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This paper presents the results of an experimental study of the adhesion between bi-material pairs
that are relevant to organic light emitting devices, hybrid organic/inorganic light emitting devices,
organic bulk heterojunction solar cells, and hybrid organic/inorganic solar cells on flexible substrates. Adhesion between the possible bi-material pairs is measured using force microscopy
(AFM) techniques. These include: interfaces that are relevant to organic light emitting devices,
hybrid organic/inorganic light emitting devices, bulk heterojunction solar cells, and hybrid combinations of titanium dioxide (TiO2) and poly(3-hexylthiophene). The results of AFM measurements
are incorporated into the Derjaguin-Muller-Toporov model for the determination of adhesion energies. The implications of the results are then discussed for the design of robust organic and hybrid
C 2014 AIP Publishing LLC.
organic/inorganic electronic devices. V
[http://dx.doi.org/10.1063/1.4892393]

I. INTRODUCTION

In the recent years, there has been increasing interest in
the development of organic light emitting devices (OLED)
with lower power consumption and higher resolution than
traditional displays.1 Bulk heterojunction solar cells with
active layers consisting of poly(3-hexylthiophene) (P3HT)
and phenyl-C61-butyric acid methyl ester (PCBM) have also
been engineered to have efficiencies of 10%.2 However,
one of the major challenges is the design of improved charge
transport. This is because of the tendency for charge recombination to occur before the charges reach the electrodes.
The challenges are further exacerbated by the limited adhesion and contact at the interfaces between the layers that are
relevant to organic electronics structures.3–5
There is, therefore, a need to engineer new ways of
improving charge mobility and adhesion/contact within/
between the layers that are relevant to organic solar cells and
organic light emitting devices. There is also a potential for
improving charge transport via incorporation of nanoscale titanium dioxide (TiO2) particles into the active layers of organic solar cells and light emitting devices.6 In the case of
organic solar cells, the results show that, in selected cases,
the device performance may be improved, depending on the
morphology and sizes of the nanoscale TiO2 particles.6
McGehee7 has explored the fabrication of highly efficient hybrid solar cells with improved exciton and charge
conduction in the bulk heterojunction solar cells. Kuo8 have
0021-8979/2014/116(7)/074506/9/$30.00

