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In this paper, a combined experimental, computational, and analytical approach is used to provide
new insights into the lamination of organic solar cells and light emitting devices at macro- and
micro-scales. First, the effects of applied lamination force (on contact between the laminated
layers) are studied. The crack driving forces associated with the interfacial cracks (at the
bi-material interfaces) are estimated along with the critical interfacial crack driving forces associated
with the separation of thin films, after layer transfer. The conditions for successful lamination are
predicted using a combination of experiments and computational models. Guidelines are developed

@ CrossMark

for the lamination of low-cost organic electronic structures. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4928729]

I. INTRODUCTION

In the recent years, several deposition techniques have
been used for the fabrication of organic solar cells and
organic light emitting devices (OLEDs).'™ These include
cold welding,® transfer printing,” and lamination'™ techni-
ques. In the case of lamination, deposition parameters, such
as applied force for pre-lamination, pull-off force, and
surface roughness must be controlled for successful lamina-
tion.”® In most cases, the presence of particles (e.g., silicon,
dust, and organic materials) in clean room environment can-
not be ignored. Such particles are trapped at the interfaces
between layers during the fabrication of OLEDs and organic
solar cells (organic photovoltaic cells (OPVs)).® This results
in the fabrication of micro-voids and partial contacts at the
interfaces of layered electronics.®®

Furthermore, during lift-off (separation of stamp from
the transferred layer) in the process of lamination, stress con-
centrations occur at the edges of the entrapped voids/cracks.
Since these can lead to interfacial plasticity or cracking,
there is a need to understand the stresses and crack driving
forces associated with contacts and pull-off stages of pre-
lamination and pull-off forces. It is also important to identify
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the processing windows for contact and pull-off without indi-
cating damage to organic electronic devices.

Since OPVs and OLEDs require charge transport across
interfaces in layered structure (as shown in Figure 1), the
process of charge transport across interfaces can be hindered
by entrapped voids/cracks that are formed during contact and
lamination processes.’ Conversely, the contact between adja-
cent layers can be enhanced by increased pressure and inter-
facial adhesion. This can improve charge transport across
layer structures that are relevant to organic solar cells and
light emitting devices. However, excessive pressure can also
lead to sink in of the interfacial impurities and damage to the
devices.'® There is, therefore, a need for models that can
guide the design of impurities.

Prior work'~* has been carried out on the lamination of
solar cells, light emitting devices, and flexible batteries. Lee
et al.' have demonstrated the lamination of top electrode in
semitransparent organic photovoltaic cells. Low temperature
lamination processes have also been studied by Guo ez al.,?
while Huang ef al.> have described a one-step process for the
fabrication of semitransparent polymer solar cells.
Furthermore, Hu ef al.!! have used a lamination process to
integrate Li-ion battery materials onto a single sheet of
paper. Cao et al.®? Kim et al.,'* and Akande et al.® have
reported a cold welding technique for the fabrication of
gold-gold and gold-silver thin films that are relevant to
OLEDs, while a computational approach has been used
by Tucker er al.” to improve the overall quality of film
transferred during the lamination of electronic devices.

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4928729
http://dx.doi.org/10.1063/1.4928729
http://dx.doi.org/10.1063/1.4928729
mailto:soboyejo@princeton.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4928729&domain=pdf&date_stamp=2015-08-18

075302-2

Oyewole et al.

J. Appl. Phys. 118, 075302 (2015)

‘ P P | PE P

Transparent Conducting Oxide (TCO) Transparent Conducting Oxide (TCO)

FIG. 1. Schematics of simple (a) OPV
structure and (b) OLED structure.

However, most of the prior work on the lamination of
organic solar cells and organic light emitting devices has
involved experimental work, with limited modeling. There
is, therefore, a need for combined experimental, computa-
tional, and analytical approaches that are designed to provide
general insights for the design of lamination processes that
are relevant to OPVs and OLEDs. This will be explored in
this paper using a combination of experiments and models
that are designed to provide insights for the design of lamina-
tion processes that are relevant to OLEDs and OPVs.
Following the introduction in Section I, contact and pull-off
models are presented in Section II. The experimental proce-
dures are then described in Section III, before presenting the
results and discussion in Section IV. Salient conclusions aris-
ing from this work are summarized in Section V.

