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Abstract

Reactive interlayers consisting of zero valent iron and copper nanoparticles have been
successfully incorporated into Surlyn films to fabricate moisture barrier materials with
reduced water vapor permeabilities. The reactive nanoparticles dispersed in stearic acid were
employed as the interlayers due to their ability to react with moisture. The water vapor
transmission rates through the fabricated barrier films with reactive iron and copper
interlayers decreased by over 4 orders of magnitude when compared to neat Surlyn. The
flexibility and transparency of the barrier films have been evaluated from tensile and UV-
visible experiments. Moreover, the accelerated aging studies conducted in accordance to
ISOS-II protocol confirmed the increased lifetimes of the organic photovoltaic (OPV)

devices encapsulated with these reactive barrier films.
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1. Introduction

Moisture barrier materials are essential for maintaining the quality and lifetime of the
packed products in various applications such as food, pharmaceuticals, electronics,
photovoltaics, etc. Moisture is a detrimental factor for device performance in organic
electronic devices.! When these devices are exposed to moist environment, absorption and
diffusion of moisture in to the device results in the oxidation of electrodes and their
delamination, change in active layer morphologies and accelerated degradation of device
characteristics. Therefore, flexible barrier films with water vapor transmission rates (WVTR)
of 10* to 10° g m™ day™ are necessary for encapsulation of organic electronic devices to
maintain 10,000 h of device lifetimes.” This water vapor permeability requirement is six
orders lower than that of the commercially available flexible polymer films.

Various barrier architectures have been developed using organic and inorganic components.
The use of inorganic oxides, nitrides, carbides as interlayers was explored by various vacuum
based atomic deposition methods to improve water vapor barrier. These materials showed
WVTR up to 10° to 10° g m™ day’', when used in multiple layers.> * > ¢ "% The
complications associated with the presence of defect sites/pinholes, affecting WVTR are

9,10, 11

inevitable. Various other moisture barrier architectures were developed using polymers

and nanomaterials such as alumina, graphene oxide, cellulose fibers and nanoclays.'> ' '* 1>

' Tt is likely that the diffusion of the gas molecules in these composites occurs through a
tortuous path due to the physical barrier for permeation. Therefore, in order to improve the
scope of such composite materials for barrier applications, we have investigated the
possibility of introducing reactive component in an interlayer to interact with diffusing water
molecules resulting in reduced permeation.

Permeation of gases/vapors through polymers occurs by combination of absorption and

diffusion processes. Surlyn is a well known moisture barrier with diffusion controlled
2

Page 2 of 27



Page 3 of 27

Physical Chemistry Chemical Physics

permeation for water vapor.'” Further, due to the properties such as chemical inertness,
flexibility, conformability, transparency and tolerability to ultra-violet (UV) radiation, Surlyn
has been chosen as the polymer for outer layers. The interlayer comprised of reactive iron
and copper nanoparticles dispersed in stearic acid. Zero valent iron and copper have been

widely used for waste treatment in remediation of inorganic components and degradation of

18, 19, 20 21, 22

organic contaminants, in medicine for drug delivery, anti-microbial applications
and in electronic applications for printing purposes™ due to their reactivity and economic
viability.”* However, they have not been employed in gas/vapor barrier materials previously.
Therefore, the zero valent iron and copper are further explored for enhancing the moisture
barrier for OPV device encapsulation in this study.
2. Experimental Section

2.1. Chemicals

Surlyn, a copolymer of ethylene and methacrylic acid (zinc salt (0.5-5 wt %) with 9 wt %
methacrylic acid) of density 0.94 g cm™ with melt temperature ~ 89 °C and melt index ~ 5.5,
stearic acid, PCBM and PEDOT-PSS were purchased from Sigma Aldrich Ltd (St. Louis,
MO). Sodium borohydride (NaBHy), dichlorobenzene of ~ 99.5 % purity, ferric chloride
(FeCls) and copper sulphate (CuSO4. SH,0) were obtained from S.D. Fine Chem. (India) and
were used without any further purification. Poly (3-hexylthiophene) (P3HT) was obtained
from Rieke Metals Inc. (USA). The epoxy resin (Lapox L12) used for sealing in calcium
degradation and accelerated aging experiments was purchased from Atul Industries, Ltd
(India).

