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  1   .  Introduction 

 The performance of organic-inorganic mul-
tilayer ultrabarriers for encapsulation of 
organic and other environmentally sensitive 
electronics is limited by unavoidable pin-
holes in the inorganic layer (typically AlO  x   
and SiO  x  ) during vacuum deposition. [  1–3  ]  
Increasing the thickness of the inorganic 
fi lm can mitigate this limitation but intro-
duces new defects, i.e., cracks induced by 
stress in the fi lms. State of the art barriers 
consist of repeated stacking of organic-inor-
ganic units, referred to as “dyad” structure 
to increase the diffusion length of the gas 
species. [  1,4  ]  However, this is problematic 
due to the increased fabrication complexity 
as well as loss of fl exibility. Furthermore, 
elimination of the vacuum deposition step 
for ultrabarriers would be benefi cial for 
device fabrication methods such as roll-to-
roll processing. Therefore it is desirable to 
fabricate impermeable, fl exible, and prefer-
ably transparent ultrabarriers via solution 
processing that is free from complexity of 
the stacked dyad structure. 

 Graphene is an atomically thin sheet of carbon, which pos-
sesses attractive material properties, especially as ultrabarrier 
layers. [  5–8  ]  Its closely packed hexagonal atomic structure pre-
vents permeation of even hydrogen, [  9  ]  and being atomically thin 
makes it fl exible and optically transparent. Mechanical exfolia-
tion and chemical vapor deposition (CVD) are known routes 
to obtain less defective graphene but uniform deposition over 
large areas on arbitrary substrates at low temperatures may 
limit their use as barriers. [  10–12  ]  We have therefore investigated 
the barrier properties of graphene oxide (GO) obtained from 
chemical exfoliation of graphite. [  13–15  ]  GO consists of atomi-
cally thin sheets of graphene that are decorated with oxygen 
functional groups and has microscopic lateral dimensions. [  16  ]  It 
is well known that in contrast with pristine graphene, GO is 
highly defective and chemically heterogeneous. It can be made 
electrically active by evolving oxygen from its structure but these 
can introduce holes in the basal plane of the GO sheets. [  17  ]  Con-
tinuous layers of GO and rGO can be deposited using several 
techniques [  18–20  ]  but it is unclear if impermeability can be intro-
duced in such thin fi lms. Here we demonstrate that GO and 
rGO layers exhibit excellent hermeticity, and the presence of 

 Encapsulation of electronic devices based on organic materials that are prone 
to degradation even under normal atmospheric conditions with hermetic 
barriers is crucial for increasing their lifetime. A challenge is to develop 
ultrabarriers that are impermeable, fl exible, and preferably transparent. 
Another important requirement is that they must be compatible with organic 
electronics fabrication schemes (i.e., must be solution processable, deposited 
at room temperature and be chemically inert). Here, a lifetime increase of 
1300 h for poly(3-hexylthiophene) (P3HT) fi lms encapsulated by uniform and 
continuous thin ( ≈ 10 nm) fi lms of reduced graphene oxide (rGO) is reported. 
This level of protection against oxygen/water vapor diffusion is substantially 
better than conventional polymeric barriers such as Cytop, which degrades 
after only 350 h despite being 400 nm thick. Analysis using atomic force 
microscopy, X-ray photoelectron spectroscopy, and high-resolution transmis-
sion electron microscopy suggest that the superior oxygen gas/moisture 
barrier property of rGO is due to the close interlayer distance packing and 
absence of pinholes within the impermeable sheets. These material proper-
ties can be correlated to the enhanced lag time of 500 h. The results provide 
new insight for the design of high-performance and solution-processable 
transparent ultrabarriers for a wide range of encapsulation applications.       
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oxygen functional groups attached to both sides of the graphene 
basal plane can act as atomically thin organic layers of the dyad 
structure. Although some efforts have already been made to 
use solution processed and transparent GO as hermetic fi lms, 
reports generally focus on its incorporation in polymer com-
posites, where GO serves merely as impermeable sheets that 
are randomly oriented and widely spaced. [  21,22  ]  These types of 
structures create permeation paths in the fi lms, limiting the 
contribution of barrier effects from the GO. Recently, Yang 
et al. [  23  ]  reported signifi cantly enhanced gas barrier perfor-
mance using well-ordered GO fi lm-polymer bilayer. However, 
evaluation of intrinsic gas barrier properties of GO and rGO 
thin fi lms remain unexplored. The elucidation of their gas bar-
rier properties including the oxygen diffusion dynamics should 
allow the design of high performance and solution processable 
transparent ultrabarriers based on 2D nanosheets.  