Il. MODELING

In an effort to laminate low-cost organic solar cells, ana-
lytical modeling and computational modeling were used to
study interfacial contacts that occur during pre-lamination,
as well as the interfacial failure that occurs during the inter-
facial separation associated with the lamination process. The
success of the lamination depends on which of the two inter-
faces involved in the process fails first (Figure 2).”

If the top interface (between the poly-di-methyl-siloxane
(PDMS) stamp and the transferred layer) fails before the
critical condition for bottom interfacial failure is reached
between the transferred layer and the substrate, the lamina-
tion is considered to be successful.” However, if the interface
between the transferred layer and the substrate fails before

Lift-up force (Fiin) Fiin
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the critical condition for interfacial failure between the
PDMS stamp and the transferred layer, the lamination is
deemed unsuccessful. The various possible results of separa-
tion in the lamination process have been described by
Tucker et al.”

A. Adhesive surface contacts

Structures of OPV and OLED cells are typically fabri-
cated from multilayers in contact. Each of these layers
should have the right work function alignment for increased
charge transport to occur across the interfaces. However,
improved contact at inorganic/organic and organic/organic
material interfaces can also be enhanced by improved adhe-
sion'? and the application of pressure.'® There is, therefore, a
need to explore the effects of adhesion and pressure on
the contacts between adjacent layers in organic electronic
structures.

In the case of low cost lamination techniques that are
used for the fabrication of OPVs and OLEDs, the layer to be
laminated is often coated onto a PDMS stamp before trans-
ferring it to a substrate. During this process, as the coated-
PDMS stamp approaches the layered substrate (Figure 3(a)),
the presence of distributed particles limits the contact with
the underlying substrate. This results in the formation of
voids as the layers wrap around the surface of impurities to
create interfacial voids.® Such particles have been revealed
in prior focused ion beam microscopy work by Akande.®
These have shown that nano-scale and micro-scale voids
can form at the interfaces, depending on the sizes of the
interfacial impurities (Figures 3(c) and 3(d)). Hence, the

FIG. 2. Schematics of micro scale models of interfacial fracture during the lift-off process of the lamination (a) model of the lift-off process after the press
down of the layer on the substrate, (b) axisymmetric model of successful lift-off, (c) axisymmetric model of unsuccessful lift-off, and (d) axisymmetric model

of partial interfacial fracture.
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FIG. 3. Schematics of micro/macro
scale models of adhesion and contact
during pre-lamination process of the
lamination.
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Macro Level

application of pressure can increase the contact of stamps
around interfaces that are relevant to OPVs and OLEDs.

The surface contact length that can be achieved can be
estimated using an analytical model of contact around a dust
particle. This is done by considering a scenario in which the
particles of heights, £, are idealized between the transferred
layer of thickness, #, and the substrate of thickness, ;. The
transferred layer can be likened to a cantilever beam that
bent to an S-shape (Fig. 2(d))®® under uniform compressed
force, F, on the stamp. The length, L, of the layered structure
is given by

L=S+L., (1

where L. is the length of the contact and S is the length of
the void. The relationship between the contact length and
applied force, F, (the detailed derivation is presented in
Appendix A) is given by

1
L, 3Eft]§hw 4
L= (W : @

where w and Ef are the width and the Young’s modulus of
the transferred layer, respectively.

Using the material properties presented in Table I, 7+'*4-17
the normalized contact length can be calculated as a function of
the applied compressive force.