developed fabrication processes for the processing of hybrid
organic/inorganic solar cells with well aligned TiO2 nanorods
in P3HT matrix layers. These were shown to have higher efficiencies than bilayer TiO2 film/P3HT cells. Her9 has also
processed hybrid photovoltaic cells with well-ordered nanoporous TiO2/P3HT structures. These hybrid cells had higher
efficiencies than traditional thin film TiO2. Similarly,
Yodyingyong10 has demonstrated higher efficiencies in
hybrid solar cells with active layers containing P3HT/PCBM
mixtures and highly oriented TiO2 nanotubes with smaller
diameters and larger surface areas. Kwong11 has also studied
the influence of TiO2 volume fraction on (P3HT):TiO2 nanocomposite solar cells. The device performance was found to
be optimum for TiO2 volume fractions of 50% and 60%.
Furthermore, due to the attractive characteristics of the
stretchable electronics, considerable efforts have been made
to design and fabricate stretchable electronic devices.12–14
Intrinsically stretchable polymer light emitting devices have
been fabricated using carbon nanotube-polymer composite
electrodes.15 These are metal-free and can be linearly
stretched to strains of up to 45%.15 Stretchable organic solar
cells have also been fabricated on a pre-stretched substrate.12,16,17 These were observed to have similar photovoltaic characteristics in the unstretched and stretched
conditions.12,16 Polymer-based photovoltaic devices on plastic
foil substrates with thicknesses less than 2 lm have also been
shown to have equal power conversion efficiencies to those
on rigid glass substrates. These can also withstand mechanical
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deformation. The mechanics of failure and the stretchability
and ductility of metal films on elastomer substrates have also
been studied by Li18,19 and Xiang,20 while Li and Suo21 have
investigated the adhesion between elastomer substrates and
metal films.
In an effort to understand cohesion and reliability of organic solar cells, Brand et al.22 have characterized the adhesive and cohesive properties of the materials and interfaces
present in the layered structures of organic bulk heterojunction photovoltaic devices. They showed that adhesion and
cohesion in these structures are affected by phase-separation,
surface morphology, and electrochemical reactions. Dupont
et al.23,24 have also improved the interfacial adhesion in bulk
heterojunction solar cells by increasing the post deposition
annealing temperature and time. Prior work by Bruner
et al.25 has recently shown that the cohesive properties of
layers in buck heterojunction solar cells increase with
increasing thickness. However, a steady decrease in power
conversion efficiency was also observed with increasing
thickness.
Earlier work by Tong et al.26 has also studied the adhesion between layers that are relevant to organic solar cells
and light emitting devices on rigid glass substrates.
However, there have been only limited studies of adhesion
on hybrid organic/inorganic light emitting devices and solar
cells on flexible substrates.27 This paper presents the results
of an experimental study of adhesion between bi-material
pairs that are relevant to organic and hybrid organic/inorganic light emitting devices and solar cells on flexible substrates. Atomic force microscopy (AFM) is used to measure
the adhesion between the possible bi-material pairs that are
relevant to organic and hybrid organic/inorganic light emitting devices and solar cells. The origins of the adhesion are
then explored before discussing the implications of the
results for the design of robust organic and hybrid organic/
inorganic light emitting devices and solar cells.
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force-displacement curve associated with the tip deflection
(A-E). The displacement of the AFM cantilever tip begins
(at point A) above the substrate. As the tip is lowered
towards the substrate, it will jump to contact (point B).
Subsequent deflection of the tip is associated with elastic
bending, as the tip is deflected (point C) to a maximum
force/displacement. The tip deflection is then reversed until
the tip is separated from the substrate (point E). The adhesion force, F, is determined from Hooke’s law to be
F ¼ kx;

(1)

where x is the tip displacement (AE) and k is the spring constant of the AFM tip, which was measured using the thermal
tune method.29
B. Adhesion energy

There are several possible theories that can be used to
estimate the adhesion energy. These include: the Derjaguin–
Muller–Toporov (DMT) model;30 the Johnson–Kendall–
Robert (JKR) model;31 and the Maugis-Dugdale (MD)
model.32 A non-dimensional parameter is determined to distinguish the use of these adhesion energy models.28–32 If the parameter is smaller than 0.1, the DMT model applies. If it is
greater than 5, the JKR model applies. The intermediate values
correspond to the MD model. The DMT model applies to
cases in which there are weak interactions between stiff materials with small radii. The application of the DMT model to
similar scenarios was reported initially by Rahbar et al.33 This
was extended by Meng et al.34 to the study of adhesion in multilayered drug-eluting stents. The adhesion energy, c, is related
to the adhesion force, F, by the following expression:
cDMT ¼

Fadhesion
;
2pR

(2)

where R is the effective radius which is given by
II. THEORY

R¼



A. AFM force measurement

The adhesion force between two materials can be measured by contact mode AFM.26,28 First, the AFM tip is coated
with one material. The substrate is then coated with the second material in the bi-material pair. The steps for measuring
the adhesion force are illustrated in Figure 1, along with a

1

1
þ
Rrms Rtip

1
;

(3)

where Rrms and Rtip are the radii of the average roughness of
the substrate and the coated AFM tip, respectively.
III. EXPERIMENTAL PROCEDURES
A. Material processing

FIG. 1. Schematic force-displacement curve for various stages of AFM measurement from A to E (Ref. 26).

The layered structures of the flexible organic and hybrid
organic/inorganic light emitting devices are presented in
Figures 2(a) and 2(b). The flexible organic light emitting device has the PDMS/Cr/PEDOT:PSS/MEH:PPV/Al structure,
while the flexible hybrid organic/inorganic light emitting device has the PDMS/Cr/PEDOT:PSS/MEH:PPV:TiO2/Al
structure. The layered structures of the flexible organic and
hybrid organic/inorganic solar cells are presented in Figures
2(c) and 2(d). The flexible organic solar cell has the PDMS/
Cr/PEDOT:PSS/P3HT:PCBM/Al structure. However, in the
flexible hybrid solar cell, the active layer of P3HT:PCBM
blend was replaced with P3HT:TiO2 or a mixture of

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
24.130.199.106 On: Thu, 21 Aug 2014 03:43:02

074506-3

Yu et al.

