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a b s t r a c t
We report on the adhesion of weak interfaces in inverted P3HT:PCBM-based polymer solar
cells (OPV) with either a conductive polymer, PEDOT:PSS, or a metal oxide, molybdenum
trioxide (MoO3), as the hole transport layer. The PEDOT:PSS OPVs were prepared by spin
or spray coating on glass substrates, or slot-die coating on ﬂexible PET substrates. In all
cases, we observed adhesive failure at the interface between the P3HT:PCBM with PEDOT:PSS layer. The adhesion energy measured for the solar cells made on glass substrates
was about 1.8 J/m2, but only 0.5 J/m2 for the roll-to-roll processed ﬂexible solar cells.
The adhesion energy was insensitive to the PEDOT:PSS layer thickness in the range of
10–40 nm. A marginal increase in adhesion energy was measured with increased O2
plasma power. Compared to solution processed PEDOT:PSS, we found that thermally evaporated MoO3 adheres less to the P3HT:PCBM layer, which we attributed to the reduced
mixing at the MoO3/P3HT:PCBM interface during the thermal evaporation process. Insights
into the mechanisms of delamination and the effect of different material properties and
processing parameters yield general guidelines for the design of more reliable organic photovoltaic devices.
Ó 2013 Published by Elsevier B.V.

1. Introduction
Organic photovoltaic (OPV) devices typically involve
materials that are compatible with ﬂexible plastic substrates resulting in light-weight and decorative products
using inexpensive roll-to-roll (R2R) module fabrication
[1–3]. Current state-of-the-art OPVs have reached over
10% power conversion efﬁciency (PCE), one of the critical
milestones for market introduction [4], although they remain limited in size. While the electrical failure mechanisms in OPVs have been extensively investigated [5–7],
little is known about their mechanical stability, which is
an equally important factor determining their reliability
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during processing and in service. It is well established that
the processing yield and the long-term reliability of multilayer electronic devices are strongly inﬂuenced by the
adhesive and cohesive properties of internal bi-materials
and thin ﬁlms, respectively [8–10]. Adhesive or cohesive
failure may result from thin-ﬁlm strains and associated
elastic stresses present in OPVs [11–13]. Differential
strains between the OPV layers may arise from shrinkage
during solution processing, thermal expansion mismatch,
growth from metallization, mechanical handling including
ﬂexing and bending, and other operational and environmental forces, such as wind and hail. The resulting
mechanical stresses provide the driving force for delamination of weak interfaces or decohesion of weak layers.
This leads to a loss of mechanical integrity and device
performance.
In this study, we report on the adhesion of weak
interfaces in inverted poly(3-hexylthiophene) and
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1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61
blend
(P3HT:PCBM) based polymer solar cells. The critical adhesion or cohesion energy, Gc (J/m2), is deﬁned as the macroscopic work of fracture per unit area to separate two
layers or break a layer, respectively [8]. This property is
typically strongly dependent on the material properties,
including chemistry and microstructure, mechanical loading mode, and processing conditions. Within a stack of
thin ﬁlms, the crack will usually propagate along the
weakest interface or layer, resulting in adhesive or cohesive failure, respectively. A double cantilever beam (DCB)
based adhesion technique (Fig. 1) was used to measure
the adhesion energy of the interfaces in the inverted
OPV structure. This technique is well established and
has the advantage of providing quantitative and reproducible measurements, as demonstrated in previous studies [8,14]. The choice of the inverted device architecture is
motivated by its intrinsic air stability and compatibility
with R2R processing without compromising device efﬁciency, proving the industrial relevance of this device
architecture.
P3HT:PCBM based OPVs with two types of hole transport layers (HTLs) were selected for study. The ﬁrst HTL
is the well known highly conductive polymer poly(3,4-ethylenedioxythiophene)
poly(styrene-sulfonate)
(PEDOT:PSS). It is widely used as a HTL and also as a
transparent electrode in organic electronic devices because
of its high visible light transmission combined with elevated conductivity. Additionally, its formulation can be
adapted to a variety of printing techniques without a loss
of opto-electronic properties. However, due to its hygroscopic nature, PEDOT:PSS loses its mechanical strength
and cohesion in humid environments [15,16] and is also
subjected to photo-oxidation [17,18]. From a stability
point of view, these are the two main reasons why more
stable alternatives like metal oxides are being considered
[19–21]. The second HTL selected for study was molybdenum trioxide (MoO3). This metal oxide HTL was compared
with our previously reported study of ﬂexible vanadium
oxide (V2O5) based solar cells [11].
In order to assess the effect of the processing method,
the P3HT:PCBM and PEDOT:PSS layers were prepared by
spin or spray coating on glass substrates, or R2R slot-die
coating on ﬂexible PET substrates. In all cases, we observed
adhesive failure at the interface between the P3HT:PCBM
and PEDOT:PSS layers. The adhesion energy of this interface was comparable for all the solar cells made on glass
substrates, but was lower for the R2R processed ﬂexible so-