B. Fracture mechanics modeling

The lamination of a thin film layer from a coated stamp
to a substrate is basically in two stages: pre-lamination and
lift-off. During pre-lamination, a compressive force is
applied to the stamp to ensure that the layer makes good con-
tact with the substrate. In the case of lift-off, a lift-off force
is applied to separate the stamp from the laminated layer.
This lift-off process will be considered as an interfacial

TABLE L. Properties of the materials used in the modeling.

Material Young’s modulus (GPa) Poisson ratio References
Particle 70 0.3 7
MEH:PPV 11.5 0.3 10
PEDOT:PSS 1.56 0.3 10
P3HT:PCBM 6.02 0.35 14
Glass 69 0.3 15
PDMS 0.003 0.3 16, 17

Micro Level

fracture process in this study. During the pre-lamination pro-
cess, the application of uniform compressive force (as
described above in Sec. Il A) can induce stresses in layered
organic electronics. The stress concentrations become more
significant when the dust particles are sandwiched between
the interfaces. This can lead ultimately to interfacial crack
growth and fracture in the layered structure.

Prior work on the fracture mechanics modeling of pre-
lamination and interfacial fracture of OLEDs and OPVs has
been carried out by Tucker et al.” for transfer printing.
However, the sizes of the particle can affect the interfacial
mechanics during the separation of stamps from the lami-
nated structures, as described by Cao et al.® During the sepa-
ration process at the micro scale (Figure 2), the following are
possible:

@) steady interfacial delamination between the trans-
ferred layer and substrate—unsuccessful lamination
(Figure 2(b));

(i)  steady interfacial delamination between PDMS stamp
and transferred layer—successful lamination (Figure
2(0));

(iii)  possible simultaneous delamination in interfaces of
the transferred layer/substrate, and the PDMS stamp/
transferred layer—partial lamination (Figure 2(d)).

In an effort to model the fracture processes involved in
lift-off process, Figure 2 shows an idealized nano particle
between the layered interfaces produced after pre-
lamination. Edge cracks are also idealized between the trans-
ferred layer and stamp and/or between transferred layer and
substrate. The energy release rates at the tips of the edge
cracks are measures of the crack driving force. In general,
the energy release rate of the interfacial crack between the
laminated film and the substrate is a function of plane strain
elastic moduli of the film, Ef, and substrate, E, the length of
top interfacial crack, d;, the length of the bottom interfacial
crack, dj, the thickness of the film, f, thickness of the sub-
strate, f,, and the lift-up stress, ¢. This is given by

G:fl(ES7EfattatS7dbadt7o-)a (3)

where Ef = E;/(1 — %) and E; = E;/(1 —v?). Using the
Buckingham pi-theorem method of dimensional analysis
(Appendix B), Equation (3) can be expressed as

E't 'y ) By
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Since g = FL,;f,_oﬁ/wL, where Fpj_ o is the lift-up force,
Eq. (4) can be written as

Gor(Bs ts dv ) Finopls )
Ef'tp" 1y 'ty ) WLPEp

where w and L are the width and length of the structure,
respectively.

C. Computational modeling

The ABAQUS™ software package (ABAQUS 6.12,
Dassault Systéemes Incorporation, Rhode Island) was used to
simulate the changes of contact profiles between the trans-
ferred layer and the substrate during pre-lamination along
with the possible interfacial failure during the separation of
the stamp from the transferred (laminated) layer. First, the
effects of applied forces (on the surface contact lengths of
the active layers of OPV cells and OLEDs) were simulated
on poly(3.4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)-coated substrates. It was also assumed that
particles are sandwiched between the laminated layer and
the substrate. The size ranges (~0.1 — 10 um) are typical of
particles that are present in clean room environments. These
include silicon, organics, and other dust particles that are
often found in the clean room environment.®

By considering a unit width (w = 1), axisymmetric
models were developed using the ABAQUS software pack-
age. A four-node elemental mesh was used. The elements
were dense near the particles and the contact surface
(Figure 4). The bottom boundary of the substrate was fixed
for stability during the simulations, while a range of uniform
forces (0 N-500 N) was applied to the top of the stamp
(Figure 5). The materials used (Table I) were assumed to
exhibit isotropic behavior. Also, the height of the particle
was varied, while the length of the contact surface was

