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ABSTRACT: We investigate the role of molecular weight (MW) of the
photoactive polymer poly(3-hexylthiophene) (P3HT) on the temperature-
dependent decohesion kinetics of bulk heterojunction (BHJ) organic solar cells
(OSCs). The MW of P3HT has been directly correlated to its carrier field effect
mobilities and the ambient temperature also affects OSC in-service performance
and P3HT arrangement within the BHJ layer. Under inert conditions, time-
dependent decohesion readily occurs within the BHJ layer at loads well below its
fracture resistance. We observe that by increasing the MW of P3HT, greater
resistance to decohesion is achieved. However, failure consistently occurs within
the BHJ layer representing the weakest layer within the device stack. Additionally,
it was found that at temperatures below the glass transition temperature (∼41−
45 °C), decohesion was characterized by brittle failure via molecular bond rupture. Above the glass transition temperature,
decohesion growth occurred by a viscoelastic process in the BHJ layer, leading to a significant degree of viscoelastic deformation.
We develop a viscoelastic model based on molecular relaxation to describe the resulting behavior. The study has implications for
OSC long-term reliability and device performance, which are important for OSC production and implementation.
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■ INTRODUCTION
Inexpensive, flexible bulk heterojunction (BHJ) organic solar
cells (OSCs) are one of many promising alternative energy
technologies that may aid in addressing our growing need to
build a sustainable future.1−4 Indeed, large-scale solar parks
have already begun utilizing state-of-the-art roll-to-roll
produced OSCs in which placement and replacement of
these solar sheets is fully automated.5 However, challenges
remain that limit their wider adoption and implementation.
Among these are optimized power conversion efficiency
(PCE), chemical stability, and mechanical reliability.2,6−9 In
this study, we investigate the time-dependent decohesion of
standard polymer OSC architectures under controlled environ-
mental conditions and varying temperatures. This will
ultimately provide valuable insight into improving and
optimizing OSC mechanical reliability.
In several recent studies, the cohesive/adhesive energy, GC (J

m−2), of standard and roll-to-roll OSCs was measured.7,8,10 It
was shown that the polymer BHJ layer and adjacent interfaces
in standard and inverted roll-to-roll OSCs fail with relatively
low cohesive energy (GC ∼1−2 J m−2). These studies also
indicated that cohesive failure predominantly occurred for
standard OSC architectures but inverted roll-to-roll OSCs
would fail adhesively due to changes in interface energy.
However, significant improvements could be made depending
on the BHJ layer composition, polymer/fullerene ordering, and
thermal annealing time and temperature to give GC values of
∼5 J m−2. More recently, it was shown that by increasing the
semiconducting polymer weight average molecular weight
(MW) and BHJ layer thickness, significant increases to the

cohesive energy of the layer could be achieved (GC up to 17 J
m−2) due to plasticity at the decohesion tip, which helped to
dissipate mechanical energy.11 Although GC is a measure the
cohesive fracture energy, many materials exhibit a time-
dependent loss of cohesion at values of G < GC. This time
dependency is often associated with temperature and environ-
mental effects that may weaken chemical bonds. Decohesion
studies of the polymers poly(3,4-ethyl-enedioxythiophene)
poly(styrene-sulfonate) (PEDOT:PSS) and OSC encapsulant
ethylene-vinyl-acetate (EVA) have measured the decohesion
rates (da/dt) as a function of G to show that the ambient
temperature, relative humidity and aging time strongly
influenced how quickly and how far decohesion would extend
within the material.12,13

