applied in this work to ensure
good adhesion between the encapsulant and
the c-TiO, layer.

Automated headspace GC-MS analysis (fig. S6)
was performed to investigate the temperature-
induced decomposition of PSCs and the effective-
ness of different packaging schemes. A sample
under analysis was first sealed in a glass vial
inside a N,-filled glovebox before being an-
nealed to generate gaseous substances from
the thermal decomposition of the sample in-
side the vial. After cooling to room temperature,
the gas inside the vial was sampled and injected
onto the column by the automated headspace
GC-MS system. In addition to normal mass-to-
charge ratio (7m/2) scan mass spectra, SIM was
used as a supplementary technique to quantify
weaker signals (e.g., for encapsulated cells with
very low amounts of CH3I, HCN, CH3Br, and
NH; outgassing). The intensity of each peak
was quantified by the peak area using the soft-
ware. Two columns, a Restek QPLOT column
(QPlot method) and a base-deactivated Restek
VolatileAmine column (Amine method), were
used for GC-MS analysis in this work with dif-
ferent levels of sensitivity. To further improve
the specificity of GC-MS results, the identifi-
cation of key decomposition products was
verified by GC-MS measurement of the same
standard gas samples (fig. S17, A to D). We
used direct MS analysis to detect the highly
reactive HI and HBr gases (fig. S17E); these
gases could not be reliably detected by GS-MS
because of their reaction with the stationary
phase of the columns (72). More details of the
GC-MS methods can be found in the supple-
mentary materials.
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Gas chromatography—-mass spectrometry analyses of encapsulated stable perovskite solar
cells
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Perovskite decomposition in detail

Solar cells are subject to heating when operating in sunlight, and the organic components of hybrid perovskite
solar cells, especially the commonly used methylammonium cation, can undergo thermal decomposition. Encapsulation
can limit decomposition by bringing such reactions to equilibrium and can prevent exposure to damaging ambient
moisture. Shi et al. examined several encapsulation schemes for perovskite films and devices by probing volatile
products with gas chromatography—-mass spectrometry (see the Perspective by Juarez-Perez and Haro). Pressure-tight
polymer/glass stack encapsulation was effective in suppressing gas transfer and allowed solar cells containing
methylammonium to pass harsh moisture and thermal cycling tests.

Science, this issue p. eaba2412; see also p. 1309
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