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The interlayer adhesion of roll-to-roll processed flexible inverted P3HT:PCBM bulk heterojunction (BH])
polymer solar cells is reported. Poor adhesion between adjacent layers may result in loss of device
performance from delamination driven by the thermomechanical stresses in the device. We demon-
strate how a thin-film adhesion technique can be applied to flexible organic solar cells to obtain
quantitative adhesion values. For the P3HT:PCBM-based BH] polymer solar cells, the interface of the
BH] with the conductive polymer layer PEDOT:PSS was found to be the weakest. The adhesion fracture
energy varied from 1.6 J/m? to 0.1 J/m? depending on the composition of the P3HT:PCBM layer. Post-
deposition annealing time and temperature were shown to increase the adhesion at this interface.

Additionally the PEDOT:PSS cells are compared with V,05 cells whereby adhesive failure marked by
high fracture energies was observed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Roll-to-roll (R2R) processed polymer solar cells are promising
due to their low cost, light weight, compatibility with flexible
substrates, high throughput processing and large area solar cell
production [1-6], although concerns exist regarding their reliability.
Many failure modes relevant to polymer solar cells have been
identified while there is a general agreement that the majority of
failure modes remain uncharted. Until now degradation due to
chemical reaction with atmospheric components (oxidation and
corrosion) has been studied for laboratory devices on rigid sub-
strates. The general polymer solar cell comprise a multilayer
structure where mechanical stability is not automatically granted
due to the different mechanical properties for each of the layers and
their individual response to the processing conditions (temperature,
humidity, solvent vapor, strain, etc). Since most research efforts
have focused on achieving higher power conversion efficiencies
(PCE) for small area devices on rigid and mechanically stable
substrates, little is known about the thermomechanical reliability
of polymer solar cells. For example, damage processes such as
adhesive and cohesive fracture may result from the thin-film
stresses present in the organic solar cells [7]. Thin-film stresses
can develop during device processing and operation. During
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processing the evaporation of solvents may give rise to different
shrinkage strains and associated stresses [8]. Thermal strain and
associated stresses develop during thermal cycles due to the thermal
expansion mismatch of the different layers. Other stresses may
result from specific film growth processes such as the coalescence of
islands of material as the film is deposited. Finally, bending of the
flexible polymer solar cells may cause additional mechanical stres-
ses. It is the combination of these film stresses together with other
possible mechanical handling and operation stresses that provide
the mechanical driving force for the delamination of weak interfaces
or cohesion cracking of weak layers. This leads to a loss of
mechanical integrity and device performance. Therefore a funda-
mental understanding of the interlayer adhesion and strategies for
improving the adhesion fracture energy must be developed.

We demonstrate how a thin-film adhesion technique can be
applied to flexible R2R processed inverted polymer solar cells on
polyethyleneterphthalate (PET) substrates. The adhesion energy
required to separate adjacent layers can be precisely measured
independent of the solar cell film mechanical properties, thick-
ness and stresses, which greatly simplifies the measurement
technique [9]. This provides for quantitative analysis of the
impact of various processing and structural variables on adhesion
and a means for understanding the mechanisms of delamination.
Additionally this enables a compositional analysis of the inter-
faces of the internal layers.

In this work we report on the adhesion between the photo-
active region Poly(3-hexylthiophene):Phenyl-C61-butyric acid
methyl ester (P3HT:PCBM) BH] and hole transport layer (HTL)
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Fig. 1. Device structure of P3HT:PCBM solar cells with either PEDOT:PSS (a) or
V5,05 (b) as hole transport layer.

Poly(3.4-ethylenedioxythiophene): Poly(styrenesulfonate) (PED-
OT:PSS). This interface was found to be the weakest in the R2R
inverted polymer solar cells. The adhesion fracture energy varied
from 1.6]/m? to 0.1]/m? depending on the composition of
the P3HT:PCBM layer. Post-deposition annealing was applied
to increase the adhesion at this interface. It is shown that the
adhesive fracture energies increased with annealing time and
temperature. Additionally, delamination in PEDOT-free R2R
inverted flexible polymer solar cells has been studied, whereby
the conductive polymer PEDOT:PSS has been replaced by a metal
oxide HTL, vanadiumoxide (V,0s).