In this study, we used a single-cantilever beam (SCB) testing
method to investigate the effects of temperature and the MW of
the semiconducting polymer, poly(3-hexylthiophene) (P3HT),
on the decohesion kinetics of the BHJ layer (consisting of
electron donating P3HT and electron accepting fullerene
phenyl-C61-butyric acid methyl ester (PC60BM)) (Figure
1).13,14 This technique permits observation of decohesion
rate by monitoring the load relaxation associated with
decohesion within the OSC. Because SCB primarily acts in
tension relative to the surface, we characterize time-dependent
failure, which may be exacerbated by factors like thermal
expansion mismatch of the layers. We show that at room
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temperature, regardless of P3HT MW, decohesion occurred
very rapidly before arresting, similar to brittle solids. However,
as the test temperature was raised above the glass transition
temperature, Tg, of the BHJ layer, significant viscoelasticity
characterizes the decohesion. With increasing temperatures, we
see a reduction in the cohesive threshold, Gth, where growth
rates fall below 10−9 m s−1. Finally, we are able to model this
viscoelastic crack growth behavior using a kinetic model we
developed to understand the changing mechanical response to
temperature. Understanding the decohesion kinetics in terms of
modeling the molecular relaxations will provide greater insight
into assessing and improving the in-service lifetimes of polymer
OSCs and other organic electronics.

■ EXPERIMENTAL SECTION
Thermal Analysis. DSC and MTDSC methods were performed

using a TA Instruments Q2000 differential scanning calorimeter with
an RCS cooling system. Sapphire was used to calibrate the cell
capacitance. Samples were harvested from drop-casted thin films of the
BHJ layer from clean glass slides. Anywhere from 10 to 15 mg of
samples were placed into Tzero aluminum hermetically sealed DSC
pans and the T4P heat flow signal was monitored to account for pan
effects. Nitrogen was used as a purge gas with flow rate of 50 mL
min−1. DSC scan rate was set to 10 °C min−1. Test started at the lower
limit of −60 °C, held for 10 min, then ramped to the upper limit of
310 °C and allowed to settle for 1 min. The sample was allowed to
cool back down to −60 °C and held for 1 min. MTDSC was then
employed to investigate the Tg of the samples. Modulation amplitude
was set to 1 °C with period of 60 s. The samples were heated to 310
°C at 2.5 °C min−1 and held for 1 min before being finally cooled back
to −60 °C.
OSC Preparation. OSCs were fabricated with using regioregular

poly-(3-hexylthiophene-2,5-diyl) (P3HT) (Rieke Metals) of varying
MW. Batch data is provided in the Supporting Information (Table S1).
All OSCs were fabricated on top of 30 ± 5 nm of PEDOT:PSS
covered indium tin oxide (ITO, 120 nm) glass substrates (50 × 50
×0.7 mm). The BHJ layer, consisting of P3HT and phenyl-C61-
butyric acid methyl ester (PC60BM, Solenne, Purity >99.5%) in a 1:1
mass ratio, was spun cast from solutions with total solute
concentration of 25 mg/mL (900 and 500 rpm/s for 45 s) using
the solvent chlorobenzene at 65 °C and allowed to dry for ∼12 h. An
average BHJ layer thickness of 95 ± 10 nm was achieved. Electrodes

made of 7 nm of Ca and 100 nm of Al were thermally evaporated onto
the BHJ layer.

Decohesion Kinetics. OSCs were further processed into 1.4 × 4.0
× 50 mm testing beams as detailed elsewhere.7 These beams were
further processed into single-cantilever beam (SCB) testing specimens
by fixing the beams to the rigid stage of our thin-film testing system
(Delaminator DTS, Menlo Park, CA, configured for SCB testing). The
SCB stage is a solid aluminum substrate with an embedded resistance
heater and thermocouple. An initial crack of 3 mm was machined into
the SCB specimen and subsequently loaded under tension until a crack
naturally propagated into the device layers.14 A schematic of an SCB
specimen and testing procedure is summarized in Figure S10,
Supporting Information. The SCB specimens were loaded to achieve
an initial crack length of 10 mm, as determined by visual inspection
before testing. The SCB is then covered via an aluminum block cover
and sealed via an O-ring to isolate it from the atmosphere. The
internal environment of the enclosure could be controlled via mass
flow controllers that feed into the aluminum substrate. Nitrogen
(99.9998% by volume) was fed into the chamber at a flow rate of 0.6 L
min−1 (slight positive pressure). The nitrogen was allowed to flow into
the chamber for ∼12 h prior to testing in order to minimize the
amount of trace oxygen and water. The testing temperature was then
changed as desired and allowed to equilibrate with the test
environment. To calculate G, the SCB expression was used:13
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where P is the applied load, a is the crack length, B is the SCB
specimen width, E′ is the plain-strain modulus, and h is the specimen
half-height. The crack length can be calculated via the beam
compliance and is further discussed elsewhere. To determine
decohesion growth rate, da/dt, we utilize the load relaxation technique
and compliance methods to calculate crack length, a, at a given time
which are related by the applied load and beam compliance. The SCB
specimens were loaded to a predetermined load before the
displacement was fixed. As the crack grew, the load would then relax
as the crack extended through the SCB specimen. Then, da/dt was
calculated using:
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where ai and Pi are the initial crack length and load at the start of the
test, respectively. Experiments took place under N2, with test