lar cells. The adhesion energy was independent of the PEDOT:PSS thickness in the range of 10–40 nm. A marginal
increase in adhesion energy was measured with increased
O2 plasma power. Compared to solution processed PEDOT:PSS, we found that thermally evaporated MoO3 adheres
less to the P3HT:PCBM layer. This was most probably due
to the reduced mixing with P3HT:PCBM during the thermal
evaporation process. Finally, a number of guidelines to improve the fracture properties of P3HT:PCBM-based OPVs
will be suggested.

2. Experimental
2.1. Solar cell preparation
The structure of the inverted P3HT:PCBM-based polymer solar cells is shown in Fig. 1. A zinc oxide (ZnO) precursor was deposited from solution onto cleaned indium
tin oxide (ITO) coated glass substrates (Kintec). A 250 nm
active layer composed of 1:1 wt.% mixture of P3HT:PCBM
was deposited from solution. This solution contained as
purchased P3HT and PCBM dissolved in o-dichloro-benzene (oDCB) to spin and spray coat the P3HT:PCBM layer,
as summarized in Table 1. 1,3,5-trimethylbenzene (mesitylene) was added to the solution for spray coating to favor
substrate coverage and reduce surface roughness. Note
that in the case of the R2R processed ﬂexible OPVs, P3HT
and PCBM were dissolved in chloro-benzene (CB) to slotdie coat the P3HT:PCBM layer. Prior to thermal evaporation of the silver electrode (Ag, 100 nm), a thin HTL was
deposited. The HTL was either a solution processed PEDOT:PSS layer or a thermally evaporated 30 nm MoO3 layer.
The PEDOT:PSS layer was deposited from a commercially
available water-based dispersion (Baytron PVP AI 4083 or
EL-P 5010) selectively diluted by isopropanol (IPA) and
deionized water (DIW) as summarized in Table 1. Spin
coated PEDOT:PSS layers with different thicknesses were
deposited by systematically varying the spin coating velocity. A 60 s oxygen (O2) plasma treatment on the spin and
spray coated P3HT:PCBM layers prior to PEDOT:PSS deposition was used to enhance the wettability of PEDOT:PSS
solution with the plasma power (kW), the spin coating
velocity (rpm) and corresponding layer thickness (nm) reported in Table 2. Further details on the processing on glass
substrates [18,19] and the R2R processing on ﬂexible polyethylene terephthalate substrates [20] have been previously reported.

Load

Glass

Ag electrode side

Epoxy
Ag
PEDOT:PSS/MoO3
P3HT:PCBM

ZnO side

ZnO
ITO
Glass

solar cell sandwich

adhesion specimen

2 fractured halves

Fig. 1. Illustration of the solar cell structure and the square glass sandwich. With a wafer saw, 2 identical DCB adhesion specimens are cut out. After
adhesion testing, 2 fractured halves are obtained and referred to as the Ag electrode side and the ZnO side.
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Table 1
For the different processing methods, the product name and manufacturer of the materials, the solvents, and possible additives used in the solution are given.
Organic layer

