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ABSTRACT: This paper describes the efficacy of barrier films coated with
single- and multi-layer graphene in preventing degradation of perovskite films
in air. Despite the impermeability of graphene to small species such as water
and oxygen, the presence of numerous grain boundaries and defects in
chemical vapor deposition (CVD)-grown graphene monolayer films can
present pathways for permeation. However, the availability of these pathways
can in principle be reduced by stacking multiple layers of graphene on top of
each other. The barrier material considered here consists of the semi-
permeable polymer parylene laminated with either 0, 1, 2, or 3 monolayers of
graphene. These composite films are used to encapsulate triple cation
perovskite films, which are then subjected to a degradation test under damp
heat. We find that a monolayer of graphene confers a 15-fold reduction in
degradation compared to the parylene films with no graphene and that three-
layer graphene can yield a further 2× reduction in degradation. Although all of our films encapsulated with graphene/parylene
exhibited substantial degradation compared to films encapsulated in glass with polyisobutylene edge seals, our results nonetheless
reinforce the utility of graphene barriers for less demanding applications, including lightweight or flexible perovskite solar cells with
shorter anticipated lifetimes.
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1. INTRODUCTION

The stability of perovskite solar cells (PSCs) remains one of
the major challenges on the path of their commercialization
and deployment.1 While the record efficiencies of PSCs
continue to rise,2,3 their sensitivity to environmental factors
such as moisture,4,5 oxygen,6 temperature,7 and light8,9 limit
their economic and practical viability. To address these
concerns, researchers have undertaken several lines of inquiry
to extend the lifetimes of PSCs. These areas of research focus
fall broadly into three categories: (1) the development of new
perovskite compositions with greater intrinsic stability (e.g.,
mixed cation and/or halides);10−13 (2) the optimization of
interfaces within devices, so as to minimize defects and
vacancies;4,6,14,15 and (3) the encapsulation of devices to slow
the ingress of moisture and oxygen.16−20 Our work here
focuses predominantly on the third of these research thrusts.
To measure the stability against these stressors, researchers

often use accelerated degradation studies in which materials or
whole devices are subjected to extreme conditions that
simulate long-term degradation. Recently, the research
community has attempted to standardize testing protocols to
aid in the comparison of stability measured in different
laboratories.21 For example, the vulnerability of perovskites to
heat, moisture, and oxygen can be simultaneously evaluated

using “damp heat testing,” in which devices or films are
subjected to high temperatures and humidity to rapidly
simulate the effects of long-term degradation.4−6,22,23 These
accelerated testing conditions have proven to be a challenging
stability threshold for perovskite photovoltaics to overcome
due to their intrinsic sensitivity to oxygen and water.5,16,24−26

One obstacle in devising scalable encapsulation schemes for
PSC is that typical materials used for encapsulation of solar
cells or other semiconductorstypically ethylene vinyl acetate
or other polyolefinsrequire processing temperatures often
∼150 °C.27,28 In PSCs, however, such temperatures can
destabilize the perovskite absorber, the hole-transport layer
(HTL), or both.29,30 As a result, PSCs often exhibit a reduction
in efficiency after encapsulation,23 and relatively long-lasting
PSCs have a lower efficiency compared to record devices.31 It
is therefore critical to investigate new barrier materials and
encapsulation techniques that are compatible with PSCs.
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Graphene is an intriguing material for thin-film, flexible
barriers due to the impermeability of its basal plane to gases32

as well as its high optical transmissivity.33 In this paper, we
investigate the efficacy of the graphene barriers toward
preventing the degradation of perovskite films, using an
encapsulation scheme as shown in Figure 1. The use of a low-

temperature-activating polyisobutylene (PIB) edge seal results
in a high-quality encapsulation without causing degradation of
the film and ensures that any small species ingress is through
the barrier film being investigated.16,34,35 Numerous papers
already speculate an enhancement to the stability of perovskite
solar cells (PSCs) when encapsulated with graphene.4,36