Figure 1. BHJ layer of OSC consisting of P3HT:PC60BM. A close up of the crack tip for BHJs made from (a) low MW P3HT and (b) high MW
P3HT. In the case of panel a, the crack may extend between the polymer regions with ease, but for panel b, large domains of entangled and bridged
P3HT limit crack growth.
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temperatures ranging from 25 to 100 °C. Tests were allowed to run for
as long as 3 days, to give da/dt rates between 10−3 to 10−10 m s−1.
Surface Analysis. The BHJ layer thickness was measured using a

profilometer (Dektak 150+ Surface Profiler, Veeco). A scratch was
induced which gave a combined thickness including the PEDOT:PSS
layer and BHJ layer. The thickness of the PEDOT:PSS layer was
subtracted from this. X-ray photoelectron spectroscopy (XPS) and
depth profiling (PHI VersaProbe XPS Microprobe) were performed
on the fracture surfaces to determine the elemental composition and
to determine layer thickness. An X-ray beam spot of 200 × 200 μm
with detection angle of 35 ° was used. Depth profiling was performed
using Ar+ + C60

+ alternate sputtering. Ar+ and C60
+ beam currents and

voltage were 3mA at 5 kV and 20 nA at 10 kV, respectively. The beams
were allowed to raster over an area of 2 × 2 mm. Elemental
compositions were then analyzed from the resultant spectra. Carbon
K-edge near edge X-ray absorption fine structure (NEXAFS)
spectroscopy was measured on the bending magnet beam line 8-2 at
Stanford Synchrotron Radiation Laboratory (SSRL) (Figure S3,
Supporting Information). Noncontact atomic force microscopy
(AFM) (XE-70, Park Systems) was used to characterize the fracture
surface topography and to obtain root-mean-squared roughness (Rq).

■ RESULTS AND DISCUSSION
Thermal Properties and Tg. From analysis of the total

heat flow (HF) (Figure 2a) for the first heating for blends of
P3HT:PC60BM (1:1 mass ratio), a Tg of 44.6 ± 1.7 °C for all
blends (all values summarized in Table S1, Supporting
Information) and a melting temperature (TM) of 210.5 ± 2.0
°C for the P3HT phase were determined and were consistent
with published DSC data for P3HT:PC60BM blends (MW = 35
kDa).15 This is important, as the Fox−Flory equation predicts
that the Tg of a polymer reaches an asymptotic limit once past a
critical MW.

16 A steep shoulder prior to the melting point of the
P3HT phase, which is associated with the melt crystallization of
PC60BM is observed along with a broad melting peak at 250−
270 °C, which correlates to the double melting peaks of
PC60BM (Tg = 139.1 °C, TM = 250.0 and 283.1 °C Figure S1,
Supporting Information).15,17

During the second heating cycle, the reversing heat capacity
(Cp

rev) was measured to determine whether the Tg would be
affected (Figure 2b). By looking at the change in Cp

rev with
respect to temperature, the Tg (40.5 ± 0.3 °C) becomes clearly
visible as a peak (Figure 2c). This reveals that the Tg for all
blends remains constant.15 This consistency may be related to
the similar P3HT dispersities (∼2), thermal histories and
regioregularity (∼90%) (Table S2, Supporting Information) as
the literature shows Tg for 1:1 blends going as high as 60
°C.15,18,19 To understand the differences in Tg measured, we
note that the literature suggests that no significant amount of
phase separation between the P3HT and PC60BM occurs in the
molten state.15 This small change in Tg is most likely due to the
different heating rates employed, and therefore we estimate Tg
to be at an intermediate value.
Decohesion Kinetics. The decohesion rate measured in