2.2. Synthesis of iron and copper nanoparticles

The zero valent iron and copper nanoparticles were produced by using solution of 0.25 M

NaBHy as reducing agent and 0.05 M solutions of FeCl; and CuSO4. 5H,0, respectively. The

NaBH, solution was added drop wise to the individual salt solutions for 15 min under
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continuous stirring. This resulted in the formation of black precipitates, respectively, which
were filtered and dried thoroughly. Thus obtained nano particles of iron and copper were
handled in dry conditions and stored in glove box with inert atmosphere to prevent oxidation.
It was observed that the iron nanoparticles were oxidized when exposed to atmosphere
resulting in the change of color from black to brown as given in scheme 1.

2.3. Synthesis of the reactive composite moisture barrier material

Surlyn was compressed at 200 N cm™ and 150 °C to obtain films of thickness ~ 50 pm.
The use of organic coatings based on stearic acid was studied previously for improving water
vapor barrier properties.”> Therefore, Fe’ and Cu’ nanoparticles were mixed with stearic acid
at 60 °C, separately in five compositions (5, 10, 15, 20 and 30 wt. %). These mixtures of
stearic acid and nanoparticles were further sonicated for 10 min at 60 °C. Thus obtained
dispersions of various compositions of reactive nanoparticles in stearic acid were melt coated
over neat Surlyn films (~50 = 5 pm) at 75 °C. The thickness of the coating is ~ 8 um. Then
the coated Surlyn films were sealed with neat Surlyn films at 90 °C in order to avoid the
direct exposure of nanoparticle coatings to the environment. The barrier architecture for the
films with interlayer is given in Scheme 2. The barrier films with interlayers containing Fe’
nanoparticles of various compositions (5, 10, 15, 20, 30 wt. % in stearic acid) were
designated as F1, F2, F3, F4, F5 and those with interlayers containing Cu® nanoparticles (5,
10, 15, 20, 30 wt. % in stearic acid) were designated as C1, C2, C3, C4, CS5, respectively.
Neat Surlyn film was defined as SO. Thus obtained films were used as barrier materials for
organic device encapsulation. All the fabrication processes were carried out inside a glove
box with inert atmosphere (H,O < 5 ppm and O, < 30 ppm) to avoid contamination and

oxidation of the nanoparticles.
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2.4. Characterization of Fe” and Cu" nanoparticles

The X-ray analyses of the synthesized nanopacticles were conducted on Rigaku X-ray
diffractometer at a scan rate of 2° min"'. Raman studies were carried out on LabRAM HR
instrument in the range of 100 to 1000 cm™ operating with 532 nm excitation laser.
Brookhaven ZetaPALS, zeta potential analyzer was used for determining the particle size in
0.1 mg mL™" concentrated dispersions of Fe’ and Cu’ nanoparticles by diffuse light scattering
(DLS). The fluctuations in the intensity of the scattered light can be related to the varied
Brownian diffusion of the particles of different sizes.

2.5. Characterization of the barrier materials

Tensile measurements were conducted on Mecmeisin Micro Universal Testing Machine,
with 10 kN load cell at a rate of 25 mm min ' following ASTM D882-12 standard. At least 3
samples were considered for the measurements. The UV-visible transparency of the films
was determined using Perkin Elmer (Lambda -35) UV-visible spectrometer from 230 to 1100
nm at 1 nm interval.

2.5.1. Calcium degradation test for water vapor barrier

The electrical contacts for calcium thin film were taken from the aluminium electrodes,
deposited on either side of calcium. Then, the calcium thin film is sealed with the barrier film
using an epoxy resin.'* The sealed devices were placed in a humid environment (at 95 % RH
and 35 °C) and connected to a digital multimeter to continuously monitor the conductance of
calcium thin film. The measured decrease in conductance is directly proportional to the
number of oxidized calcium molecules, which can further be correlated with the number of
H,0 molecules reacting with calcium. The number of H,O molecules permeating through the
film is calculated using equation 1. The terms M0, Mca, 0, p, 1, b, R and t represent the
molecular weights of water, calcium molecules, density of calcium, resistivity of calcium,

length, width of the calcium thin film, resistance of calcium thin film and time, respectively.
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WVTR=-2

o))