Graphene derivatives, including fluorine-doped nanoplatelets37

and graphene oxides,38,39 have also been shown to increase the
stability of PSCs. Various studies have also incorporated
graphene into PSCs as an electrode material (due to the
electrical conductivity of graphene) either in combination with
or separate from barrier applications.40,41 Nonetheless, the
presence of grain boundaries and defects within chemical vapor

deposition (CVD) graphene can provide numerous perme-
ation pathways for species such as water and oxygen.42 As a
result, many reports of improved PSC stability due to
encapsulation with graphene may not be due entirely to
graphene itself but rather aided by the polymeric support layer
on which the graphene has adhered.
One method to reduce the availabilities of these pathways

for the permeation of gases is by stacking multiple monolayers
of graphene. With multiple layers, transport through grain
boundaries and pinholes may become blocked by adjoining
layers.43 Here, we measure the performance of the barriers
composed of up to three layers of graphene (Figure 2a),
beyond which the cost, complexity of fabrication, and optical
losses (2.3% per layer of graphene)33 (Figure 2b) would be
impractical for optoelectronic devices, such as thin-film solar
cells.

2. MATERIALS AND METHODS
2.1. Materials. Formamidinium iodide (FAI) and methylammo-

nium bromide (MABr) were purchased from Greatcell Solar
Materials. CsI (99.999% purity), dimethylsulfoxide (DMSO)
(99.9% purity), dimethylformamide (DMF) (99.9% purity), and
chlorobenzene (99.9% purity) were purchased from Sigma-Aldrich.
PbI2 (99.99% purity) and PbBr2 (99.99% purity) were purchased
from TCI. Poly(methyl methacrylate) (PMMA, Mw = 550 000) was
obtained from Alfa Aesar. Ammonium persulfate (APS) and anisole
were obtained from Acros Organics. Prior to use, all solvents were
dried for 24 h with 3 Å molecular sieves (VWR, grade 564, mesh 8−
12) and then filtered with a 0.22 μm poly(tetrafluoroethylene)
(PTFE) syringe filter. Monolayer CVD graphene on copper foil and
monolayer graphene mounted on 10 μm parylene-C were supplied by
Grolltex, Inc, with a >95% surface coverage of graphene as
determined by optical microscopy. Polyisobutylene (PIB) edge seal
sheets were obtained from Quanex.

2.2. Preparation of Graphene Barriers. Monolayer graphene
on 10 μm parylene-C (hereafter referred to as 1L) was used as is. The
procedure we used to prepare two-layer (2L) and three-layer (3L)
graphene on parylene-C involves iterative deposition of monolayer
graphene,44,45 as shown in Figure 2a. Briefly, monolayer graphene on
copper foil (5 cm × 5 cm) was spin-coated with a 4 wt % PMMA
solution in anisole at 4000 rpm for 60 s. After annealing at 150 °C for
5 min to remove any remaining anisole, the copper was etched in a
0.05 g/mL solution of APS in water for 2 h, until fully dissolved. The
resulting floating PMMA/graphene was transferred to a clean water
bath. Separately, a 5 cm × 5 cm piece of 1L graphene was taped to a
glass slide, graphene facing up. The PMMA/graphene was transferred
directly onto the 1L film, with the two graphene layers in direct
contact, and allowed to dry overnight in a desiccator. Finally, the

Figure 1. Schematic drawing of the encapsulation process.

Figure 2. Preparation of multi-layer graphene barrier films. (a) Schematic illustration of the fabrication of 2-layer graphene on parylene. (b) UV−
vis transmission spectra of graphene-on-parylene barriers as a function of the number of graphene layers.
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PMMA was removed by etching in a 50 °C bath of acetone for 5 min,
then rinsed with IPA and allowed to dry. This process was repeated
once more to yield 3-layer graphene. Successful graphene transfer was
confirmed via UV−vis (Figure 2b), showing a successive decrease in
optical transmission with each layer of graphene added. Lastly, 0L
graphene (aka plain 10 μm parylene-C) was obtained by treating 1L
films with plasma (30 W) for 30 s at a base pressure of 250 mTorr of
air. Graphene removal was confirmed via sheet resistance measure-
ments, which showed no conductivity in the resulting films, as well as
UV−vis showing an increase in optical transmission (Figure 2b).
2.3. Preparation of Perovskite Films. Substratesglass or

fluorine-doped tin oxide (FTO)were cleaned through a series of
sonication (15 min) and rinse steps in the following sequence: 2 v%
Hellmanex in deionized (DI) water, DI water, isopropanol, and
acetone. Afterward, the substrates were rinsed in IPA and dried with
compressed air.
The triple cation perovskite films were prepared in a nitrogen-filled