the BHJ layers of the OSCs are plotted as a function of G in
Figure 3. Tests were performed under a nitrogen atmosphere,
in order to observe the effects of P3HT MW and test
temperature without the effects of oxygen and relative
humidity. Two distinct types of decohesion curves are
apparent: linear and sigmoidal. The linear curves appear
when decohesion occurs at T < Tg of the BHJ (∼45 °C) and
the sigmoidal curves occur when T > Tg. The steep, linear
curves are similar to failure in brittle materials like glasses and
silicon in the absence of reactive environmental species and
appreciable crack tip plasticity.20,21 The sigmoidal curves are

characterized by three regions, as sometimes observed for
failure in bulk polymers and polymer/inorganic interfaces
which exhibit a time-dependent decohesion mechanism.21−24

At low growth rates (region I, Figure 3a), a threshold region
appears where decohesion rates decrease to values below ∼10−9
m s−1 and where Gth is observed. At intermediate growth rates
(region II, 10−8−10−6 m s−1), a change in the slope occurs,
which is indicative of significant viscoelasticity. The slope of this
region is dependent on testing temperature. At fast growth rates
(region III, > 10−6 m s−1), a steep rise in decohesion rate with
G is observed and is similar to brittle fracture. This may be due
to the fact that at high decohesion rates, there is little time for
molecular relaxations.

Figure 2. DSC thermogram for the (a) total HF of blends of different
MW P3HT with PC60BM (1:1 mass ratio). (b) MTDSC thermogram
showing the Cp

rev and (c) dCp
rev/dT. Curves were separated vertically

for clarity.
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Experimental values for GC for these blends are 10.0, 5.0, 3.5
and 1.5 J m−2, for BHJs made with 100, 79, 53, and 28 kDa
P3HT, respectively, indicating time-dependent decohesion well
below GC.

11 The Gth is plotted against testing temperature in
Figure 4, and is apparent that the BHJ layer possesses a greater
resistance to mechanical failure as P3HT MW increases.
Reasons for this marked increase in cohesive energy with

increasing polymer MW include a greater degree of polymer
chain entanglement and greater degree of tie molecules
between P3HT lamellae.25−30 As the test temperature was
raised to 40 °C, Gth decreases and the decohesion curves shift
left, showing that increasing the test temperature lowers the
applied G needed for a given decohesion rate. This may be due
to an increase in polymer motion, allowing chains to more
easily slide past each other. However, the effect is less
pronounced for devices made with 100 and 53 kDa P3HT.
This may be due to an elevation of the BHJ layer Tg due to
constraint of the top and bottom glass substrates.31 Once past
the Tg, Gth increases and these curves shift to the right, meaning
a greater G is required for a given growth rate. As testing
temperatures are increased, Gth decreases and these curves once
again shift to the left.
The change in decohesion behavior above the Tg may be

indicative of a viscoelastic decohesion growth process.13,23,32,33

The sigmoidal shape of these curves is more pronounced at
high P3HT MW and decreases with decreasing MW.
Viscoelasticity at the decohesion tip would allow for significant
plastic deformation, which helps to dissipate mechanical energy
and to resist decohesion growth. This is consistent with the
behavior of bulk polymers. Indeed, decohesion growth of 100
kDa P3HT without PC60BM is sigmoidal in shape at 25 °C in
nitrogen (Tg ∼12.1 °C for pure P3HT, Figures S1 and S2,
Supporting Information), which suggests that viscoelasticity
within the polymer phase is responsible for this behavior. The

Figure 3. Decohesion growth rate curves (da/dt) as a function of applied mechanical driving force for OSC BHJ layers as a function of ambient
temperature and P3HT MW: (a) 100 kDa, (b) 79 kDa, (c) 53 kDa, and (d) 28 kDa. All tests were performed in nitrogen to eliminate the effects of
oxygen and relative humidity on the decohesion rate. Decohesion curves typically deviated from a steep slope when test temperatures were above the
BHJ layer Tg.