TR N |

Stamp (200pm)
Active Layer (200 nm)

Substrate (200 pm)

A A

200um >

A A

L
Axisymmetric

FIG. 4. Geometry and mesh of finite element model of surface contact dur-
ing pre-lamination of active layers of organic solar cells and light emitting
devices.
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FIG. 5. FEM of surface contact model after applying a range of forces
(ON=500N).

studied as a function of the applied force. This was done for
laminating layers of model OPVs and OLEDs.

In the case of interfacial failure (during the separation of
PDMS stamps from the laminated layered structures in the
lift-off process in lamination), 2D models (with a unit width)
were built using the ABAQUS software. These were used to
study the interfacial cracking between the laminated layer
and the stamp (top interface), as well as the interfacial crack-
ing between the laminated layer and the substrate (bottom
interface). Again, a four-node elemental mesh was used,
while the elements were dense near the crack tips. The finite
element simulations were used to determine the interfacial
fracture energies corresponding to the lift-off forces that
were applied to separate the stamps from the laminated film
materials.

In the lamination process, two different interfaces (the
top and the bottom) are possible. By assuming respective
existing edge cracks of lengths, d, and dj, at the top and
bottom interfaces, the energy release rate at the tip of the
edge crack at the top interface is denoted as G;, while the
energy release rate at the tip of the edge crack at the bottom
interface is denoted as Gj. The thicknesses of the layers
were maintained constant, while the energy release rates of
the crack tips were calculated using J-integral as functions of
the crack length. The energy release rates of the interfacial
crack tips were computed for a range of applied lift-off
forces.

The success of the lamination process can be explained
in form of differentials of the driving forces of the propagat-
ing cracks along the interfaces that are involved in the
process.7 At a critical condition, the differential of the inter-
facial energy release rates (Gf and Gj) of the edge cracks at
the top and bottom interfaces can be expressed as
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.
b b

where G{ and Gj, are the critical interfacial energy release
rates at the top and bottom interfaces, respectively. If
G,/Gy > G¢ /G5, the interfacial crack will propagate along
the top interface. This will result ultimately in the delamina-
tion of the stamp from the transferred layer. In this case, the
lamination is successful. However, the lamination will be
considered unsuccessful, if G,/G, < G¢/GY; the crack prop-
agates along the bottom interface, causing delamination of
the laminated layer from the substrate. In these two scenar-
ios, the lift-up force for successful lamination of materials in
OPVs and OLEDs can be predicted.

lll. EXPERIMENTAL METHODS
A. Pre-lamination of layers of OPV cells and OLEDs

First, the PDMS substrate was prepared by mixing a
Sylgard 184 silicone elastomer curing agent with a Sylgard
184 silicone elastomer base (Dow Corning Corporation,
Midland, MI) with a 1:10 weight ratio. Then, the mixture
was then processed under a vacuum pressure of 6 kPa for 30
min. This was done to eliminate all of the possible bubbles.
The processed PDMS was then poured into a flat aluminum
mold with dimensions of 15 mm x 10 mm x 2 mm. This was
followed by annealing in an oven at 80 °C for 2 h, resulting
in the formation of an ~2mm thick PDMS stamp. The
PEDOT:PSS solution (Hareous, Clevios, Hanau, Germany)
was spin-coated onto a clean glass slide at 3000 rpm for
1 min to obtain a film with thickness of 100 nm.