J. Appl. Phys. 116, 074506 (2014)

FIG. 2. Layered structures for flexible organic and hybrid light emitting device and solar cells (a) flexible organic light emitting device (b) flexible hybrid light
emitting device (c) flexible organic solar cell (d and e) flexible hybrid organic/inorganic solar cell.

P3HT:PCBM:TiO2, with the other layers being the same as
those in the flexible organic solar cell.
1. Processing of the flexible organic and hybrid
organic/inorganic light emitting devices

In the case of the flexible OLED, the PDMS substrate
was prepared by first mixing a Slygard 184 silicone elastomer curing agent with a Slygard 184 silicone elastomer base
(Dow Corning Corporation, Midland MI), with a 1:10 weight
ratio. The mixture was then processed under a vacuum pressure of 6 kPa for 30 min. This was done to remove internal
bubbles from the PDMS. This mixture was spin cast onto
glass for 60 s. This was done at 400 revolutions per minute
(rpm). The mixture was then cured for 2 h at 80  C.
The chromium (Cr) adhesive layer of 5 nm was deposited on top of the PDMS-coated glass using an electronbeam evaporator (Denton DV 502 A, Denton Vacuum,
Moorestown, NJ). Baytron P VP Al-4083 PEDOT:PSS (now
Heraeus Clevios, Hanau, Germany) was filtered through a
0.2 lm filter to further improve uniformity and smoothness.
The filtered mixture was spin-coated at 3000 rpm for 1 min.
It was then cured at 120  C for 5 min to remove moisture
from the mixture.
The poly[2-methoxy-5 -(20 -ethyl-hexyloxy)–1,4-phenylene vinylene] (MEH:PPV) (Sigma Aldrich, St. Louis, MO)
was mixed with chloroform at a 5 g/l ratio. The mixture was
stirred continuously for 6 h at room-temperature. It was then
passed through a 0.45 lm teflon filter, prior to spin-coating at
1000 rpm for 1 min. Finally, a 100 nm thick aluminum (Al)
cathode layer was thermally evaporated onto the MEH:PPV

active layer using an Edwards E306A deposition system
(Edwards, Sussex, UK).
However, in the case of the flexible hybrid light emitting
devices, the active layer was prepared differently, with other
layers being the same as the ones in the flexible organic light
emitting device. The TiO2 nanoparticles were added into the
MEH:PPV single polymer blend to form MEH:PPV:TiO2
mixtures/composites. Subsequently, 15 mg of MEH:PPV (in
2 ml of chloroform) was mixed at room-temperature for 6 h.
Consequently, 5 mg of TiO2 was sonicated in 2 ml of chloroform for 45 min. The resulting two mixtures were then
mixed and sonicated for 30 min.
2. Processing of flexible organic and hybrid organic/
inorganic solar cells

In the case of the flexible organic solar cells, the PDMS
substrate and Cr layer were prepared using procedures
described previously in Sec. III A 1. Baytron P PEDOT:PSS
obtained from H. C. Starck (now Heraeus Clevios, Hanau,
Germany) was used for the electron-hole pair separation. It
served as the hole extraction layer. The PEDOT:PSS solution
was filtered through a 0.2 lm filter. It was then spin-coated
onto the PEDOT:PSS layer for 1 min at 3000 rpm. It was
cured for 5 min at 120  C. The bulk heterojunction active
layer consisted of a mixture of poly(3-hexylthiophene)
(Sigma Aldrich, St. Louis, MO) and phenyl-C61-butyric acid
methyl ester (Sigma Aldrich, St. Louis, MO). It was mixed
with chloroform in the ratio of 1:0.8. This mixture was spin
cast onto the PEDOT:PSS at 1500 rpm for 1 minute. It was
then cured for 10 min at 150  C. Finally, the aluminum (Al)
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FIG. 3. Schematic of interaction between material 1 and the tip of AFM (material 2).