Figure 4. Threshold driving force, Gth, for OSC BHJs with indicated
P3HT MW is plotted against test temperatures with slope fittings when
T > Tg. The Gth was taken at decohesion rates that were between 10−9

and 10−10 m s−1.
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increase of the slope of the intermediate region (II) with
increasing temperature indicates greater sensitivity to G. This is
consistent with viscoelasticity and a reduction in the relaxation
modulus.13 Studies have shown that a plateau in the da/dt vs G
curve is due to limited diffusion of chemically active species to
the strained chemical bonds at the decohesion tip.14,22

However, because our testing system is under nitrogen,
chemical reactivity is unlikely to explain decohesion growth
in this region.
Surface Analysis. To determine the crack growth path

within the organic solar cell, high-resolution X-ray photo-
electron spectroscopy (XPS) was employed for all devices to
determine the precise elemental and chemical composition of
the fractured surfaces. Near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy was performed on critically
failed devices at room temperature in air to show that cohesive

and not adhesive failure was the primary failure mode (Figures
S3 and S4, Supporting Information). Therefore, high resolution
XPS of the S2p core level (155−175 eV) was determined to be
sufficiently sensitive enough to differentiate between P3HT and
PEDOT:PSS should interfacial debonding occur. From Figure
5a,b, we see typical XPS spectra of the top and bottom cohesive
surfaces with matching in elemental composition (∼90% C, 8%
S, and 2% O) indicative of cohesive failure. High resolution
images of the S2p peak for matching cohesive surfaces of the
BHJ layers are also shown for 100 kDa P3HT (Figure 5c,d) and
28 kDa (Figure 5e,f) (53 kDa and 79 kDa in Figure S7,
Supporting Information). Each show unambiguously, a single
sulfur signal (2p1/2 and 2p3/2 doublet) at about 165 eV, which
may be attributed to P3HT, indicating cohesive failure within
the BHJ layer for all these devices at all temperatures.

Figure 5. XPS spectra of fractured surfaces for OSC made using 100 kDa P3HT (25 °C, in N2) from the (a) Al side (left column) and the (b) ITO
side (right column). High resolution spectra of the S2p peak for surfaces of OSCs made from 100 kDa P3HT (c and d) and 28 kDa P3HT (e and f).
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PEDOT:PSS typically displays two S2p peaks, one at 165 eV
and one at 170 eV, for both the PEDOT and PSS species,
respectively (reference spectra Figure S5, Supporting Informa-
tion). The peak at 170 eV appears because PSS is the only
chemical species with a sulfonate group (SO).34 Therefore,
we can say that the change decohesion kinetics when going
from 40 to 60 °C is not due to interfacial failure between the
P3HT:PC60BM and PEDOT:PSS. Indeed, AFM images for the
matching decohesion surfaces indicate similar root-mean-square
roughness values (Figure 6). The increase in surface roughness
with test temperature would also indicate significant amounts of
plastic yielding occurs at the crack tip as chains are pulled in
tension and aligned. To determine whether the failure path
would change where cohesive failure would occur within the
BHJ layer, depth profiling on the cohesive surface that
contained ITO was performed (Figure 7).35 From this, we
see that with increasing temperatures, the crack tends to move
closer to the center of the BHJ layer, which is consistent with
the literature, indicating the decohesion position would move
toward the center of the BHJ layer with thermal annealing.7

This may be due to the fact that PC60BM tends to phase
separate toward the top contact (Ca/Al), away from the
PEDOT:PSS layer, during thermal annealing.36−38 Indeed,
during thermal annealing, studies have shown a greater degree
of miscibility between the P3HT and PC60BM phase and the
vertical diffusion of PC60BM greatly alters device morphology
and characteristics.39−41

Modeling Decohesion Kinetics. For decohesion below
Tg, we employ a decohesion kinetic model that has been used
for brittle polymers, bulk glasses, and polymer/metal
interfaces:12,42,43

γ
η

= −⎛
⎝⎜

⎞
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d
d

v
Ga

t
sinh

2
0

(3)

where G is the applied driving force, v0 is a proportionality
constant related to the chemical structure and local environ-
ment at the decohesion tip, 2γ is the surface energy, and η is
equal to

η = Nk T2 B (4)

where N is the effective bond area density, kB is the Boltzmann
constant, and T is the testing temperature. The models were
then fitted to the data in Figure 3. It was observed that 2γ

Figure 6. AFM topographic images for conjugate fracture surfaces (top row = Al side, bottom row = ITO side) of OSCs made with (a) 100 kDa and
(b) 28 kDa P3HT debonded at the indicated test temperature.