  2   .  Results and Discussion 

 We have monitored the degradation of a common electrically 
active organic material, poly(3-hexylthiophene) (P3HT), to test 
the barrier properties of GO and rGO. It has been shown that 
photo-oxidative degradation of P3HT occurs upon exposure to 
O 2  (also moisture) under illumination, resulting in an increase 
in the optical transparency. [  24  ]  Therefore, monitoring the trans-
parency of the P3HT under humid conditions is a simple and 
accurate method for determining the barrier properties of GO/
rGO thin fi lms. Specifi cally, photolysis (fi lm degradation due to 
light exposure in an inert atmosphere) of P3HT occurs at a rate 
that is several orders of magnitude lower than photo-oxidation 
for the fi rst few thousand hours of light exposure, thus suffi -
ciently long term oxygen barrier test can be performed using 
this method. [  25  ]  The measurements were made in ambient 
environment with weak illumination intensity. Illumination 
was kept low to eliminate possible temperature increase of the 
samples as well as reduction of GO by light (see Experimental 
Section for details). [  26  ]  In addition to GO and rGO layers, con-
trol measurements were also made on P3HT alone and Cytop 
covered P3HT. Cytop is a highly transparent amorphous fl uoro-
polymer, which was chosen based on its high gas barrier prop-
erty that exhibits up to an order of magnitude lower water vapor 
transmission rate than other polymer barriers, e.g. polyvinylac-
etate (PVAc) and polymethylmethacrylate (PMMA). [  27  ]  

  Figure    1  a shows the normalized transmittance of P3HT 
fi lms versus time for different barrier fi lms (after subtracting 
transmittance of the barrier material). Thin (10 nm) and thick 
(20 nm) fi lms of GO along with 15 nm rGO fi lms (prepared 
by reducing thick (20 nm) GO fi lms) were prepared by vacuum 
fi ltration for evaluation. The inset in Figure  1 a shows GO thin 
fi lms on glass substrate (left), and P3HT encapsulated with 
thin GO fi lm (right) that are optically transparent. GO fi lms in 
this thickness range are also fl exible as demonstrated in our 
previous study. [  28  ]  Entire P3HT fi lm including the edges was 
fully encapsulated with GO fi lms (Figure  1 b). The summary 
of degradation as a function of time for each fi lm is plotted in 
 Figure    2  a (black). As expected, fastest degradation was observed 
for the bare P3HT fi lm. The transmittance of P3HT showed 
steady increase, which reached 100% after only 144 h (defi ned 

as lifetime hereafter). The lifetime after encapsulation with 
400 nm thick Cytop improved to 493.2 h, a factor of 3.4 increase 
compared to bare P3HT. This degree of protection against 
oxygen and water vapor diffusion is consistent with value for 
Cytop, [  29  ]  indicating the validity of the P3HT test for evalua-
tion of oxygen/moisture barrier property. When the P3HT was 
encapsulated with GO fi lm, however, the lifetime reached 672 h 
with a fi lm thickness of only 10 nm. The capability of GO fi lms 
to act as an oxygen barrier with thickness of 10 nm is in sharp 
contrast to polymer chain-based barrier fi lms including Cytop, 
which usually require at least 100 nm of thickness to mini-
mize the infl uence of pinholes. [  27  ]  The lifetime can be further 
improved by simply increasing the fi lm thickness. Increasing 
the GO fi lm thickness by a factor of 2 (10 nm to 20 nm) leads 
to an increase in lifetime of up to  ≈ 840 h. The oxygen barrier 
properties improved substantially after annealing the GO fi lms 
at 150  ° C. The lifetime of rGO barriers reached  ≈ 1440 h, almost 
 ≈ 800 h improvement compared to non-annealed fi lm with the 
same number of stacked layers, and 1300 h increase compared 
to 400 nm thick Cytop fi lm. The rGO fi lm with this superior 
gas barrier property had an optical transmittance of 75% at 
550 nm. Moreover, unlike the other tested barrier fi lms, no 
increase in the transmittance of the P3HT fi lm was observed in 
the initial 500 h with rGO barrier fi lms.   