2. Experimental
2.1. Solar cell processing

The processing of the R2R inverted polymer solar cells, shown
in Fig. 1 has been described elsewhere [10-13]. Briefly, the
polymer solar cells were processed using a roll-to-roll automated
set-up. A screen printer was used for the ITO and silver electrodes
and a slot die coater for the ZnO, BHJ and HTL'’s. The polymer solar
cells were processed on flexible PET substrates covered with
transparent ITO electrodes. A thin zinc oxide layer was initially
deposited to form an electron selective contact. Then, the photo-
active BHJ of an electron donor P3HT (Sepiolid P200 BASF) and
electron acceptor PCBM (99%, Solenne B.V.) was deposited. The
fraction of PCBM in P3HT:PCBM BH] was varied between 0 wt%
and 100 wt% using a differentially pumped slot die coater. A thin-
film of PEDOT:PSS (Agfa 5010) diluted in isopropyl alcohol was
slot-die coated on top to serve as the HTL. Additionally cells,
whereby the conducting PEDOT:PSS polymer layer was replaced
by a hydrated vanadiumoxide layer (V,0s-(H;0),), were pre-
pared from a dilution of vanadyl-triisopropoxide (Sigma Aldrich)
in isopropanol. The thickness of the V,0s layer was varied
between 130 nm and 185 nm, while keeping the composition of
P3HT:PCBM at a constant 10:9 ratio. A 6 pm thick silver paste (UV
curing Toyo Ink) layer was used as back electrode for both cell
structures. Finally, the polymer solar cells were encapsulated
using a barrier material (Amcor) and an adhesive (467 MPF, 3M).

2.2. Thin-film adhesion/cohesion testing

The adhesion or cohesion fracture energy is the energy needed
to cause delamination at the interface between layers or failure
within a layer, respectively. In the case of interface adhesion,
delamination occurs if the driving force for debonding, quantified
in terms of the applied strain energy release rate, G is larger than
a critical value, G, the adhesion fracture energy. The fracture
energy is determined by two different energy absorbing
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Fig. 2. (a) lllustration of the double cantilever beam (DCB) test specimen. The
polymer solar cell is sandwiched between two rectangular elastically stiff beams.
(b) Illustration of the debonded surfaces clearly showing adhesive failure between
the blue PEDOT:PSS layer (top) and red brown P3HT:PCBM layer (bottom). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).

processes: one involves the near-tip work of fracture including
processes such as breaking chemical bonds across the interface
and creating new surfaces and the other includes energy dissipa-
tion in a zone surrounding the crack [9]. G, is typically strongly
dependent on the material, mechanical and processing properties.

To measure the fracture energy, G. (J/m?) the flexible solar cells
were epoxy bonded in between two elastic beams to form a
double cantilever beam (DCB), as illustrated in Fig. 2. The DCB test
geometry is a well-established method for measuring the fracture
energy in thin-film structures and interfaces [9,14-16]. Silicon,
polycarbonate and aluminum were used as beam materials. The
specimens were mounted into the adhesion testing system
(Delaminator DTS, Menlo Park, CA). Subsequently the DCB speci-
mens were loaded in a mode I tension from which a load versus
displacement curve was recorded. Finally, the fracture energy, G,
can be expressed in terms of the critical load at which crack
growth occurs, P, the corresponding crack length a, the plain
strain elastic modulus, E' and the specimen dimensions width,
b and half- thickness, h. The fracture energy was calculated from
Eq. 1[17].

2 2
G = M (1 +0.64E>
B’E'l® a

All testing were carried out in laboratory air environment at
~25°C and ~45% relative humidity. Following mechanical test-
ing, x-ray photo spectroscopy (XPS, PHI 5000 Versaprobe) was
used to determine the location of the fracture path in the polymer
solar cell.