(1)

2.5.2. Accelerated aging studies

OPV devices were fabricated inside a glove box under inert conditions. ITO slides were
thoroughly cleaned and subjected to ozone treatment prior to the device fabrication. PEDOT-
PSS was spin coated (at 1000 rpm) for 1 min on to the cleaned ITO coated glass slides and
the slides were annealed at 110 °C for 10 min. 45 mg of P3HT:PCBM (1.25:1) were
dissolved in 1 mL of dichlorobenzene and was spin coated over the annealed PEDOT-PSS
layer. These devices were further annealed at 140 °C for 10 min. Aluminium electrodes of
~80 nm were thermally evaporated at 5 x 10 mbar. Thus fabricated OPVs were sealed with
neat Surlyn and the synthesized barrier films with better barrier properties (F4, C4) using an
epoxy glue at the edges. The schematic for encapsulated OPV device is given in scheme 3.
The encapsulated devices were then exposed to 85 % RH and 65 °C for accelerated
weathering studies. The current voltage (I-V) characteristics for the non-encapsulated and
encapsulated OPVs were measured using 4200 Keithley Semiconductor Characterization
System and Newport Oriel, sol 3A solar simulator. The OPV device efficiencies were
averaged for at least 3 devices (3 scans per each device) and then normalized with respect to
initial efficiency for every encapsulated device. The reduction in the normalized efficiency
with time for the OPV devices was further used to evaluate the barrier performance of the
encapsulant following equation 2. The terms #, and #, correspond to the efficiencies of the

OPV device at time = 0 and t, respectively.

Performanc e of the OPV/ (%) =100 x eIt ()

o
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3. Results and Discussion

3.1. Fe’ and Cu nanoparticles

Zero valent iron (Fe®) and copper (Cu”) nanoparticles were synthesized by conventional wet
chemical synthesis using sodium borohydride by reducing salts of iron and copper,
respectively. Thus obtained nanoparticles were characterized for composition and particle
size by X-ray diffractometry and diffuse light scattering (DLS) experiments. From fig. 1 (a),
the primary peak at 44.7° corresponds to the 110 plane of bee structured zero valent iron
nanoparticles. The minor peaks at 64.7 and 82.1° correspond to 200 and 211 planes,
respectively.”® In the case of Cu’ nanoparticles, the peaks at 43.4, 50.4 and 74.2° correspond
to the 111, 200 and 220 planes of fcc structured particles, respectively.”’ Further, from the
DLS experiments, the Fe” and Cu” nanoparticles were found to be ~78 and 42 nm,
respectively. The conductivity values of Fe” and Cu” nanoparticles in dispersions were found
to be 0.202 mS/cm and 0.276 mS/cm, respectively. Therefore, these results confirm the
synthesis of Fe’ and Cu’ nanoparticles.

3.2. Reactivity of Fe” and Cu” nanoparticles with moisture

In order to evaluate the reactivity of the synthesized Fe® and Cu’ nanoparticles, the samples
were placed in the humidity chamber at the conditions of WVTR measurement, 95 % RH and
35 °C for 24 h. The XRD and Raman studies of these samples are given in fig. 1 (a, b, c and
d). In fig. 1 (a, b), the marked peaks for the Fe’ and Cu” nanoparticles exposed to humidity
suggest the formation of FeEOOH groups and Cu(OH), (with reference to JCPDS No (35-
0505)),” confirming their reactivity. Further, the peaks at 222 and 378 cm™ for the oxidized
Fe® samples and at 235 and 331 cm™ for the oxidized Cu’ samples from Raman analysis
given in fig. 1 (c, d) are in agreement with the peaks for FeOOH*’ and Cu-O groups,’
respectively. These studies show that the synthesized nanoparticles are capable of reacting

with moisture.
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3.3. Mechanical properties of the fabricated barrier films