 To compare the gas barrier properties of the different encap-
sulation materials, the lifetime was divided by the fi lm thick-
ness to obtain lifetime per unit thickness as summarized in 
Figure  2 a (gray). The obtained values were 1.2 h nm –1  for Cytop 
and 67.2 h nm –1  for GO thin fi lm, equating to a factor of  ≈ 50 
improvement. The non-linearity in the GO fi lm properties with 
thickness can be attributed to the fact that the thicker fi lms con-
tain a substantial amount of wrinkles that introduce structural 
inhomogeneity (Supporting Information, Figure S3). [  18  ]  These 
wrinkles can be “ironed” out via annealing. For rGO fi lm, the life-
time per unit thickness increases substantially up to  ≈ 100 h nm –1 , 

      Figure 1.  Gas barrier property of GO/rGO fi lms measured by P3HT trans-
mittance test. a) P3HT fi lms on glass substrates were encapsulated with 
GO and rGO, and compared with controls. The inset shows a photograph 
of the GO fi lms used for encapsulation on glass (left), and GO encapsu-
lated P3HT fi lms demonstrating high optical transparency of GO fi lms 
used in this study (right). Dashed line fi ts used to extract the slope values 
for calculation of diffusivity in the steady-state fl ux regime are also shown. 
b) Schematic of sample structures used for the P3HT transmittance tests. 
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Lagtime(s) = l 2(cm2)/6D(cm2s−1)   (1)       

 The diffusivities of oxygen obtained from the slopes in the 
steady-state regime of P3HT transmittance data were found to 
be 7.6  ×  10 −8  cm 2  s –1  for 20 nm GO, and 6.4  ×  10 −8  cm 2  s –1  
for 15 nm rGO fi lm. For comparison, the diffusivity of Cytop 
is 4  ×  10 −7  cm 2  s –1 . [  29  ]  It is clear that the diffusivity of GO/rGO 
fi lms is not substantially lower than that of polymers, indi-
cating that it is not the origin of superior gas barrier proper-
ties of these materials. The diffusion length can be extracted 
from Equation ( 1 ) using the experimentally obtained diffusivity 
and lag time values above (Figure  2 b). The calculated diffusion 
length for rGO is 8.40 mm, which is 230% of that of GO (see 
Supporting Information for details). The results quantitatively 
support that long diffusion length enabled by stacking of rGO 
sheets plays a crucial role in its superior gas barrier property. 

 Examination of the material properties of the GO/rGO 
fi lms provides further insight into the diffusion barrier mecha-
nism. X-ray photoelectron spectroscopy (XPS) shows that mild 
annealing of GO at 150  ° C leads to a decrease in the oxygen 
content from 54 at% to 34 at%, most of which can be attributed 
to the removal of water trapped between the sheets. [  30,31  ]  Oxygen 
functional groups such as hydroxyl and carboxyl remained 
even for rGO, which could affect the degradation process 
of the encapsulated P3HT fi lms as well as organic electronic 
devices as those groups attract moisture (Supporting Infor-
mation Figure S3). The annealing leads to compaction of the 
structure as shown in   Figure  3 c. This compaction is also con-
fi rmed by atomic force microscopy (AFM) measurements that 
show that the fi lm thickness after annealing decreases from 
20 nm to 15 nm. In addition, the mild annealing does not intro-
duce substantial pinhole like defects that are typically found in 
fully reduced GO. [  32  ]  Instead our high-resolution transmission 
electron microscopy (HRTEM) results revealed that the initial 
random oxygen functionalized structure of GO (Figure  3 a) is 
replaced by the presence of small highly crystalline regions 
shown in Figure  3 b. The restoration of hexagonal atomic 
structure in the form of 2–3 nm nanoislands due to removal 
of oxygen have benefi cial effects on barrier property. These 
islands decrease the interlayer spacing by removal of oxygen 
group “bridges” as schematically illustrated in side (Figure  3 c) 
and top view (Figure  3 d). Above proposed mechanism rely on 

almost double that of GO with same number of stacked layers, 
and two orders of magnitudes larger than the Cytop. 