3. Results and discussion
3.1. Composition ratio P3HT:PCBM

The fracture energy, G. measured versus the weight fraction of
PCBM in the P3HT:PCBM layer is shown in Fig. 3. G. reaches
values of 1.6 ]/m? for a nearly pure P3HT layer (3 wt% PCBM),
decreases non-linearly with higher fraction of PCBM in the BH]
and is only 0.1 ]/m? for a nearly pure PCBM layer (98 wt% PCBM).
The PCE of the PEDOT:PSS cells varied from 0.006% for a 100%
P3HT going through a maximum of 2.2% for a 1:1 ratio of
P3HT:PCBM layer and decreasing to 0.05% for a 100% PCBM layer
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as previously reported [10]. Adhesive failure at the interface of
BH] P3HT:PCBM with conductive polymer layer PEDOT:PSS was
observed by XPS for all compositions of P3HT:PCBM, except for
the nearly pure PCBM layers mixed adhesive failure was
observed. The adhesive fracture path was also visually apparent.
The surface of the delaminated specimen with a blue colored
PEDOT:PSS surface at one side and the brownish P3HT:PCBM
surface at the other side is shown in Fig. 2b.

The hydrophobic P3HT:PCBM and negatively charged hydrophilic
PEDOT:PSS form the weakest interface in the inverted flexible
polymer solar cells. The BH] layers with higher concentrations of
P3HT form a stronger interface with PEDOT:PSS than the PCBM rich
BHJ even though P3HT is slightly more hydrophobic [18]. This can
be attributed to the secondary Van Der Waals forces that develop
between long chains of P3HT with PEDOT:PSS. In contrast PCBM is a
very stable small molecule, which is less likely to form strong
secondary bonds. Consequently if more PCBM is added to the
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Fig. 3. Fracture energy, G. (J/m?) as a function of the content of PCBM in the
P3HT:PCBM layer showing a marked decrease with PCBM content. Silicon and
polycarbonate were used as beam materials.

3.0

25 ¢

20+

15+

Fracture Energy, G, (J/m%

55wt% PCBM L

05| =
s
‘L 1

00 :

0 1 2 3
Annealing Time, t (hr)

BHJ the interface with PEDOT:PSS will be weaker explaining the
observed decrease in fracture energy.

The adhesion energy reported at the BH] P3HT:PCBM and
conductive polymer layer PEDOT:PSS interface is low in compar-
ison with adhesion and cohesion G, values for common materials
used in microelectronic devices [19]. Low adhesion in these
device technologies has been associated with low yield during
device processing and poor long term reliability. Therefore dif-
ferent strategies to improve the adhesion between the HTL and
active layer in inverted polymer solar cells were studied and
quantified. The poor wetting of PEDOT:PSS on P3HT:PCBM has
already been reported as a problem during the processing of
inverted polymer solar cell and therefore several additional
processing steps have been used in the past including chemical,
thermal, mechanical and plasma treatments [20-22]. However to
the best of our knowledge no quantitative measurement of the
change in adhesion has been provided so far.

3.2. Post deposition annealing

The fracture energy, G as a function of annealing time for the
post deposition annealed polymer solar cells is shown in Fig. 4. In
Fig. 4a polymer solar cells with different concentrations of PCBM
annealed at 130 °C are compared. In Fig.4b G. as a function of
annealing time for 1:1 P3HT:PCBM polymer solar cells annealed
at 110°C and 130°C. An increase of fracture energy for all
compositions was observed with annealing time as well as with
annealing temperature.

It is well known that annealing changes the morphology in the
photoactive layer [23]. Annealing the BH] at temperatures higher
than the glass transition temperature, which varies from 12.1 °C
for pure P3HT to 131.2 °C for pure PCBM will make the polymers
mobile [24]. As a consequence the P3HT forms ordered crystalline
domains whereby the PCBM molecules diffuse outwards. Both the
P3HT and PCBM domains grow laterally and an increase of
vertical phase separation in BH]J takes place [23,25-28]. The lower
surface energy polymer P3HT moves up towards the PEDOT:PSS
interface, while the PCBM molecules tends to move towards the
cathode side to form induced dipole-dipole bonds with ZnO layer.
This is the driving force for vertical phase separation where a
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Fig. 4. Fracture energy, G, (J/m?) as a function of annealing time. (a) P3HT:PCBM solar cells with various weight percent ratios of PCBM in P3HT:PCBM annealed at 130 °C.
(b) P3HT:PCBM solar cells with a 50 wt% PCBM annealed at 110 °C (triangle) and 130 °C (square).
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higher concentration of P3HT develops at the PEDOT:PSS interface
upon annealing.