In the case of the OLED, the poly [2-methoxy-5-(2-
ethyl-hexyloxy)—1,4-phenylene vinylene] (MEH-PPV) solute
(Sigma Aldrich, St. Louis, MO) was mixed with chloroform
(at a 5 g/l solute—solvent ratio) to form a solution. The mix-
ture was stirred continuously for 6 h at room-temperature
before passing it through a 0.45 um teflon filter. The cured
PDMS was attached to a flat stub using a double-sided tape.
This was done before dip coating the PDMS stamp with
MEH-PPV solution. The stub was then attached to the head
of an Instron machine (Instron 5848, Canton, MA, USA)
along with the PEDOT:PSS-coated glass plate that was fixed
under the dip-coated PDMS stamp. The MEH-PPV was
laminated onto PEDOT:PSS by applying loads in the ranges
from 100 N to 500 N for 2 min before lift-off. The stamp was

Pull -off I
(a) Press l (b)

B
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lifted 3mm apart from the laminated MEH-PPV with the
head of the Instron testing machine moving up at a displace-
ment rate of 0.01 mm/s.

For the lamination of the OPV cells, the poly (3-ethyl-
thiophene) (P3HT) (Sigma Aldrich, St. Louis, MO):phenyl-
C61-butyric acid methyl ester (PCBM) (Sigma Aldrich, St.
Louis, MO) layer was first prepared by mixing P3HT and
PCBM in chlorobenzene. This was mixed in ratio of 1:0.8 by
weight. The mixture was then stirred continuously for 5 h at
room temperature, before spin coating it onto the PDMS
stamp at 750 rpm for 30 s. The P3HT:PCBM was laminated
from the P3HT:PCBM-coated stamp to the PEDOT:PSS
layer with the same protocol that was used for the lamination
of the MEH-PPV layer in the OLED structure.

B. Pull-off of the laminated and spin-coated active
layers

First, a sticky foam pad with a cross sectional area
25mm x 8mm was cut and attached to a stub using a
double-sided tape. The stub was then attached to the head of
an Instron testing machine, while the bottom of the substrate
(P3HT:PCBM/PEDOT:PSS/glass) was attached to the bot-
tom stub. Note that the double-sided tape covered the sec-
tional area that was used to pull-off the laminated active
layer. The sticky foam pad was then brought into contact
with the P3BHT:PCBM layer with a near zero force. This was
done before scratching off the active layer on the border of
the foam pad to maintain the same stress state in each sam-
ple. A schematic of the experimental set-up is presented in
Figure 6.

A load of 100N was applied to the pad for 60 s. This
load was then maintained for another 60 s, before lifting up
the head at a rate of 0.0l mm/s. The same protocol was
applied for the pull-off of the laminated MEH-PPV, as well
as the spin-coated MEH-PPV and P3HT:PCBM. In each
case, the force-displacement curves were obtained. The sur-
face of substrate (PEDOT:PSS/glass) was also observed
using AFM.

IV. RESULTS AND DISCUSSION
A. Modeling of contact during pre-lamination

The effects of the compressive force (on the contacts
between the active layers and PEDOT:PSS-coated substrates

M Instron head

I Stub
FIG. 6. Schematic of experimental

pull-off of spin-coated and laminated
layer, showing the (a) press down pro-
cess and (b) pull-off process.

B Double sided tape
i Stucky pad
Bl Substrate

mnPull-off layer
----- Scratched border
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—&— Contact length on glass substrate
—&— Contact length on PDMS substrate

—=— Contact length calculated by analytical model in Equation 2
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-<3--Sink-in on glass substrate

-~&=--Sink-in on PDMS substrate

0.1 0.1
b b FIG. 7. Effects of force on contact pro-
b 0.08 L 0.08 files of (a) P3BHT:PCBM on PEDOT:
= g g _ PSS-coated substrate and (b) MEH-
L 0.06 S .‘5 L 0.06 E_ PPV on PEDOT:PSS-coated substrate.
2 3 =
F 0.04 % E = 0.04 —?
" & O p o &
2 z
JPUTE- o - 0.02 - 0.02
11.;:_18‘
80— 0 80 +—d=® 0
0 100 200 300 400 500 0 100 200 300 400 500

Applied Force (N)

of the organic light emitting devices and organic solar cells)
are presented in Figure 7. The results obtained from the ana-
lytical (Eq. (2)) and computational modeling show that the
contact lengths between pre-lamination of P3HT:PCBM
(Figure 7(a)) or MEH-PPV (Figure 7(b)) onto the substrates.
These increase with increasing applied force.