Processing method

Product name/manufacturer

Solvents and additives

P3HT:PCBM

Spin coating

P3HT: Rieke Materials
PCBM: Solenne B.V.
P3HT: Rieke 4002-EE
PCBM: Solenne B.V.
P3HT: Sepiolid P200, BASF
PCBM: Solenne B.V.

oDCB

Spray coating
Slot-die coating
PEDOT:PSS

70 vol.% oDCB
30 vol.% mesitylene
CB

Spin coating
Spray coating

Baytron P VP AI 4083: Clevios
Baytron PVP AI 4083: Clevios

Slot-die coating

EL-P 5010: Agfa

100 vol.% PEDOT:PSS
73 vol.% IPA
18 vol.% PEDOT:PSS
9 vol.% DIW
IPA
PEDOT:PSS

Table 2
The Gc and PCE values for samples with different PEDOT:PSS layer thicknesses and the corresponding spin coating velocities. The power of the plasma treatment
(60 s) before deposition of PEDOT:PSS is given in the ﬁrst column.
Sample

Power plasma treatment
(kW)

Spin coating velocity of PEDOT:PSS
(RPM)

Thickness PEDOT:PSS, t
(nm)

Adhesion energy, Gc (J/
m2)

PCE
(%)

1
2
3
4

100
180
100
100

5000
5000
4000
2000

10
10
20
40

1.34 ± 0.05
1.59 ± 0.08
1.22 ± 0.06
1.53 ± 0.11

3.10
3.24
3.20
3.25

elastic compliance, dD/dP, using the following compliance
relationship:

2.2. Adhesion specimen
An identical glass substrate was bonded on top of the
silver electrode using a brittle epoxy (Fig. 1) resulting in
a square glass sandwich. From this sandwich, rectangular
double cantilever beam adhesion specimens of 5 mm wide,
30 mm long and 1.5 mm thick were machined using a high
speed wafer saw with a resin blade. To prevent water coolant from diffusing into the solar cell structure during dicing and thereby damaging the solar cell materials,
trenches were cut on each side of the square sandwich.
Perfectly aligned trenches on the top and bottom glass
beam made it easy to cleave individual adhesion specimens prior to testing.
2.3. Thin-ﬁlm adhesion testing
The adhesion specimens were loaded under displacement control in a thin-ﬁlm adhesion testing system (Delaminator DTS, Menlo Park, CA) from which a load, P, versus
displacement, D, curve was recorded. The adhesion energy,
Gc (J/m2), was measured in terms of the critical value of the
applied strain energy release rate. Gc can be expressed in
terms of the critical load, Pc, at which crack growth occurs,
the crack length a, the plain strain elastic modulus, E0 , of
the substrates and the specimen dimensions; width, b
and half- thickness, h. The adhesion energy was calculated
from Eq. (1) [22]:


2
h
Gc ¼
1 þ 0:64
a
B Eh
12P 2c a2
2 0 3

ð1Þ

The crack length was measured directly under an optical
microscope and also inferred from measurement of the

a¼

dD BE0 h

dP
8

3

!1=3
 0:64  h

ð2Þ

All testing was carried out in laboratory air environment at
25 °C and 40% relative humidity.
2.4. Surface characterization
Following mechanical testing, a survey X-ray photo
spectroscopy (XPS, PHI 5000 Versaprobe) scan (0–
1000 eV) was made on the debonded surfaces using monochromatic Al Ka X-ray radiation at 1487 eV in order to
characterize the surface chemistry and to help precisely locate the debond path. Detailed high-resolution XPS scans
were made in regions of spectra containing peaks of interest for additional compositional analysis. Contact angles
(CA) (190, rame-hart) were measured with ethylene glycerol (ACROS Organics, 99+%) to further quantify the debond surface chemistry. Atomic force microscopy (AFM)
(XE-70, Park Systems) was used to characterize the surface
morphology and roughness in a non-contact mode.
3. Results and discussion
3.1. Adhesion of the P3HT:PCBM/PEDOT:PSS interface
The effect of processing methods on Gc and PCE of inverted solar cells prepared by spin or spray coating on glass
substrates is shown in Fig. 2. To complement the study,
results from a previously published study on ﬂexible
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(a)