glovebox. First, two separate solutions of 1.5 M lead iodide and 1.5 M
lead bromide were prepared with a 9:1 volume ratio of DMF and
DMSO used as a solvent. The solutions were vortexed and then
heated to 100 °C for 10 min. The PbI2 solution was added to FAI,
and PbBr2 solution was added to MABr such that 1.22 M solutions of
FAPbI3 and MAPbBr3, respectively, with a 1.09 over-stoichiometric
ratio of the lead salts were formed (using the 9:1 DMF/DMSO
solution to dilute as necessary). An additional solution of 1.5 M CsI in
DMSO was prepared in the glovebox and heated at 150 °C for 10
min. The FAPbI3 and MAPbBr3 solutions were mixed together in a
5:1 ratio and 5% molar ratio (with respect to the A-site) of CsI was
added to the final solution, resulting in a nominal stoichiometry of
FA0.79MA0.16Cs0.05Pb(I0.84Br0.16)3.

The perovskite films were formed by spin-coating. Prior to
deposition, the substrates were treated with air-based plasma for 10
min at 300 mTorr. Briefly, 90 μL of the solution was dropped onto
the substrate and doctor-bladed across the entire surface. The first
step of the spin-cast at 1000 RPM for 10 s served to remove excess
solution and ensure an even spread across the entirety of the
substrate. In the second step, the speed was increased to 5500 RPM
for 20 s. Then, 250 μL of chlorobenzene was dispensed rapidly (in
approximately 1 s) after 8 s had expired in step 2 of the spin-coat. The
films were annealed on a hot plate for 45 min at 100 °C, resulting in a
final thickness of 550 nm.

2.4. Encapsulation of Films. The assembly of the encapsulated
films is shown in Figure 1. After spin-coating of the perovskite films,
the edges of the film (approximately 0.5 cm) were wiped away with
methoxyethanol and a cotton swab. PIB edge seal sheets were cut into
2.5 cm × 2 cm rectangles from which a 2 cm × 1.5 cm rectangle was
cut out from the center. Barrier films were cut to 2.25 cm × 1.75 cm
rectangles and placed onto glass slides, which had a 1 cm hole drilled
out from the center. Adhesive PIB edge seal pieces were then placed
on top and pressed with tweezers to hold in place. These barrier/glass
slides were then transferred to the glovebox, where perovskite films
were pressed onto the PIB edge seal. The films were then placed onto
a hot plate at 70 °C, under a mass exerting a pressure of 20 psi to
activate the edge seal. After 20 min, the samples were removed from
the hot plate and allowed to cool. For the samples encapsulated in
glass, a 2.5 cm × 2 cm glass slide was stuck with PIB edge seal directly
onto the perovskite film. Additional control (exposed) samples with
no barrier were also prepared.

2.5. Film Monitoring. The samples were placed into a humidity
chamber at 65 °C, 85% relative humidity (ISOS-D-3 testing
protocol).21 The films were removed from the humidity chamber at

Figure 3. Pictures of representative films before and after aging for 200 h.

Figure 4. UV−vis tracking during perovskite film aging. (a−c) Evolution of UV−vis spectra for (a) exposed, (b) 1L, and (c) glass-encapsulated
films. The remaining UV−vis spectra are given in Figure S1. (d) Ratio of absorbance intensity at 700 vs 450 nm. (e) Ratio of absorbance intensity
at 700 nm at t vs t = 0.
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regular intervals and analyzed via photoluminescence (PL) measure-
ments and UV−vis spectroscopy. Photoluminescence measurements
were taken using a Renishaw Raman/microPL microscope with a 633
nm excitation laser, 600 mm−1 grating. UV−vis measurements were
taken on a Perkin Elmer LAMBDA 1050+ UV/Vis/NIR spectropho-
tometer. For each condition, five films were prepared and aged while
two films were actively monitored. At the end of the aging test, the
encapsulation was removed from the films to enable analysis via X-ray
diffraction (XRD). XRD measurements were taken using a Rigaku
SmartLab diffractometer. Pictures of the films before and after aging
for 200 h are shown in Figure 3.