The pre-laminated active layers sink more into the
substrate as the applied force increases. The sink-in is also
more significant in the case of flexible PDMS substrates.
These results suggest that, in the case of rigid and flexible
substrates, the desired interfacial contact between the active
layers and substrates can be damaged due to excessive
applied force. The results also show that, at an applied force
of ~250N, the predicted contact length is ~95% (by FEM)
and ~100% (by analytical modeling).

B. Pre-lamination of active layers

In this section, the force needed to separate the stamp
from the pre-laminated active layers is determined. It is im-
portant to note here that the stamp can be separated from
pre-laminated layers if the interfacial contact between the
active layers and the substrate is maintained with the applied
pre-laminated compressive force. The force-displacement
curves for successful pre-lamination of P3HT:PCBM and
MEH-PPV onto PEDOT:PSS-coated glass are presented in
Figure 8. First, the force increases with increasing displace-
ment, before returning to zero force. At an applied compres-
sive force of ~200N, the force-displacement curves have a
peak ~0.06 N for pre-lamination of P3HT:PCBM and

Applied Force (N)

~1.10N for pre-lamination of MEH-PPV. The peaks of the
curves represent the interfacial work of adhesion in the top
interfaces (stamp/P3HT:PCBM and stamp/MEH-PPV) of the
active layers.

C. Pull-off experiments

The results of the pull-off tests (on the laminated and
spin-coated active layers) are presented in Figure 9. The
peaks of the force-displacement curves represent the interfa-
cial adhesion force between the active layers and the
PEDOT:PSS-coated substrates. In Figure 9, the adhesion
force in laminated MEH:PPV/PEDOT:PSS (Figure 9(b)) is
comparable to the adhesion force, when the P3HT:PCBM is
spin-coated onto the substrate. In the case of P3HT:PCBM/
PEDOT:PSS-coated glass, shown in Figures 9(c) and 9(d),
the adhesion forces obtained from the lamination and spin-
coating techniques are also comparable.

From the results, the adhesion forces at the interfaces of
P3HT:PCBM/PEDOT:PSS-coated glass substrate and
MEH:PPV/PEDOT:PSS-glass are more than the measured
adhesion forces at the interfaces of Stamp/P3HT:PCBM
(Figure 8(a)) and Stamp/MEH:PPV (Figure 8(b)), respec-
tively. This suggests that the lamination of organic active
layers of OPV cells and OLEDs can be improved in the case
where the active layers are deposited on PEDOT:PPS-coated
substrates. Since the adhesion forces between the active
layers and the substrates are more than the adhesion forces
between stamps and the active layers, the stamps can be
removed easily from the laminated active layers, without

0.12 @) 0.12 o)

0.08 L4

0.04 0.08 - FIG. 8. Force-displacement curves of
g g 0.06 - ~11N pre-lamination of (a) P3HT:PCBM and
i 0 - - 0.04 - (b) MEH-PPV on PEDOT:PPS-coated
= 2 glass. The peaks represent the interfa-
f=°.-0.04 - ;2 0.02 - cial adhesion forces along PDMS/

0 {—} I MEH-PPV and PDMS/P3HT:PCBM
-0.08 1 ] 3 4 interfaces during lift-off of the stamp
Sl from P3HT:PCBM and MEH-PPV.
-0.12 + -0.04 -
-0.16 -0.06

Displacement (mm)

Displacement (mm)
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Spin-coated samples
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Laminated samples

MEH-PPV

Displacement (mm)

FIG. 9. Force-displacement curves of
pull-off of (a) spin-coated MEH-PPV,
(b) spin-coated P3HT:PCBM, (c) lami-
nated MEH-PPV, and (d) laminated
P3HT:PCBM.
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damaging the interfaces between the active layers and
PEDOT:PSS-coated glass.