 To gain insight into the gas diffusion dynamics and the 
origin of improved barrier property of GO/rGO thin fi lms, fur-
ther analysis of the P3HT transmittance test results was per-
formed. Specifi cally we focused on two regions: the transition 
phase in which steady state gas diffusion has not been reached, 
resulting in very small or no observable permeation; and the 
steady-state regime where diffusion has reached equilibrium, 
giving a constant fl ux of gas species permeating through 
the barrier fi lms (Supporting Information, Figure S1). [  1  ]  
The analysis allows determination of the dominant phase in 
the permeation process, as well as the contribution of each 
region, which provides information on the barrier dynamics 
and possible mechanisms. The fl ux of steady-state phase can 
be obtained from the slope of the gas barrier lifetime test as 
shown by the dashed line in Figure  1 b. Analysis of the slopes 
shows very similar values for all of GO/rGO barrier fi lms with 
only a slight increase after thermal reduction; 3.66  ×  10 −5  for 
both thin and thick GO, and 3.10  ×  10 −5  for rGO fi lms (values 
are for plots with time in seconds, Figure  2 b, black). This result 
suggests that the effect of thermal reduction on the diffusivity 
of the gas through rGO barrier is minimal. More specifi cally, 
the nature of permeation paths for rGO remains similar to 
that of GO (i.e., the diameter and/or the width, and friction 
between gas species of interests). The slopes for P3HT with 
Cytop encapsulation and without any encapsulation were 1.93 
 ×  10 −4  and 0.20, respectively, giving higher steady-state perme-
ability compared to GO/rGO. In contrast to the minor change 
observed for steady-state fl ux, the transition phase shows sub-
stantial difference between GO and rGO (Figure  2 b, gray). 
While lag time (also called break-through time, which can be 
extracted by extrapolation of the slope to the time axis as shown 
in Figure  1 b) was not present ( ≈ 0 h) for both controls and 10 
nm GO fi lm but it reached 81.2 h for 20 nm GO fi lm, and 
510.2 h for the 15 nm rGO fi lm. Large difference in lag time 
between the fi lms while exhibiting only minor differences in 
the diffusivity strongly suggests that extremely long diffusion 
lengths dominate and play a key role in the permeation process 
of GO/rGO. 

 More specifi cally, lag time is a function of two parameters, 
diffusivity and diffusion length as indicated in the equation: [  1  ] 

      Figure 2.  Lifetime values of encapsulated P3HT fi lms. a) Lifetime values extracted from P3HT transmittance test shown for the various different barrier 
layers tested in this study. Black bars show the total lifetime in hours (left), and gray bars show the lifetime per encapsulated fi lm thickness in h nm −1  
(right). b) Permeation values showing the relative diffusivity of oxygen (black bars) and lag time for oxygen diffusion to occur (gray bars). 
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(Supporting Information, Figure S4). The results show that GO/
rGO encapsulation improved the normalized PCE by 20% over 
the period of 50 h (Figure  4 d) compared to devices without encap-
sulation. We found that  J  sc  of the OPVs exhibited substantial 
changes while FF and  V  oc  remained mostly unchanged. Figure  4 e 
shows the normalized  J  sc  for rGO (circles) and GO encapsulated 
BHJ solar cells (triangles) compared to control devices (square, 
without encapsulation).  J  sc  for the device with rGO encapsu-
lation showed less than 5% decrease after 50 h, in contrast to 
the control devices that show a decrease of nearly 30%. Inter-
estingly, there were no changes in the  J  sc  values for the fi rst 
15 h in GO encapsulated devices. This period could be viewed 
as lag time and it indicates that the lag time of rGO encapsulated 
devices could be over 50 h. The fl uctuation of  J  sc  observed for 
rGO encapsulated devices in the initial few hours of testing can 
be attributed to degradation of polymer active layer of the device 
(P3HT:PCBM blend) induced by the environment (exposure 
to air and strong illumination), which was also observed as a 
steeper slope in the initial 5 h of the non-encapsulated device. [  34  ]    