P3HT:PCBM

81.2˚+/-3.1

Plasma treated P3HT:PCBM

(b)

50.9˚+/-0.8

Processing Method
Fig. 2. The adhesion energy, Gc (J/m2) (j) and the PCE (N) as a function of
various processing methods. Spin, Spray and Slot-Die refers to the
processing method of both the P3HT:PCBM and the PEDOT:PSS layers,
while Spray/Spin refers to a spray coated P3HT:PBM layer and a spin
coated PEDOT:PSS.

inverted polymer solar cells, in which the layers of interest
were slot-die coated [11], are also shown on the ﬁgure. The
P3HT:PCBM/PEDOT:PSS was the weakest interface in all
cases [13]. Gc ranged from 1.7 to 2 J/m2 for all the OPVs
on glass substrates, but was only 0.5 J/m2 for the ﬂexible
slot-die coated OPVs. This is most probably due to morphological and structural organization, and interfacial chemistry, even though XPS resolved no signiﬁcant differences
between the samples. For the different processing methods, the PEDOT:PSS and P3HT:PCBM layers were processed
from different solutions (Table 1). This affects the interaction between both layers, during and after deposition and
affects the adhesion between those two organic layers.
The ﬂexible OPVs were also fully processed in air. Impurities like water, hydrogen, and oxygen can either diffuse
into or attack the materials, and thereby affect the interfacial chemistry and thus the adhesion properties. Note that
in this work we have consistently compared OPVs with
analogous PCEs in the range of 2–2.5%.
To further elucidate the failure path, ethylene glycerol
contact angels (CAs) of the reference layers and the fractured surfaces were measured and listed in Table 3. The
reference CA of as-deposited P3HT:PCBM, O2 plasma treated P3HT:PCBM and PEDOT:PSS were 81.2° ± 3.1,
50.9° ± 0.8, and 30.0° ± 7.5, respectively (Fig. 3). The fracture surface CA on the Ag electrode side varied between
29° and 34°, which corresponded to the CA of PEDOT:PSS.
Similarly, the CA on the ZnO side varied between 81° and
84°, indicative of the P3HT:PCBM layer. The CA of the delaminated P3HT:PCBM layer was the same as the untreated

(c)

PEDOT:PSS
30.0˚+/-7.5

Fig. 3. A drop of ethylene glycol making different contact angles on top of
the reference layers; (a) P3HT:PCBM, (b) O2 plasma treated P3HT:PCBM
and (c) PEDOT:PSS.

reference layer, indicating the temporary result of a O2
plasma treatment, which was used to make the surface less
hydrophobic, hence improving the wetting by PEDOT:PSS.
The CA measurements clearly indicated adhesive failure
at the P3HT:PCBM/PEDOT:PSS interface.
Detailed XPS characterization revealed about 85–
90 at.% carbon (C), 6–8 at.% sulfur (S) and 3.5–10 at.% oxygen (O) on the Ag electrode side and 90–95 at.% C, 4.5–
7 at.% S and 0–3 at.% O on the opposite ZnO side (see supplementary information). High resolution S2p scans revealed one peak around 164 eV, corresponding to single
sulfur–oxygen bonds and/or single sulfur–carbon bonds,
and a second peak around 168 eV corresponding to double
sulfur–oxygen bonds. The 164 eV peak was observed at
both cleaved surfaces, whereas the 168 eV peak was only
apparent at the Ag electrode side or PEDOT:PSS interface,
corresponding to the sulfonic acid group in PSS. XPS measurements indicated adhesive failure at the P3HT:PCBM/
PEDOT:PSS interface [23,24]. In conclusion, both XPS and
CA measurements revealed adhesive failure between the
P3HT:PCBM and PEDOT:PSS layers.
AFM was used to characterize the surface roughness of
the spin and spray coated P3HT:PCBM and PEDOT:PSS layers and to study their effect on the adhesion properties.