3. RESULTS AND DISCUSSION

The optical absorbance evolution of select perovskite films is
shown in Figures 4a−c and S1. As seen in Figure 4a, the
exposed films quickly tended toward optical transparency,
retaining only a small amount of absorbance at shorter
(purple) wavelengths (and thus appearing light yellowsee
Figure 3). This trend is attributed to the degradation to and
subsequent outgassing of volatile species (such as methyl-
ammonium iodide and HI) from the perovskite film.46 Figure
4b shows the UV−vis evolution for the 1L-encapsulated films,
where the decrease in absorbance was also observed but was
less rapid. The 0L, 2L, and 3L graphene/parylene samples
showed similar behavior (Figure S1b−e). Finally, the glass-
encapsulated films (Figure 4c) showed minimal variation in
absorbance during aging, confirming the quality of the PIB
edge seal as well as the strong thermal stability of the
perovskite (the glass-encapsulated samples were left to age an
additional 800 h after the remaining samples were removed
from the humidity chamber and still displayed minimal signs of
degradation). We observed distinct absorbance profiles
between the exposed/0L/2L samples and the 1L/3L samples.
The former set showed a marked decrease in absorbance at
longer wavelengths, which we attribute to the conversion of
perovskite into PbI2, which is optically absorbent only below

550 nm.47 The latter set, in contrast, continued to absorb light
up to 750 nm throughout the aging test due to the continued
presence of perovskite. These observations are clarified by
considering absorbance at 450 nm (where absorbance from the
triple cation perovskite, δ-FAPbI3,

48 and PbI2 are observed)
and at 700 nm (which is only absorbed by the perovskite). In
Figure 4d, the ratio of absorbance between 450 and 700 nm is
shown as a function of time. Here, the 1L/3L samples retained
∼2× more absorbance at longer wavelengths than the 0L/2L
samples, which themselves were ∼3× more absorbent than the
exposed film. Additionally, when the time evolution of
absorbance at 700 nm is considered (Figure 4e), we observe
that 3L retains much more perovskite relative to the other
barrier films. However, a significant loss is still realized even in
the 3L condition. Figure 3, showing photos of the aged film,
also mirrors this trend, with the exposed/0L/2L films
appearing yellow, compared to the red-colored 1L/3L films
(though visually, some spottiness is apparent in the 1L/3L
films, indicative of degradation in those films as well). The 2L
graphene exhibits worse performance than the 1L due to the
handling required to coat the additional graphene layer onto
the commercial 1L graphene/parylene (see Figure 2), which
can induce defects/tears in graphene.49 The decrease of
performance upon the addition of a second graphene layer was
observed across all five films that were aged. Additionally,
multiple sets of 2L films prepared from different batches of
graphene exhibited diminished performance, as confirmed by
conductivity and Raman measurements.
To complement the information gained from tracking

optical absorbance, we also monitored the films’ photo-
luminescence (PL) behavior over time, which can give insight
into the films’ optoelectronic properties. These results are
shown in Figures S2 and 5. To improve readability, the
evolution of the peak PL intensity (Figure 5a,b) and peak PL
wavelength (Figure 5c,d) have each been split into 2 panels,

Figure 5. Photoluminescence (PL) evolution during aging. (a) Normalized average PL evolution for 0, 1, 2, and 3L graphene. (b) PL evolution
comparing 1L to glass and control samples. (c) Peak PL wavelength evolution for 0, 1, 2, and 3L graphene. (d) Evolution of peak PL wavelength
comparing 1L to glass and exposed samples.
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with the same data from the 1L-encapsulated sample
represented in both panels. As shown in Figure 5a, all of the
graphene/parylene films exhibit an increase in PL over time,
despite becoming yellow/spotty during aging (Figure 3). In
early trials, we considered that this phenomenon could be due
to condensation forming on the graphene/parylene barrier,
potentially amplifying the PL emissions back to the detector.
Thus, in later trials, we carefully dried the exposed barrier films
with an air gun prior to every PL measurement, and this
phenomenon persisted. In contrast, the exposed films exhibited
no photoluminescence under laser excitation by 100 h, while
the glass-encapsulated films showed only a slight increase in PL
emission. (Figure 5b). In addition, the graphene/parylene-
encapsulated samples exhibited a shift in the peak wavelength
of PL emissions (Figure 5c), a behavior not present in the glass
films and only minimally observed in exposed films (Figure
5d).
Further understanding of the differences in perovskite decay