cathode layer was thermally evaporated onto the
P3HT:PCBM active layer using an Edwards E306A deposition system (Edwards, Sussex, UK).
In the case of the flexible hybrid solar cells, the active
layer was prepared differently, with other layers being prepared with the same protocols as the flexible organic solar cell.
The active layer of the P3HT:TiO2 or the P3HT:PCBM:TiO2
blend was prepared as follows: For the P3HT:TiO2 blend, the
PCBM was replaced entirely with TiO2 (Sigma Aldrich, St.
Louis, MO). The best weight ratio of P3HT:TiO2 blend was
found to be 1:2.3.11 In the case of P3HT:PCBM:TiO2 blend,
the weight ratio was chosen to be 1:0.4:0.4. This ratio replaced
half the PCBM with TiO2. The TiO2 nanoparticles were dissolved in chlorobenzene and sonicated for at least 30 min to
form a uniform solution. The TiO2 solution was then mixed
with P3HT or P3HT:PCBM solution and placed in an ultrasonic bath for an additional 30 min. The blend was then spin
coated for 60 s at 150 rpm, before annealing for 10 min at
150  C.
B. AFM adhesion experiments

Etched silicon contact mode AFM tips were purchased
from Veeco Instruments (now Bruker Instruments) Woodbury,
NY. The PDMS substrates were coated with Cr, while the
AFM tips were coated separately with Cr and Al, using an
Edwards E306A evaporation system (Edwards, Sussex, UK).
The PDMS substrates were coated with Cr to improve their adhesion to PDMS substrates. PEDOT:PSS solution was then
spin-coated onto Cr-coated PDMS substrates. AFM tips were
dip-coated with organic (P3HT:PCBM, MEH:PPV and P3HT)
and organic/inorganic (P3HT:PCBM:TiO2, MEH:PPV:TiO2,
P3HT:TiO2, and TiO2) active materials. To measure the adhesion forces between the active materials and Al, both organic
and hybrid organic/inorganic active materials were spin-coated
onto glass substrates. PCBM was also spin-coated onto glass in
the order to measure the adhesion between P3HT (coated on
the AFM tip) and PCBM (coated on glass).
The AFM measurements were performed in air of a temperature range of 22–25  C and a relative humidity range of
31%–46%. A schematic of the interaction between the substrate (material 1) and the tip of AFM (material 2) is presented in Figure 3. About ten force-displacement curves
were obtained for each interaction. The force-displacement

measurements were obtained using a Digital Instruments
Dimension 3000 AFM (Digital Instruments, Plainview, NY).
The spring constant of each tip was measured using the thermal tune method.29 The measurements were performed in a
Digital Instruments Nanoscope IIIa atomic force microscope
(Digital Instruments, Plainview, NY). The measurements of
the tip deflections and the spring constants were then substituted into Eq. (1) to determine the adhesion forces.
Due to the high sensitivity of AFM measurements to
surface roughness, the substrate roughnesses and the tip radii
were measured for each of the interaction pairs. The surface
roughnesses were obtained using tapping mode AFM. About
10 height and phase images of each substrate were obtained.
These were used to measure the root mean squared roughnesses in areas ranging from 1  1 to 10  10lm2 . The AFM
tips were examined in a Scanning Electron Microscope
(SEM) that was instrumented with an Energy Dispersive
X-ray Spectroscopy (EDS) system (Philips FEI XL30 FEGSEM, Hillsboro, OR). This was done before and after the
AFM adhesion measurements. The tip radii were calculated
from tip images obtained from SEM (Figure 4). The measurements of the surface roughness and the tip radii were then
used to estimate the effective tip radii and the adhesion energies from Eqs. (3) and (2), respectively. The SEM/EDS
images of the AFM tips (before and after measurements)
were also used to check for any changes in the morphology