Table 3
The measured contact angles of the reference samples and the surfaces of the two fractured specimens; Ag electrode side and ZnO side of X/Y Coated
P3HT:PCBM, PEDOT:PSS respectively.
Reference sample

Contact angle (bc)

Sample

Contact angle (bc)

P3HT:PCBM/PEDOT:PSS

Ag electrode side

ZnO side

P3HT:PCBM
Plasma P3HT:PCBM
PEDOT:PSS

81.2° ± 3.1
50.9° ± 0.8
30.0° ± 7.5

Spin/Spin
Spray/Spin
Spray/Spray

33.8°
33.2°
29.0°

81.2°
83.3°
81.2°
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P3HT:PCBM
12

RMS Roughness, Rq (nm)

10

8

6

PEDOT:PSS
4

2

0

spin

spray

P3HT:PCBM

spin
on spin

spin
on spray

spray
on spray

PEDOT:PSS

Fig. 4. (a) The measured root-mean square roughness (Rq, nm) of spin coated P3HT:PCBM , spray coated P3HT:PCBM, spin coated PEDOT:PSS on top of a
spin coated P3HT:PCBM, spin coated PEDOT:PSS on top of spray coated P3HT:PCBM and spray coated PEDOT:PSS on top of spray coated P3HT:PCBM is
presented. (b) 4 lm  4 lm AFM images of spin coated P3HT:PCBM and (c) spin coated PEDOT:PSS. The scale bar represents 1 lm.

AFM surface scans of these organic layers were taken over
a 4 lm  4 lm area and the measured root-mean square
roughness (Rq, nm) is shown in Fig. 4. The spin coated
P3HT:PCBM layer (Rq of 0.92 nm) had a much smoother
surface than the spray coated one (Rq of 10.71 nm). The
spin and spray coated PEDOT:PSS layers smoothed the
spray coated P3HT:PCBM layer with an Rq in the range of
8–9 nm. Despite the large surface roughness difference between the spin and spray coated P3HT:PCBM and the use
of mesitylene (Table 1) to prepare the spray coated layer,
there was no measured effect in terms of Gc values, as described earlier.
In normal device geometries, cohesive failure in the
P3HT:PCBM layer was observed [12]. In the present inverted device geometries, adhesive interfacial failure is observed (Fig. 5). This indicates that the P3HT:PCBM/
PEDOT:PSS interface was stronger for normal device geometries and, consequently, the crack had propagated cohesively in the P3HT:PCBM layer. The weak P3HT:PCBM/
PEDOT:PSS interface in the inverted device geometries
may be related to a number of factors. One involves poor
wetting of the hydrophilic PEDOT:PSS solution on the
hydrophobic P3HT:PCBM ﬁlm during processing, suggesting reduced chemical interaction between the two organic
layers and a lower resulting adhesion.
Another factor may be related to the vertical phase separation observed in both the P3HT:PCBM [25–28] and PEDOT:PSS layers [23,29]. In the PEDOT:PSS layer, a PEDOTrich region is found at the bottom and a PSS-rich region
is found towards the top surface interface with air during
deposition. In the normal device geometry, P3HT:PCBM is
deposited on top of the PEDOT:PSS layer (Fig. 5a) and a