was achieved via probing the crystallographic properties of the
films through X-ray diffraction (XRD). The X-ray diffracto-
grams for our films before and after aging for 200 h are shown
in Figure 6a (and re-plotted in Figure S3 to show the full peak

heights). The glass-encapsulated films remained virtually
unchanged compared to films analyzed before aging, in
alignment with the trends observed with UV−vis and PL. In
contrast, the graphene/parylene films all exhibited a substantial
decrease in intensity of the triple cation perovskite peak at 2θ =
14° while also gaining a prominent peak at 2θ = 11.5°,
corresponding to the hexagonal δ-FAPbI3. The δ-FAPbI3 peak
is not seen in either the exposed or glass-encapsulated films; it

formed only in the presence of the semi-permeable parylene
encapsulation material.
The X-ray diffractograms also allow for qualitative

estimation of the relative degree of conversion between triple
cation perovskite and δ-FAPbI3 between the graphene/
parylene films by comparing the intensities of the peaks at
14 and 11.5°.7 This ratio is plotted in Figure 6b and shows the
dramatic effect that the addition of graphene conveys to the
parylene support layer. While the triple cation perovskite in the
0L graphene has almost completely decayed into δ-FAPbI3, the
1L graphene film has a 15× higher ratio of triple cation to δ-
FAPbI3, which itself is nearly doubled again between the 1L
and 3L graphene. Meanwhile, the 2L films exhibited worse
performance than either the 1L or 3L films, a similar trend as
seen via optical absorbance and PL emission. The addition of a
3rd layer of graphene (3L) appears able to negate and improve
upon any damaging wrinkles/tears induced by the multi-layer
graphene preparation.
These observations suggest that our set of films have

undergone three unique degradation pathways. The first, seen
in the exposed films, is the degradation of the triple cation
perovskite into PbI2,

50 along with the expulsion of all volatile
species. The second, observed in the glass-encapsulated
samples, is a slow thermal anneal due to the elevated
temperature (85 °C) of the humidity chamber used for the
accelerated decay test. The effect is a reduction of non-
radiative recombination centers (leading to a slight PL
increase) without changes to the chemical composition of
the films, as there is no pathway for species ingress/egress. The
final degradation pathway observed, seen in the graphene/
parylene films, is the phase segregation and formation of
multiple perovskite phases, particularly iodide-rich and bro-
mide-rich domains. This is exhibited by the increased and red-
shifted PL profile, which is attributed to the iodine-rich phases
acting as a carrier sink.51 Additionally, photoinactive phases
(such as δ-FAPbI3 and potentially I2

50) are forming due to the
ingress of oxygen and water.52

A more detailed analysis of the graphene barriers, separate
from the perovskite films, was carried out to validate our
findings. Figure 7a shows the sheet resistance of the graphene
films. The increasing conductivity as each layer is added, as
well as the overall magnitude of sheet resistance, are consistent
with the previous reports.44 The average optical transmissivity
of the films (Figure 7b) likewise shows a successive change
with each layer added, further confirming the successful
transfer. In contrast, air permeability measurements (Figure
7c) show a large (15×) decrease between 0L and 1L, followed
by smaller variations from 1L to 2L to 3L. Notably, the
difference between the permeability of 0L vs 1L films is
identical to the difference in the ratio of the triple cation
perovskite/δ-FaPbI3 shown in Figure 6b. Meanwhile, the
minimal variations in air permeability between the single- and
multi-layer graphene barriers are in sharp contrast to the varied
perovskite degradation observed, with 2L films decaying
substantially compared to 1L and 3L films.
To investigate this discrepancy, spatial mapping using

Raman was conducted to analyze the quality of the graphene
films and spatial resolution. We note that Raman analysis
cannot be done directly onto the parylene films, whose spectra
overwhelm the graphene signal and must instead be measured
following water transfer onto a silicon substrate. The overlain
spectra for 30 measurements for 1L graphene, given in Figure
S7a−c shows a wide range of graphene quality, and numerous