FIG. 4. SEM image of a typical AFM tip profile.
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FIG. 5. AFM surface morphologies for different layers in the flexible light emitting device: (a) PDMS (b) Cr (c) Baytron P VP AL-4083 PEDOT:PSS (d)
MEH:PPV (e) Al.

and atomic number contrast (composition differences) of the
AFM tips after the AFM adhesion measurements. In this
way, the SEM images of the AFM tips were used to check
for possible occurrences of cohesive and adhesive failure.
IV. RESULTS AND DISCUSSION
A. Surface characterization
1. Surface morphologies and roughness
measurements

The root mean squared (rms) surface roughnesses of the
different layers in the organic light emitting device that were
examined in this are presented in Figure 5. The average rms
TABLE I. Average rms roughness values for layers in the flexible light
emitting device.
Surface layer
PDMS on glass
Cr
PEDOT:PSS
MEH:PPV
Al

Roughness (nm)
0.6 6 0.1
9.9 6 2.2
0.6 6 0.1
2.2 6 0.7
2.4 6 0.4

roughness values obtained for the different layers are presented in Table I. The layers in the flexible light emitting device had low surface roughnesses that ranged from 0.6 nm to
2.4 nm, while the Cr layer had a higher roughness value of
9.9 6 2.2 nm. It is important to note that the surface roughness values obtained for PDMS spun on glass was very low
(below 1 nm). This is expected from a conformal, elastomeric polymer surface. The average tip radius of the coated
tip was about 170 nm. Since the surface roughnesses were
much smaller than the tip radii, it can be concluded from
Eqs. (2) and (3) that the surface roughnesses dominated the
adhesion energy calculations.
The different materials in the layers of the flexible solar
cells exhibited different surface morphologies, as shown in
Figure 6. The average rms roughness values obtained for the
different layers are present in Table II. The layers in the flexible solar cell had low rms surface roughness values, ranging
from 0.6 nm to 2.4 nm, while the Cr layer had higher rms
roughness values of 9.9 6 2.2 nm. The average tip radius
of the coated tip was about 180 nm. Since the surface roughnesses were much smaller than the tip radii, it can be concluded that the surface roughnesses dominated the adhesion
energy calculations. In the SEM/EDS images of the tips, no
significant changes were observed. Furthermore, the highest
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FIG. 6. AFM surface morphologies for
different layers in the flexible solar
cells: (a) PDMS on glass (b) Cr (c)
PEDOT:PSS (d) P3HT:PCBM.

magnification SEM images did not reveal any evidence of
cohesive failure. Hence, we conclude that the measured
AFM pull-off forces correspond to adhesive failures.

PEDOT:PSS and MEH:PPV:TiO2. Also, the adhesion force
between the MEH:PPV:TiO2 and Al layer was 31 nN.
2. Adhesion energies

B. Adhesion of flexible organic and hybrid organic/
inorganic light emitting devices
1. Adhesion forces

The adhesion forces obtained for the bi-material pairs in
the model flexible organic and hybrid light emitting device
are summarized in Figure 7. These show that the adhesion
force between PEDOT:PSS and MEH:PPV:TiO2 had the
highest value of 82 nN. The Cr layer also adhered well to the
PDMS layer and also to the PEDOT:PSS layer. The adhesion
force between PEDOT:PSS and MEH:PPV was found to be
59 nN, while the adhesion force between the MEH:PPV and
the Al layer was 10 nN. The addition of TiO2 nanoparticles
to the MEH:PPV increased the adhesion force between
TABLE II. Average rms roughness values for layers in the flexible solar
cells.
Surface layer
PDMS on glass
Cr
PEDOT:PSS
P3HT:PCBM
Al