P3HT-rich region develops towards the bottom of the layer
near the interface with the PEDOT:PSS. P3HT and PSS can
physically intermix and electrochemically react to form a
strong P3HT+:PSS interface layer [30]. However, in the inverted device geometry, the P3HT:PCBM layer is ﬁrst
deposited on top of the ZnO electrode (Fig. 5b). Due to
the induced dipole–dipole interaction between ZnO and
PCBM, a PCBM-rich region is now developed towards the
bottom of the ﬁlm at the ZnO interface. At the same time,
the lower surface energy polymer P3HT tends to segregate
to the top of the ﬁlm and the interface with air. When the
PEDOT:PSS layer is deposited on top of the P3HT:PCBM, the
P3HT-rich top region is in direct contact with the PEDOTrich and PSS-depleted region. The formation of the strong
P3HT+:PSS interface layer, as seen in the normal device
geometry, is reduced. This results in a weak adhesion between the PEDOT:PSS and P3HT:PCBM layers in the inverted geometry.
To assess the effect of the PEDOT:PSS layer thickness,
several OPVs processed under identical conditions, differing only in thickness, were studied. Gc values of
1.4 ± 0.2 J/m2 were measured for the P3HT:PCBM/PEDOT:PSS interface with PEDOT:PSS ﬁlm thickness ranging
from 10 nm to 40 nm (Table 2). We observed little effect
of the polymer layer thickness on both the Gc and PCE values. Previous research has shown that the cohesion of
P3HT:PCBM was also insensitive to the P3HT:PCBM layer
thickness [12]. These are surprising results, since the adhesion or cohesion of polymeric thin ﬁlms often has a strong
dependence on ﬁlm thickness [31]. The contribution to Gc
from energy dissipation through the formation of a plastically deformed zone at the crack tip when fracture occurs,
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normal geometry
cohesive in P3HT:PCBM

inverted geometry
adhesive at P3HT:PCBM/PEDOT:PSS

Al
Ca

Ag
PEDOT:PSS

P3HT:PCBM
P3HT:PCBM
PEDOT:PSS
ITO

ZnO
ITO
Substrate

Substrate

phase separation mechanisms

PCBM
PEDOT
2 P3HT + 2 HPSS

PSS
+

PSS

PEDOT
P3HT

P3HT

PCBM
−

2 P3HT + 2 PSS + H 2

P3HT+ :PSS- interface layer 28

NO interface layer

strong interface

weak interface

Fig. 5. Schematic of the normal and inverted geometry, showing the difference in failure path. Cohesive failure in the P3HT:PCBM and adhesive failure at
the P3HT:PCBM/PEDOT:PSS interface. Phase Separation explains the presence of a strong P3HT+:PSS interface in normal device geometry and the absence
of this strong interface in the inverted geometry.

3.2. Adhesion of P3HT:PCBM/MoO3 interface
The adhesion energy of the P3HT:PCBM with MoO3
interface was measured to be 0.85 ± 0.15 J/m2, shown in
Fig. 6. The fracture surface CA on the Ag electrode side
was measured 20.3 ± 1.6, which corresponded to the CA

Adhesion Energy, GC (J/m2)

2.0

5
4

1.5

3
1.0
2
0.5

MoO3

PEDOT:PSS

P3HT:PCBM

P3HT:PCBM

0.0
MoO3

PEDOT:PSS

1

Power Conversion Efficiency,
PCE (%)

or adjoint to, an elastic–plastic polymeric ﬁlm is a signiﬁcant and well-studied phenomenon [32–34]. The
P3HT:PCBM has mechanical properties that are very similar to the PEDOT:PSS layer [35]. The plastic zone size
formed ahead of a crack tip at this interface would spread
into the both the P3HT:PCBM and PEDOT:PSS layers and
would only be constrained by the strong and yielding resistant ZnO and Ag layers. In the case of a constrained plastic
zone, the plastic zone size is expected to increase with the
polymer thickness and consequently, Gc is expected to increase. Since we do not observe any dependence of thickness on Gc, we can conclude that these ﬁlms have little
crack tip plasticity and the plastic zone size is always smaller than the combined polymer ﬁlm thicknesses.
The effect of the O2 plasma treatment power prior to
PEDOT:PSS deposition is brieﬂy studied here. A marginal
increase in adhesion energy was observed with increased
plasma power. The Gc was measured to be 1.34 J/m2 for
the sample treated at 100 kW (#1 in Table 2) and 1.59 J/
m2 for the sample treated at 180 kW (#2 in Table 2). Higher plasma power generally resulted in a rougher surface, as
well as a decreased hydrophobicity and an increased wettability [36,37]. This improves the molecular interactions
between the PEDOT:PSS and P3HT:PCBM layers and could
explain the observed increase in adhesion with increased
plasma power during the O2 plasma treatment.