The mechanical properties of the films were studied from tensile experiments and given in
fig. 2 (a, b). The modulus of elasticity and the elongation at break for the neat Surlyn films
were found to be 98 (+2) MPa and 138 (+5) %, respectively. It can be observed that the
modulus of elasticity increased and the elongation at break decreased with increasing loading
of nanoparticles in the interlayer. The elastic modulus of the barrier films with Fe’ and Cu’
nanoparticles increased to ~ 145 MPa for 20 wt.% loading. This increase shows the
improvement in the stiffness of the flexible Surlyn films with the introduction of reactive
interlayers. Therefore, the elongation of the films decreased up to ~40 % for the composite
barrier films with the maximum loading of the nanoparticles. However, the films are still
flexible enough for OPV encapsulation applications.”’

3.4. Transparency of the barrier films with reactive interlayers

The UV-visible transparent properties of the barrier films are given in fig. 3 (a, b). The
visible light transparency of the Surlyn films decreased with the addition of reactive
interlayers. Further, it decreased with increasing the nanoparticle loading in the interlayer.
The barrier films with 30 % loadings of nanoparticles (C5 and F5) exhibited the least visible
light transparency of < 40 % and therefore, are not suitable for encapsulation applications.
However, almost all the other composite barrier films (except F4) exhibited a visible light
transparency of > 50 % validating their suitability for OPV encapsulation.”> Moreover, the
light is shined from the substrate side of the device in the encapsulated OPV devices as
shown in scheme 3. Therefore, the transparency of the barrier film will not affect the
working of the device. Further, the reduction in transparency of the films to UV light extends

the scope for OPV device protection.
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3.5. Water vapor barrier properties of the barrier films with reactive interlayer

The moisture barrier properties of the barrier films were evaluated using the calcium
degradation test method.”® In this test, the oxidation of calcium was monitored by the change
of conductance of the calcium thin film (of ~ 210 nm, 1 x 1 cm?) deposited on a clean glass
slide.”>  Therefore, in case of the barrier films with reactive interlayers, the moisture
permeating through the barrier film reacts with iron and copper in interlayers resulting in the
decrease of WVTR.

The water vapor barrier properties for iron and copper based barrier films are given in fig. 4
(a, b, ¢, d). It can be observed that the reduction in conductance is much slower in barrier
films with reactive interlayers when compared to the neat Surlyn film from fig. 4 (a, b). The
calcium test device sealed with neat Surlyn film degraded completely in ~45 min while the
device sealed with C4 and F4 films took ~5500 and 6500 min, respectively. It can be
observed that the barrier films with higher concentration of reactive component in the
interlayer resulted in the longer times for calcium degradation. The WVTR through the neat
Surlyn film of ~110 pm was found to be ~ 1.1 g m™ day'. The WVTRs through the
fabricated barrier films (~110 pm) with iron and copper based reactive interlayers at 500 min
were found to be 12, 6, 1.4, 0.8 and 0.73 (x 10 g m™ day™) (for F1, F2, F3, F4 and F5) and
11,2.2,0.27,0.14 and 0.11 (x 10° g m™>day") (for C1, C2, C3, C4 and C5), respectively (fig.
4 (c, d)). From these values, it can be observed that the WVTR decreased by ~ 2 orders with
the addition of 5 wt. % of reactive iron or copper nanoparticles to the interlayer. Further, the
WVTRs decreased up to ~ 4 orders for 20 % reactive component in the interlayer for F4 and
C4 films. These results show that the reactive interlayers are effective in decreasing the
WVTRs through the barrier films. It was observed that the WVTRs did not vary significantly
from F4 to F5 and C4 to C5. Therefore, 20 % loading of nanoparticles were considered to be

optimum for moisture barrier properties. Further, in order to compare the barrier performance

9



Physical Chemistry Chemical Physics

of the fabricated reactive materials, equation 3 is used for studying the enhancement of water

vapor barrier with respect to the neat Surlyn barrier film (fig. 4 (e)).