Roughness (nm)
0.6 6 0.1
9.9 6 2.2
0.8 6 0.1
0.7 6 0.1
2.4 6 0.4

The non-dimensional parameter for the calculation of
the adhesion energy was found by performing the iterative
calculations to be 108. Since this is 0.1,27,28 the DMT
model applies. By taking into account of the surface roughness and the AFM tip radius, the adhesion energy can be
obtained from Eqs. (2) and (3). This DMT model had been
used in this way for interfacial fracture toughness calculations27,28,33,34 in different multilayered structures. The adhesion energy results obtained for the bi-material pairs in
flexible organic and hybrid light emitting devices are summarized in Figure 8. The results show that the Cr layer
adhered strongly to the PDMS substrate, with a high adhesion energy of 18.9 J/m2. The adhesion energy between
PEDOT:PSS and MEH:PPV was 15 J/m2. After adding TiO2
nanoparticles to the MEH:PPV single polymer blend, the adhesion energy between PEDOT:PSS and MEH:PPV:TiO2
had a higher value of 20.8 J/m2.
It is important to note here that the increase in the adhesion energy of PEDOT:PSS-MEH:PPV:TiO2 interface can be
attributed to changes in surface morphology and phase separation of MEH:PPV:TiO2, as well as electrochemical reactions
between PEDOT:PSS and MEH:PPV:TiO2. The latter occur
due to the introduction of TiO2. Similar phenomena have been
reported by Dauskardt and co-workers22,25 in research on
P3HT:PCBM mixtures. Also, the adhesion energy between
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FIG. 7. Interfacial adhesion forces in
flexible organic and hybrid organic/
inorganic light emitting devices.

MEH:PPV and Al was 0.8 J/m2. Furthermore, the addition of
TiO2 nanoparticles to the MEH:PPV single polymer blend
resulting in an adhesion energy between MEH:PPV:TiO2 and
Al of 5.9 J/m2. The hybrid light emitting device with the
MEH:PPV:TiO2 active layer, therefore, had higher adhesion
energies at the two interfaces with its adjacent layers.
C. Adhesion of flexible organic and hybrid organic/
inorganic solar cells

8 nN. The adhesive interactions between P3HT and PCBM
resulted in an adhesion force of 23 nN. The adhesive interactions of P3HT:TiO2-Al and P3HT:PCBM:TiO2-Al were
compared with that of P3HT:PCBM-Al. The adhesion force
between Al and P3HT:TiO2 was the highest (306 nN), while
that between Al and P3HT:PCBM:TiO2 had the second highest value of 140 nN. The lowest adhesion force of 50 nN
occurred between Al and P3HT:PCBM.

1. Adhesion forces

2. Adhesion energies

The adhesion forces obtained for the bi-material pairs in
the model flexible organic and hybrid solar cell are summarized in Figure 9. The adhesive interactions in PEDOT:PSSP3HT:TiO2 and PEDOT:PSS-P3HT:PCBM:TiO2 structures
are compared with those of the PEDOT:PSS-P3HT:PCBM
bi-material couples. The results show that the adhesive interactions between PEDOT:PSS and P3HT:PCBM result in the
highest adhesion force of 187 nN. The adhesive interactions between PEDOT:PSS and P3HT:TiO2 had the second
highest adhesion force values of 69 nN, while the adhesive
interactions between PEDOT:PSS and P3HT:PCBM:TiO2
resulted in the lowest adhesion forces of 40 nN. The adhesion force between P3HT and TiO2 was low, with a value of

The non-dimensional parameter for the calculation of
the adhesion energy was found by performing the iterative
calculations to be 106, which is 0.1.27,28 Since the parameter is much smaller than 0.1, the DMT model applies.
By taking into account of the surface roughness and the
AFM tip radius, the adhesion energies were obtained from
Eqs. (2) and (3). The adhesion energy results were presented
in Figure 10 for the possible bi-material pairs in the flexible
organic and hybrid solar cell.
The results presented in Figure 10 show that the Cr layer
adhered strongly to the PDMS substrate, with the high adhesion energy of 18.9 J/m2. The P3HT:PCBM layer adhered
strongly to PEDOT:PSS layer, with the highest adhesion

FIG. 8. Interfacial adhesion energies in
flexible organic and hybrid organic/
inorganic light emitting devices.
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FIG. 9. Interfacial adhesion forces in
flexible organic and hybrid organic/
inorganic solar cell.