Figure 7. Relative elemental concentration for sputtered fracture
surface (ITO side) of OSCs made using 100 kDa P3HT and debonded
at indicated temperature.
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shifted to lower values when T was increased from 25 to 40 °C,
indicating a reduction in the applied G needed for decohesion.
For test temperatures above Tg, the model does not account

for the inherent viscoelastic processes that give rise to the
pronounced sigmoidal shape of the curves. Instead, we
extended a polymer fracture kinetics model that we recently
modified for EVA/glass interfaces where viscoelastic effects at
the decohesion tip are significant.13 Our new model explicitly
includes the effects of temperature and polymer MW and
captures the intermediate growth rate region (II). The central
assumption is that the decohesion rate, da/dt, can be modeled
by the rate of formation of a viscoelastic zone of size rp ahead of
the decohesion tip:

τ
=a

t

rd
d

p

(5)

where τ is the relaxation time of the polymer, which represents
an estimate of the time needed to form the viscoelastic zone.
The zone rp can be estimated by32,44,45

π δ
ε

=r
8p

c

y (6)

where δc is the critical crack tip opening displacement and εy is
the yield strain of the material. Viscoelastic decohesion in
polymers occurs when32,44

δ ε=G Ec y (7)

where E is the relaxation modulus. The viscoelastic decohesion
process depends on test temperature and polymer MW and we
explicitly include this dependency in the model as follows. The
time dependence of E can be described with a power-law
equation, based on viscoelastic relaxation mechanics:32,44,45

τ= −E E T
n

1 0 (8)

where τT0
is the elapsed relaxation time at a reference

temperature, T0, E1 is the modulus at unit time, and n is a
measure of the rate sensitivity of the material (n = 0 for
perfectly elastic solids). Using eqs 7 and 8, and solving for τT0
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We then use the Williams−Landel−Ferry (WLF) time−
temperature superposition principle to estimate the effect of
temperature, T, on the relaxation time as follows46

τ τ= aT T0 (10)

where aT is the WLF time−temperature “shift” factor as
described by

= − − + −a 10 C T T C T T
T

( )/ ( )a g b g (11)

where Ca=17.1, Cb = 51.6 K−1. The polymer MW influences the
relaxation time according to47

τ τ= − −eM
B M M( 1 1 )

0
w 0 (12)

where τM0
is the relaxation time at T0 and reference molecular

weight,M0. The term B is an empirical constant for the polymer
that we assume is independent of temperature. Finally, using
eqs 9, 10, and 12, the relaxation time as a function of G, T, and
MW is given by

τ
δ ε

= · ·
−

− − + − − −
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟G

E
10 e

n
C T T C T T B M M

c y 1

1/

( )/ ( ) ( 1 1 )a 0 b 0 w 0

(13)

Substituting eq 13 into eq 5 gives
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Equation 14 was applied to the data in Figure 3 and
accurately describes decohesion in the intermediate region (II)
for BHJs using 53 kDa P3HT or higher. From the fitting, we
were able to calculate reasonable values for B = 6 × 105 Da and
M0 = 4 × 104 Da. Temperature and MW-dependent δc values
were estimated using the feature sizes of the BHJ cohesive
surfaces from AFM scans (Figures 6, S8, and S9, Supporting
Information). The values given for εy, which were less sensitive
to temperature and MW, were in the range of 0.04 to 0.06,
which is typical for noncross-linked polymers such as
polyethylene and poly(vinyl chloride).48 Values are given in
Table 1 (all other constants are given in Table S3, Supporting