: P
Barrier enhancemen t= (F"j

3)

In equation 3, P and P, represent the WVTR of the barrier film and neat Surlyn film,
respectively. From fig. 4, it can be observed that the water vapor barrier improved by ~ 90,
180, 785 and 1375 times for F1, F2, F3 and F4 films, while up to 100, 500, 3975 and 7975
times for C1, C2, C3 and C4 films, respectively with an accuracy of (= 12). These results
show that the copper based interlayers performed better than the iron based interlayers.
Further, the C4 and F4 films resulted in the maximum enhancement of the water vapor
barrier. Therefore, these barrier films were further used for encapsulating OPV devices and
conducting accelerated weathering studies.

3.6. Accelerated aging studies of the encapsulated OPV devices

These studies were conducted in the dark, at 65 °C and 85 % RH following ISOS-D3
protocol.™  The light source intensity was maintained at 1000 W m™. At least three I-V
scans in the range of -1 to 1 V were taken for each device and at least three devices were
considered for calculating the average device performance for each composition of the barrier
film. The average performances of the unencapsulated and encapsulated OPV devices were
determined after exposure to accelerated conditions for 0, 10, 20, 30, 90, 180, 270, 360 and
480 min, respectively (fig. 5). The device characteristics data for power conversion
efficiency (PCE), short circuit current density (Isc), open circuit voltage (Voc) and fill factor
(FF) at initial time, after 20 and 480 min of accelerated aging of a representative device
among the three devices are given in the table 1. The time at which the device performance
(PCE) drops to half of its initial value, tso, is generally considered as the life time of the

device. The tso for unencapsulated and SO encapsulated devices were 10 and 25 min,

10
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respectively. This shows that the encapsulation of the OPV devices prolongs the lifetime of
the device. Moreover, no photovoltaic device performance was observed after 90 min for
these devices. This loss in device performance is mainly due to the exposure of the OPV
devices to moisture, which resulted in the drop of fill factor and short circuit current density.
Further, the device performance was not recoverable even after soaking in light up to 10 min.
This shows the irreversible catastrophic failure®® of the devices under accelerated conditions.

The devices encapsulated with reactive barrier films showed much better performance
when compared to SO encapsulated devices by retaining the OPV device performance by > 96
% after 30 min of accelerated aging. The tgy and tso for OPV devices encapsulated with F4
are 230 and 340 min, while for devices encapsulated with C4, these values are 300 and 480
min, respectively. Further, the device lifetimes at ambient conditions of 25 °C and 25% RH
are equivalent to 1024 times the lifetimes under accelerated aging conditions of 65 °C and 85
% RH.* *° These values clearly indicate that the reactive interlayers are capable of extending
the OPV device lifetimes up to 490,000 min (~ 340 days). Further, it shows that the copper
based interlayers are effective as moisture reactive barrier when compared to iron based
interlayers as observed from WVTR studies.

4. Conclusions

In the case of traditional organic/inorganic coatings, the inorganic component basically
acts as a diffusion barrier. The approach of reactive interlayer has been employed in this
work, which is simple, scalable and reliable for the development of better water vapor barrier
materials. Further, the concept of introducing reactive interlayer is to increase the diffusion
path and to trap the permeating water molecules by reacting with them. Therefore, the
synthesized moisture barrier materials proved to be better than the previously studied reactive

-137

nanocomposite encapsulants, which exhibited WVTR ~ 8 x 10~ g m™ day™.*” The use of two

metallic nanoparticles (Fe” and Cu”) in the design of reactive moisture barrier material was
11
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studied from calcium degradation experiments. A drastic reduction in WVTRs by two orders
was observed with the addition of 5 % reactive iron or copper nanoparticles. Further addition
of the copper nanoparticles up to 20 % resulted in 4 order reduction in WVTR (~ 1.4x 10* g
m™ day™), when compared to the neat Surlyn. These materials were flexible and transparent
in the visible light region. In order to evaluate the barrier material as an OPV encapsulant,
the encapsulated OPV devices were subjected to accelerated aging tests. The OPV device
encapsulated with C4 showed the best performance by retaining ~50 % of its initial
performance even after 480 min of accelerated aging. It was also observed that copper
nanoparticles resulted in better reactive interlayer than iron nanoparticles from both WVTR
and OPV aging studies. However, this study on introducing the reactive interlayer indicates
the effectiveness of the reactive, passivating interlayer in between flexible polymer layers as

ultra-high water vapor barrier material.