FIG. 10. Interfacial adhesion energies
in flexible organic and hybrid organic/
inorganic solar cell.

energy value of 40.3 J/m2. The high adhesion energy of the
PEDOT:PSS-P3HT:PCBM interface may be due to the physical intermixing of P3HT and PSS. These react electrochemically to form P3HTþ and PSS, as reported by Brand et al.22
and Huang et al.35 Also, the adhesion between PEDOT:PSS
and P3HT:PCBM layer was much bigger than the adhesion
energies of PEDOT:PSS-P3HT:TiO2 and PEDOT:PSSP3HT:PCBM:TiO2. Furthermore, the adhesion energy
between PEDOT:PSS and P3HT:TiO2 was much greater than
that between PEDOT:PSS and P3HT: PCBM:TiO2.
It is also important to note here that the reduction in adhesion energy in PEDOT:PSS-P3HT:PCBM:TiO2 can be
attributed to possible effects of electrochemical reactions,
due to introduction of TiO2 nanoparticles. This can be as a
result of secondary bonds that are formed when hydrogen
atoms in P3HT:PCBM are attracted to oxygen atoms in TiO2
during the chemical reactions.

The adhesion energy between P3HT and TiO2 had the
lowest with a value of 0.1 J/m2. The adhesion energy
between P3HT and PCBM was also small (1.3 J/m2). This is
in the range of the values reported by Brand et al.22
Furthermore, considering the adhesion energies between Al
and different active layers, the adhesion energy between Al
and P3HT:TiO2 was the highest (with a value of 25.8 J/m2).
This was greater than the adhesion energies of the AlP3HT:PCBM:TiO2 and the Al-P3HT:PCBM structure.
Hence, from the robustness point of view, the active layer of
P3HT:TiO2 blend was more robust than the active layer consisting of P3HT:PCBM:TiO2 blends.
V. SUMMARY AND CONCLUDING REMARKS

In this paper, a force microscopy technique was used to
measure the adhesion between possible bi-material pairs that
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are relevant to flexible organic and hybrid organic/inorganic
light emitting devices and solar cells. A summary of the salient conclusions arising from this work is presented below.
1. The AFM technique provides a simple method for the
ranking of the adhesion forces and energies between different layers in flexible organic and hybrid organic/inorganic
light emitting devices and solar cells. This could facilitate
the future design of robust flexible organic and hybrid organic/inorganic light emitting devices and solar cells.
2. In the case of the hybrid organic/inorganic light emitting
device in which the active layer of MEH:PPV blend is
replaced by MEH:PPV:TiO2 mixture, the MEH:PPV:TiO2
active layer had higher adhesion energies with the adjacent layers (PEDOT:PSS and Al). Therefore, from the
robustness point of view, the blended active layer of
MEH:PPV:TiO2 adheres better to the adjacent Al and
PEDOT:PSS layers than the active layer consisting of
MEH:PPV.
3. In the case of the hybrid organic/inorganic solar cell in
which the active layer of P3HT:PCBM blend is replaced
with P3HT:TiO2 or P3HT:PCBM:TiO2 mixture, the
P3HT:PCBM layer adhered better to the adjacent
PEDOT:PSS and Al layers. However, although the incorporation of TiO2 particles into the active layers has the
potential of improving charge transport, the TiO2 in the
P3HT:TiO2 layer reduces the adhesion to the adjacent
PEDOT:PSS layer. Furthermore, the P3HT:PCBM:TiO2
layer adheres poorly to the two adjacent layers
(PEDOT:PSS and Al).
4. The incorporation of TiO2 nanoparticles into the active
layers of bulk heterojunction (P3HT:PCBM) organic solar
cells reduces the adhesion to the adjacent hole transport
and cathode layers. This is attributed to the potential
effects of electrochemical reactions that are associated
with the introduction of TiO2. Hence, the improvements
in charge transport facilitated by TiO2 must, therefore, be
balanced against potential reductions in the adhesion that
might occur as a result of the incorporation of TiO2 nanoparticles into the active layers of bulk heterojunction solar
cells.
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