Information which includes values from other studies).49 This
modeling would indicate that temperature sensitive viscoelastic
processes drive decohesion in the intermediate growth regime.
However, at high growth rates (10−6 m s−1 < da/dt), we

observe a sharp increase da/dt with G, which is similar to brittle
fracture. This may indicate that at high rates, there is not
enough time for viscoelastic relaxation processes to significantly
affect decohesion. Additionally, the model over predicts low
growth rates (<10−9 m s−1) where a threshold in the
experimental data is expected.11 It has been suggested that at
low growth rates with decreasing G, δ < δc and at these
conditions, decohesion will arrest.23 Additionally, the model
does not capture the decohesion behavior as well for the low
molecular weight P3HT BHJs. This may be due to the fact that
at such low MW, fewer entanglements between polymer chains
are likely, reducing the viscoelasticity of the BHJ layer
significantly.
To understand the mechanism behind viscoelastic decohe-

sion, we note that experiments have shown that debonding
occurs readily with increasing PC60BM content, indicating
weaker regions where PC60BM aggregates.7,50 Additionally, for

Table 1. Table of Fitting Parameters for Decohesion Growth
Models above and below Tg

a

parameters

MW (Da) T (°C) N (bonds m−2) δc (nm)
b εy

100000 60 1.1 × 1019 190 0.06
80 310
100 410

79000 60 8 × 1018 180 0.06
80 260
100 340

53000 60 4 × 1018 110 0.05
80 180
100 280

28000 60 1.2 × 1018 60 0.04
80 100
100 120

aValues for δc were estimated from surface feature sizes from AFM
scans. bEstimated using surface feature size from AFM
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semicrystalline polymers, decohesion is often characterized by
the amorphous and crystalline regions being drawn and aligned
along the strain axis, leaving voids.51,52 Therefore, it is likely
that viscoelastic decohesion initiates via the growth of voids in
front of the decohesion tip. This allows for the growth of
polymer crazes characteristic of plastic deformation.48 Over-
time, the polymer chains within the crazes slide past each other,
extending decohesion. At some point, the voids are able to
coalesce and a crack surface is produced.
It is interesting to note that although the MTDSC data

points to a Tg of 40.5 °C, viscoelastic decohesion is not
observed at test temperatures of 40 °C, which may indicate that
Tg is higher than 40.5 °C. This may also have to do with the
fact that the relative PC60BM concentration will shift the
observed Tg, meaning some solar cells may have had relatively
higher PC60BM concentrations near the decohesion tip. Indeed,
studies have shown that PC60BM readily diffuses through the
polymer matrix even under confinement at temperatures used
for annealing.17,53 More interesting is the fact that while the
adjacent PEDOT:PSS layer is relatively thin (∼30 nm), failure
does not occur there for the temperature range of interest.
Although PEDOT:PSS does not possess a clear Tg, it does have
a TM of ∼300 °C and a degradation temperature of ∼230 °C.54
Studies have indicated that at higher temperatures, an
electrochemical reaction occurs between P3HT and PSS,
forming P3HT+ and PSS−.55 These studies suggest that
stronger interfacial bonding occurs that prevents decohesion
from occurring within the PEDOT:PSS layer.

■ CONCLUSION
In conclusion, we have characterized and modeled the
decohesion kinetics of OSC BHJ layers consisting of P3HT
(varying MW) and hole conductor PC60BM. We determined
that within a nitrogen environment, molecular decohesion
within the BHJ readily occurs at driving forces below GC.
However, the decohesion curves become sigmoidal in shape
when test temperatures were raised to 60 °C. From thermal
analysis, it was revealed that the BHJ layer possessed a Tg of
∼41−45 °C, regardless of P3HT MW. Surface topography
revealed a dramatic increase in surface roughness for cohesive
surfaces tested above Tg, revealing significant plastic deforma-
tion.
We therefore attribute the significant plastic deformation at

high T to the BHJ layer undergoing a transition into the
rubbery state leading to significant viscoelasticity. At these high
temperatures, we observed that decohesion growth was driven
via viscoelastic relaxation processes. Additionally, we observed
that Gth decreases with increasing T, reducing the barrier to film
decohesion. From this, we derived a viscoelastic decohesion
model that accounts for the effect of temperature and P3HT
MW. Future studies should incorporate the effects of oxygen,
moisture, and UV light to determine if there are synergistic
effects that could reduce device reliability. By leveraging these
insights, we come closer to designing mechanically robust BHJ
OSCs and other organic electronics that utilize polymer thin
films.
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