  3   .  Conclusion 

 Solution-processed and optically transparent GO/rGO thin fi lms 
exhibited improved oxygen/moisture barrier performance over 
a commercially available Cytop polymer fi lm that has an order 
of magnitude larger thickness. The barrier performance and 
lifetime of GO was substantially improved simply by annealing 
the fi lms at low temperature to obtain rGO. Characterization 
revealed that the close packing of interlayer distance in addi-
tion to restoration of pristine graphene nanoislands induced by 

an assumption that AFM and HRTEM results are uniformly 
distributed over the entire GO/rGO fi lms. Effects of inhomo-
geneous defects/sheet boundary distrubutions must be taken 
into account for more accurate permeation mechanisms. It is 
worthwhile noting water vapor permeates freely through GO 
(but not rGO). [  33  ]  The proposed diffusion mechanism is such 
that permeated water pillars act as a barrier for gas species. 
When reduced, removal of oxygen functional groups clogs 
permeation paths decreasing water permeation to 1/100. It is 
possible that this is also the case in our system. Assuming that 
this is the case, our results indicate that oxygen may affect the 
degradation of P3HT over moisture. Despite the fact that water 
vapor permeates freely through GO fi lms, their barrier effects 
were clearly present in the P3HT transmittance test results.  

 The feasibility of utilizing rGO barriers in real working 
organic devices was investigated using bulk heterojunction (BHJ) 
organic solar cells. Specifi cally, we encapsulated conventional 
ITO/MoO 3 /P3HT:PCBM/Al organic photovoltaic (OPV) devices 
( Figure    4  a, see Experimental Section for details). Indium tin 
oxide (ITO) was on 1 mm thick glass substrate, and the illumina-
tion was exposed from bottom of the device through the glass 
substrate thus optical transmittance of GO and rGO encapsula-
tion fi lms did not affect the device effi ciency. The device char-
acteristics were monitored under ambient conditions and under 
constant illumination, without humidity/moisture control. As 
shown in current-voltage ( I – V ) characteristics of the devices for 
0 h and 50 h after exposure to ambient conditions (Figure  4 b,c, 
respectively), GO/rGO encapsulation showed clear barrier effect 
on working organic devices. The absolute power conversion 
effi ciency (PCE) for starting devices ranged between 3.2–3.6% 

      Figure 3.  Structural properties of GO/rGO barrier layers. HRTEM image of GO a) before and b) after annealing. Restoration of hexagonal atomic 
structure in the form of graphene nanoisland can be observed after annealing. Scale bars  =  1 nm. c) Schematics of side view showing oxygen gas 
permeating through GO (top) and rGO (bottom). For the case of GO, oxygen molecules permeates through the interlayer due to presence of oxygen 
functional groups acting as “bridges”. On the other hand, pristine graphene nanoislands created by removal of oxygen group “bridges” clogs permea-
tion paths (dashed boxes), increasing the diffusion length as illustrated in top view (d). Possible permeation paths of the oxygen are indicated by the 
black and gray arrows for GO and rGO, respectively. 
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Figure  1 b for the structure of each samples). No post-deposition transfer 
of the GO fi lms was necessary. Typical fi lm size was 2.54 cm  ×  2.54 cm 
(1 inch  ×  1 inch), with as synthesized fi lms thickness of 10 and 20 nm for 
thin and thick fi lms, respectively. Some of the 20 nm thick GO fi lms were 
thermally annealed at 150  ° C for 15 min to prepare 15 nm rGO fi lms. 

 The P3HT transmittance test for gas barrier measurements was 
performed by using spin-cast P3HT fi lms as oxygen sensors. Organic 
solvent such as toluene and dichlorobenzene, commonly used for solar 
cell fabrication was used for dissolving P3HT. The polymer barrier used 
as a comparison was made by spin-casting a solution of commercially 
available perfl uorinated polymer Cytop to have the thicknesses of 
>400 nm. An extra care was taken to minimize the light exposure and 
oxidization of P3HT fi lms during all of the sample preparation procedures. 
Specifi cally, the whole processes was performed in the dark to minimize 
the exposure of P3HT to the light, and P3HT fi lms were always kept in the 
vacuum desiccators under dark when not in use. The light source of 22 W 
fl uorescent lamp with mean lumens of 783 was used for the test unless 
stated otherwise. The typical distance between the lamp and the sample 
surface was  ≈ 5.08 cm (2 inches), where the average power from the lamp 
was about 0.008 W cm −2 . In order to accelerate the testing process, some 
of the measurements were made using AM 1.5 solar simulator as a light 
source with power of 100 W cm −2  at the sample surface. Transmittance of 

the annealing cause clogging of permeation paths, leading to 
long diffusion lengths, hence long lifetime. The long diffusion 
length of rGO fi lm was evident from the enhanced lag time. 
Finally, the gas barrier property of GO/rGO thin fi lms was suc-
cessfully demonstrated on BHJ solar cells. Our results provide 
a pathway for realizing high performance and solution process-
able transparent ultrabarriers that are suitable for wide range of 
encapsulation applications, including organic electronics.  