0

Hole Transport Layer
Fig. 6. The adhesion energy, Gc (J/m2) (j) and the PCE (N) for inverted
P3HT:PCBM-based polymer solar cells with either MoO3 or PEDOT:PSS as
the hole transport layer. Adhesive failure occurred at the HTL/P3HT:PCBM
interface.

of MoO3. Similarly, the CA on the ZnO side was measured
83° ± 2.5, indicative of the P3HT:PCBM layer. XPS characterization of the broken fracture surfaces revealed
74.17 at.% C, 5.22 at.% S, 14.53 at.% O, 5.56 at.% molybdenum (Mo), and 0.42 at.% Ag at the Ag electrode side and
97.31 at.% C, 7.09 at.% S and 1.61 at.% O at the ZnO side.
The CA and XPS measurements together clearly indicated
adhesive failure at the P3HT:PCBM/MoO3 interface.
While the adhesion between the thermally evaporated
metal oxide MoO3 and P3HT:PCBM layers is much lower
than the adhesion between PEDOT:PSS and P3HT:PCBM
layers, we have previously shown that adhesion between
a solution processed vanadium oxide (V2O5) and
P3HT:PCBM layer is signiﬁcantly higher [11]. Thus, it
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would be wrong to conclude that the adhesion with a metal oxide HTL is generally lower than with a polymeric HTL.
In contrast, the adhesion is inﬂuenced by the chemical
interaction and physical interface mixing, which is partly
determined by the processing method. Both the PEDOT:PSS
and V2O5 HTLs were solution processed, involving a solvent
that allows physical intermixing at the interface and promoting the formation of a strong interfacial layer. The
MoO3 layer was deposited by thermal evaporation, a deposition method not involving a solvent that enables physical
interface mixing with the underlying layer. It is well
known that physical vapor deposited metal oxides cause
degradation to the underlying organic layer [38–40]. The
absence of a substantial mixed interface layer and the degradation caused by evaporation are both responsible for
the observed weaker adhesion between the P3HT:PCBM
and MoO3 layers.
4. Guidelines
The fracture properties (adhesion and cohesion) of OPVs
are determined by the composition and processing conditions of the individual OPV layers. These determine the
key interfacial and ﬁlm parameters, such as interface chemistry, bonding, impurity content, morphology and adjoining
nanostructure. In this section, we summarize how the fracture properties can be improved by tuning ﬁlm parameters,
such as the thickness and composition, and processing steps
(annealing and processing method) along with pre-deposition treatments and adhesion promoters.
4.1. Organic layer thickness
The adhesion energy of the P3HT:PCBM/PEDOT:PSS
interface and the cohesion energy of the P3HT:PCBM layer
[12] have to date been found largely insensitive to the
polymer ﬁlm thickness. However, generally the adhesion
and/or cohesion of polymer ﬁlms have a strong dependence on the ﬁlm thickness due to energy dissipation
through plastic or viscoelastic deformation that occurs
near to the crack tip in the polymer layer. For example,
in poly(arylene) ﬁlms [31], ﬁlm thickness cohesion depencence was observed over a wide range of thicknesses to as
low as 5 nm. The thickness independent fracture properties for current P3HT:PCBM OPVs is related to their relatively weak intermolecular layers and little or no
attendant plasticity [12]. The extent of plastic deformation
in the PEDOT:PSS also appears limited, at least over the
range explored in the present study. However, ongoing research efforts have shown that higher molecular weight
P3HT:PCBM layers exhibit much higher Gc values due to
the greater degree of molecular entanglement and interactions. These lead to plastic or viscoelastic energy dissipation and an opportunity to tune ﬁlm thicknesses to
achieve signiﬁcant improvements in fracture resistance.
4.2. Composition
The polymer:fullerene (P3HT:PCBM) ratio has a signiﬁcant impact on both the cohesion of the P3HT:PCBM layer