These morphology changes alter the chemical properties at the
interface. The increase of fracture energy can be partially explained
by an increase of P3HT at the PEDOT:PSS interface, which is
shown previously to form stronger bonds with PEDOT:PSS. It will
be interesting in future studies to seek an optimal annealing time
and temperature that benefit both adhesion and PCE. For example
it was shown that larger crystals formed as a consequence of
annealing enhance charge mobility, but once the domains are too
large, short exciton lifetimes limit the exciton dissociation, resulting
in loss of internal quantum efficiency.

3.3. HTL replacement

Since we observed weak adhesion between the BH] and
PEDOT:PSS HTL, delamination in PEDOT-free R2R inverted flexible
polymer solar cells was studied. In this case the conductive
polymer PEDOT:PSS was replaced with a metal oxide V,0s HTL.
The fracture energy, G, for different film thicknesses of the V,05
layer is shown in Fig. 5. The PCE for the R2R processed flexible
V,05 cells varied between 0.01% and 0.1% as previously reported
[13]. Compared to the PEDOT:PSS cells, a two order of magnitude
increase in G. was observed at the expense of a marked decrease
in PCE.

From XPS depth profiling we observed an intermixed layer
between the V,0s and the P3HT:PCBM layers of ~10nm in
thickness resulting in the strong interface between the HTL and
BHJ. Adhesive failure between this intermixed layer and the BH]J
was confirmed using XPS for all the HTL V,0s layers.

The improved cohesion of the intermixed V,05 and BH] layer
clearly evidences stronger molecular interactions. These may
involve the formation of chemical bonds between molecules of
the BH] and V,0s5 including possible covalent, ionic and bipolar
interactions. In addition, the formation of the intermixed layer
also involves an entangled molecular network and such molecular
entanglements are well known to significantly increase fracture
resistance in polymers [29-31]. Further elucidation of the con-
tribution from such molecular interactions is the focus of ongoing
studies. These effects, however, are clearly in stark contrast to the
PEDOT:PSS layer that employs a fluorinated surfactant to enable
wetting of the low surface energy P3HT:PCBM with the high
surface tension PEDOS:PSS dispersion [32]. In addition, the
fluorinated surfactants have earlier been shown to accumulate
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Fig. 5. Fracture Energy, G, (J/m?) as a function of the thickness of the HTL V,0s.

at the interface between the active layer and the PEDOT:PSS
leading to weaker adhesion at the interface.

An increase in G, with the thickness of the HTL V,0s5 was
observed and is shown in Fig. 5. Different thicknesses were
produced by changing the concentration of VTIP in isopropanol
(mg/ml), which was used to slot die coat the HTL on top of the
P3HT:PCBM layer [13]. During drying the layer shrinks from 8 pm
to hydrated vanadium oxide layer thicknesses in the range of
130 nm-185 nm thick depending on the initial concentration.
There is a linear relation between the concentration of VTIP in
isopropanol and the resulting thickness of the V,0s layer. It is
likely that the concentration of VTIP in the initial solution will
have an impact on the interface properties, such as fracture
energy and roughness, as well as on the morphology of the film
itself. The increase of fracture energy with the thickness of V,05
layer can be explained by a higher concentration of VTIP in the
initial solution, resulting in stronger molecular interactions.
However, the reason for the increased molecular interactions is
currently unknown.

It should finally be stressed that for the thicknesses used in
this study appreciable roughness will develop in the V,05 layer.
Previously, the formation of microscopic cracks was observed
when V,05 was employed as a recombination layer in tandem
solar cells [33]. The roughness and interpenetration of the BH]
molecules into the cracked surface may contribute further to the
increased adhesion observed for thicker V,05 layers.

4. Conclusion

The interlayer adhesion in R2R processed flexible inverted
P3HT:PCBM solar cells has been studied and quantified. Adhesive
failure was observed between the bulk heterojunction P3HT:PCBM
and adjacent conductive polymer layer PEDOT:PSS marked by low
fracture energy values. The adhesion fracture energy varied from
1.6 J/m? to 0.1 J/m? depending on the composition of the P3HT:PCBM
layer. Post deposition annealing time and temperature were shown
to improve the adhesion at this interface. Additionally the PEDOT:PSS
cells were compared with V,0s5 cells whereby adhesive failure
marked by high fracture energies was observed. Further studies will
report on strategies to improve the adhesion at the respective
interface HTL/BH] by thermal and chemical treatments.
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