Figure 6. XRD analysis of perovskite films. (a) XRD diffractograms
for films before and after aging. (b) Ratio of peak intensity of triple
cation perovskite (2θ = 14°) to peak intensity of δ-FAPbI3 (2θ =
11.5°) and PbI2 peak intensity (2θ = 12.5°) as a function of the
number of layers of graphene.
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traces show minimal or no graphene signal. Indeed, the spatial
coverage of transferred graphene was less than 50% for both 1L
and 2L films, coupled with large variability in the 2D/G ratio
(Figures 6 and S7d), which gives information regarding the
number of monolayers of graphene.53 Several factors likely
influence the lack of uniformity and variability in coverage of
the graphene films. First, nanoislands and macroscopic regions
of multi-layer graphene are commonly found on CVD-grown
graphene (see Figure 7d) and are formed via nucleation from
silica or other impurities within the copper foil on which it is
grown;54,55 thus, a uniform monolayer of graphene is unlikely
to be present in the 1L films to begin with. Additionally, the
water transfer method for layer-by-layer growth of multi-layer
graphene is easily susceptible to wrinkling and tearing.49

Although a previous work by Yoon, et al. on multi-layer
graphene films (prepared via the same method as our own
films) claims that that strong van der Waals forces between
graphene layers can fully suppress lateral diffusion of air
molecules,56 the authors note that in cracked regions, air
molecules will indeed diffuse laterally, allowing them to access
adjoining grain boundaries and pinholes and permeate
vertically through the film. We note that a graphene grain
boundary typically refers to a tilt grain boundary comprised of
5- and 7-membered rings,57,58 through which small species are
able to permeate.59 The wide variability in graphene uniformity
and coverage in our multi-layer (i.e., 2L and 3L) films will
therefore result in highly variable barrier properties over a large
(∼cm2) area. Given the penalties of increased process
complexity and materials cost of each successive layer of
graphene used, compared to the small improvement in
perovskite film stability shown between 1L and 3L graphene,
we conclude that 1L graphene may offer the best combination
of properties for use in flexible, optically transparent barrier
applications for perovskite films. Beyond single- and multi-
layer graphene, other 2D materials may prove to be intriguing
for similar encapsulation applications. As an example, graphene
oxide also exhibits a good barrier performance against air and

water,60 although thickness would need to be carefully
controlled to retain optical transmissibility.61 Meanwhile,
hexagonal boron nitride has recently emerged as a promising
new 2D material and exhibits excellent transparency due to its
wide bandgap,62 although it tends to have smaller grains than
CVD graphene,63 which could exacerbate the leakage issues we
observed.

4. CONCLUSIONS
Experimental results show that single-layer graphene can
confer substantially improved barrier performance to a
polymeric support film, with multi-layer (at least 3L) graphene
yielding further improved barrier performance. We emphasize
that 2L graphene exhibited worse performance as an
encapsulant than 1L graphene, most likely due to defects
introduced during the manipulation of the films. Nevertheless,
all of our graphene/parylene-encapsulated films showed
substantial degradation compared to glass-encapsulated films,
suggesting that for rigid, non-flexible, long-lasting applications,
the addition of graphene to a semi-permeable flexible polymer
barrier is insufficient for generating a highly stable device.
While modifications to the preparation procedure of the multi-
layer graphene could result in improved barrier performance,
the numerous grain boundaries in CVD graphene still result in
a bulk material that is far from attaining the “impermeable”
status of glass or molecular graphene. Still, the substantial
improvement obtained from the addition of a single layer of
graphene to our polymer support layer makes graphene-based
barriers a compelling potential encapsulant for lightweight
and/or flexible perovskite solar cells.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaem.1c02240.

UV−vis evolution, photoluminescence evolution, and X-
ray diffractograms of perovskite films; pictures of

Figure 7. Analysis of single- and multi-layer graphene barrier films. (a) Sheet resistance of films as a function of the number of layers (0L films
produced an open circuit). (b) Average optical transmissivity (extracted from Figure 1b). (c) Air permeability of films found using an isochoric gas
permeability apparatus (see Figures S4, S5, Tables S1 and S2 for detailed procedure and calculations). (d) Optical micrograph of 1L graphene, as
received. (e) Representative Raman spectra of 1L, 2L, and 3L graphene films (for spatial mapping of graphene, see Figure S6). (f) Average D/G
and 2D/G ratio for graphene films.
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isochoric gas permeability apparatus with calculations for
gas permeability values (tabulated); and Raman spectra
of graphene barrier films (PDF)
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