and the adhesion with the adjacent PEDOT:PSS layer
[11,12]. The adhesion with PEDOT:PSS was the greatest
for a pure P3HT layer and reduced with increasing
PCBM wt.%. The cohesion of the P3HT:PCBM layer was
again the lowest for a pure PCBM, increased with
P3HT wt.%, and reached a maximum at 75 wt.% P3HT. Fullerene-rich layers clearly lead to mechanically weak layers
with low adhesion and cohesion.
4.3. Annealing
Annealing is widely used to induce phase separation in
the P3HT:PCBM layer and enhance polymer crystallization,
which improves charge transport and device efﬁciency.
But, it also changes the interface chemistry, bonding, and
morphology, which in turn affects the fracture properties.
Our studies generally reveal that annealing can enhance
both the cohesive properties of the P3HT:PCBM layer and
the adhesive properties of the P3HT:PCBM/PEDOT:PSS
interface. Optimized annealing conditions are dependent
on the speciﬁc molecules and their molecular weight,
and ﬁne tuning of the anneal process for the best combination of PCE, in-service thermal stability, and fracture resistance should be performed.
4.4. Processing method
The adhesion between the P3HT:PCBM and the HTL is
greatly inﬂuenced by the processing method, since it
determines the degree of interface intermixing and entanglement. Solution processed methods, such as spin, spray,
and slot die coating, involve a solvent which allows physical intermixing at the interface. For example, it is shown
that a solution processed V2O5 HTL formed a very strong
10 nm thick interfacial layer with the P3HT:PCBM [11]. In
PEDOT:PSS-based normal device geometry OPVs, the
P3HT polymers and PSS polymers from the HTL physically
intermix and electrochemically react to form a strong
P3HT+:PSS interface layer up to a few nm thick. On the
other hand, deposition by thermal evaporation does not involve such a solvent. The evaporation process results in
less physical interface mixing, reduced molecular interactions, and therefore weaker adhesion. Other processing
parameters such as the coating solvent, solution concentration, and the drying time can also have a great inﬂuence
on the morphology and the interfacial chemistry of the
P3HT:PCBM layer [41] and should therefore be tuned
accordingly to achieve high fracture resistance.
4.5. Pre-deposition treatments and adhesion promotors
To improve the wetting of hydrophilic PEDOT:PSS solution on the hydrophobic P3HT:PCBM ﬁlm, surface treatments are generally applied. For example, in this work O2
plasma treatment prior to PEDOT:PSS deposition was used.
A marginal increase in adhesion was found with increased
plasma power. However, treatments and surfactants designed for improved wettability do not always result in
better adhesion. To improve adhesion, the chemical interaction between adjacent layers must be improved and if
possible the two layers should physically intermix at the
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interface. This can be achieved in several ways. Surface
activation of the underlying layer can be used. For example, O2 plasma treatment with the addition of a few percentages of CF4 can provide extra reactivity to the surface
[42]. Solvation can soften the surface of the polymer layer
and thereafter increase the degree of intermixing between
the two polymer layers. Microgels, such as poly(allylamine
hydrochloride) and dextran (PAH-D), can be used as an
adhesive interlayer [43]. The PAH-D interfacial layer is expected to improve the adhesion due to the hydrophobic/
hydrophobic interactions between P3HT:PCBM and PAHD at one side and the electrostatic interactions formed between the ionic groups on the PAH-D and PSS on the other
side. Finally, an ink can be engineered that improves PEDOT:PSS wetting and allows deeper penetration in the
P3HT:PCBM.
5. Conclusions
The effect of processing method, layer thickness, O2
plasma power, and HTL on the adhesion properties in inverted P3HT:PCBM-based polymer solar cells (OPV) has
been quantiﬁed and studied. For the PEDOT:PSS-based solar cells, the P3HT:PCBM/PEDOT:PSS interface was found
to be the weakest with adhesion energy values ranging
from 0.5 to 2 J/m2, depending on the processing method.
Little effect of the PEDOT:PSS layer thickness on the adhesion was observed and a marginal increase in adhesion was
measured with O2 plasma power. MoO3 adheres considerably less to P3HT:PCBM than PEDOT:PSS, due to the reduced physical mixing involved in a thermal evaporated
process compared to a solution process. Based on the
observation described in the current and previously reported papers, a number of guidelines to improve the fracture properties of polymer OPVs were suggested.
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