The current state-of-art barrier materials for organic device encapsulation are based on
nanomaterials such as silica, alumina, ZnO and clays in various polymers.38’ 39, 40, 41, 42
However, these materials exhibit WVTR in the range of 10~ to 10® g m™ day”. which is
slightly lower than that observed in this study. These materials, therefore, do not suffice the
barrier requirements posed by organic electronics. However, the current investigation on
reactive composites provides a possibility of improving the moisture barrier with the
introduction of reactive nano-components. Therefore, future work on improving the water
vapor barrier properties can investigate new Ti and Al based nanomaterials with crosslinked

44, 45

ol mers,43’ stacking of interlayers containing the reactive nanomaterials and
poly g y g

combinations of different nanomaterials in the interlayers.

12
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Table 1. Device characterstics for unencapsulated and encapsulated OPV devices before and

after accelerated aging.

Device PCE (1 in %) Voc (V) Isc (MA cm™) FF (%)

Time
(min) 0 20 480 0 20 480 0 20 480 0 20 480

Unencap | 3.1 0.74 | 0015 | 06 | 058 | 049 | 106 | 29 | .01 | 49.7 | 432 | 0.74

SO 31| 26 | 0.056 | 059 | 059 | 0.58 | 11.2 | 95 | 2.2 52 | 451 | 421

F4 271264 ] 109 | 058 | 058 | 057 | 99 | 99 | 46 | 486 | 45 | 438

C4 281268 | 142 | 059 | 059 | 0.57 | 103 | 10.2 | 5.2 51 | 47.8 | 46.3
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1

o ¥ b

Scheme 1. Photographic image for the zero valent iron nanoparticles changing their color from
(a) black to (b) brown after exposure to moisture (images were taken by placing the samples on a

white paper).
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® ——Fe? & Cu®in Stearic acid

Scheme 2. Barrier architecture for Surlyn/reactive interlayer/Surlyn barrier films.
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Scheme 3. Schematic for OPV device encapsulation.
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Fig. 1. X-ray diffraction studies for the synthesized bce and fec structured Fe” and Cu’

nanoparticles (a) before, (b) after oxidation, Raman studies for (c) Fe” and (d) Cu’.

22



Page 23 of 27 Physical Chemistry Chemical Physics

200 0
5 (@) B Barrier films with Fe
g 150. B Barrier films with cud
2
o
@ 100
w
G
3 501
>
©
o
> 0l

Loadmg of nanopartlcles (%)

1(b
1504 (b) B Barrier films with FeO

B Barrier films with CuO
100 -
) I I I
0- l
0 5 10 15 20

Loading of nanoparticles (%)

Elongation at break (%)

Fig. 2. Mechanical properties of the materials: (a) Stiffness of the material determined from
modulus of elasticity and (b) flexibility determined from the elongation at break for the reactive

composite barrier films.
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Fig. 3. UV-visible transparency for barrier films with (a) reactive iron

and (b) reactive copper nanoparticles.
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Fig. 4. Normalized conductance and WVTR for barrier films with reactive (a, c) iron and (b, d)
copper nanoparticles in stearic acid interlayers from calcium degradation test, (e) evaluation of

the barrier performance (inset: schematic for the fabricated barrier films with reactive

interlayers).

C1

C5

Nanoparticle composition in interlayer (wt. %)

25




Physical Chemistry Chemical Physics Page 26 of 27

100-'!_0&..,¢.\‘
B - 41’;{ ~~~~~ _e

- 809 .\'\ ) N
> : AY S
§ 60 —a— Unencapsulatea'\ "\..\.
g 40_ i E SO .:'\,\'
é | —e-F4 Te
5 ] | -+ C4

0 $ s el

0 90 180 270 360 450
Time (min)

Fig. 5. Accelerated aging studies for encapsulated devices with neat Surlyn and SS coated

Surlyn barrier films.

26



Page 27 of 27

Physical Chemistry Chemical Physics

Table of Contents

WVTR ~ 104 ¢ m? day”!
Reactive water vapor barrier material with zero valent iron and copper nano particles for

organic device encapsulation

27