  4   .  Experimental Section 
  Sample Preparations and Gas Barrier Measurement Setup : GO 

was prepared by modifi ed Hummer’s method. [  18  ]  Briefl y, graphite 
powders were chemically oxidized, exfoliated, and purifi ed by repeated 
centrifugation. No sonication was applied throughout the process to 
eliminate formation of pinholes in the GO sheets. Different amount 
of GO aqueous solution was vacuum fi ltrated to prepare uniform 
fi lms of GO with different thicknesses, [  18  ]  which were then deposited 
directly onto the P3HT fi lms for the gas barrier measurements (refer to 

       Figure 4.  rGO barriers for working organic photovoltaic devices. a) Schematic of the tested device structure. ITO was on 1 mm thick glass substrate, and 
the illumination was exposed from bottom of the device through the glass substrate.  I – V  characteristics of the devices for b) 0 h and c) 50 h after exposure 
to ambient conditions. d) Normalized PCE and e)  J  sc  versus tested time of GO/rGO encapsulated BHJ solar cells. Dashed lines are guide for the eye. 
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P3HT fi lm encapsulated by barrier fi lms are measured and compared with 
transmittance of reference P3HT (without barrier fi lm) to obtain change in 
the transmittance of the P3HT fi lms used as sensors. 

  Material Characterizations : AFM was performed using Digital 
Instruments Nanoscope IV in tapping mode with standard cantilevers 
with spring constant of 40 N m −1  and tip curvature <10 nm. XPS has 
been performed with a Thermo Scientifi c K-Alpha spectrometer equipped 
with Al K α  microfocused monochromatized source (1486.6 eV), which 
has an energy resolution of 0.6 eV. Spot size was fi xed to 400  μ m and 
the operating pressure was kept at 5  ×  10 −9  Pa. HRTEM was performed 
using JOEL JEM-2100F TEM/STEM with double spherical aberration (Cs) 
correctors (CEOS GmbH, Heidelberg, Germany) to attain high contrast 
images with a point-to-point resolution of 1.4 Å. The lens aberrations 
were optimized by evaluating the Zemlin tableau of an amorphous 
carbon. The residual spherical aberration was almost zero (Cs  =  −0.8  ±  
1.2  μ m with 95% certifi cation). The acceleration voltage was set to 
120 kV which is the lowest voltage with effective Cs correctors in the 
system. The region of interests was focused and then recorded with total 
exposure of less than 20 s (0.5 s exposure time for the image). 

  Bulk Heterojunction Solar Cell Fabrication and Their Lifetime Tests : 
Pre-patterned ITO coated glass slides were cleaned thoroughly in 
distilled water, acetone and isopropyl alcohol by sonication bath for 
15 min respectively and dried on a hotplate on 120  ° C for 30 min. After 
being exposed in oxygen plasma for 3 min, a solution of poly(3,4-eth
ylenedioxythiophene):poly(styrenesulfonate) (use as purchased, Clevios 
Al 4083) was spin-coated on top of the ITO slides at 4000 rpm for 40 s 
resulting in a 40 nm layer. Once the fi lm was dried at 120  ° C for 30 min, 
a blend solution containing 15 mg P3HT (as received from Sigma-
Aldrich) and 12 mg [6,6]-phenyl C61 butyric acid methyl ester (PCBM) 
in 1 mL chlorobenzene was spin-coated at 1500 rpm for 35 s forming 
approximately 150 nm active layer in argon fi lled glovebox. Finally, the 
devices were transferred to vacuum chamber pumped down to 1  ×  
10 −7  Torr for aluminum deposition. The device measurement was carried 
out in air without humidity/moisture control (relative humidity (RH) of 
50–60%), using 100 mW cm −2  AM 1.5 solar simulator system calibrated 
by standard silicon solar cell. The GO/rGO encapsulated and non-
encapsulated devices were measured every 10 min for the fi rst 30 min 
and every few hours afterwards; the devices are stored under room light 
in air (RH of 50–60%) between each measurement.  
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