Typical AFM images of the substrates (after the pull-off
of MEH-PPV and P3HT:PCBM) are presented in Figure 10.
In the case of successful lamination, no remnant of the
pulled-off MEH-PPV and P3HT:PCBM was observed on
the substrates after pull-off (Figures 10(a) and 10(b)). The
patches of the laminated MEH-PPV and P3HT:PCBM layers
are evident in the case where the layers are not fully pulled
off from the substrate (Figures 10(c) and 10(d)).

D. Interfacial fracture during lift-off

It is crucial to understand the fracture along the interfaces
that are involved in the lift-off stage of the lamination process.
For successful lamination of any layer onto a substrate, the
stamp must be lifted up successfully, without damaging the
interface of interest (laminated active layers/substrates).
The different categories of the possible laminations that can
be achieved, based on the properties of the interfaces, have
been described previously in Sec. 11 B.

First, the bottom interface was maintained intact, with
zero edge crack length. This was done to calculate the inter-
facial energy release rate as a function of edge crack length
at the top interface. This was done for both the lamination of
P3HT:PCBM and MEH:PPV onto PEDOT:PSS-coated glass
substrates. The interfacial energy release rates of the crack
tips at the bottom interfaces (P3HT:PCBM/PEDOT:PSS-
coated glass and MEH:PPV/ PEDOT:PSS-coated glass) were
also calculated for different lengths of the bottom edge
cracks, keeping the top (stamp/P3HT:PCBM and stamp/
MEH:PPV) edge crack length at zero. In both cases, the top

Displacement (mm)

and bottom energy release rates increased with increasing
crack length.

The differences between the energy release rates at the
top and bottom interfaces can be observed clearly at short
crack lengths (Figure 11). However, at longer crack lengths,
there were no significant differences between the energy
release rates of the top and bottom interfaces. Similar results
have been reported by Tucker et al.” The significant differ-
ence in the energy release rates at short crack lengths is
attributed to the fact that the cracks propagate along the top
and bottom interfaces, as the stamp is lifted off from the
laminated layer. As such, the PDMS stamp absorbs the de-
formation due to lift-off.

The delamination of the stamp from the laminated layer,
and the laminated layer from the substrate, during the lift-off
process, becomes more interesting at the micron-scale, con-
sidering the voids that are produced as a result of the wrap-
ping of the thin films around the nano- and micro-particles
that are trapped between the substrates and laminated layers.
Figure 12 presents the results of the interfacial fracture that
occurs during the lift-off process.

For the lamination of both P3BHT:PCBM and MEH:PPV
layers, the initial energy release rate at the top interface was
the maximum value. This decreased to zero, while the energy
release rate at the bottom interface (that was initially at zero)
increased, as the energy release rate at the top interface
decreased. Meanwhile, the energy release rates of the top
and bottom cracks decreased, as the length of the crack
(void) created by particle increased.

Furthermore, Figure 12 shows the energy release rates
(Gyoia) at the tips of the cracks, which were created by the
trapped particles, increased with increasing size of the



075302-8 Oyewole et al.

MEH-PPV
Successful pull-off

Patches left on substrate

particle and the length of the bottom interface edge crack.
However, G, is very small for small particle size even as
the bottom crack length increases. This is an indication that
the particles can weaken the adhesion of the interface of in-
terest during lamination. It is, therefore, important to ensure
surface cleaning using laser or ozone/UV surface cleaner
prior to lamination, for improving interfacial contact and ad-
hesion between the active layer and the substrate.

The success of lamination of the active layers, P3HT:
PCBM and MEH:PPV, of the electronics can be predicted in

100

10 A

(GE;/ %) or (G,E;/ o)

,?) —&=—MEH:PPV/Stamp
]
Ll E,. --3-- P3HT:PCBM/PEDOT:PSS—coated glass
]
& =©= MEH:PPV/PEDOT:PSS-oated glass
0.01 . . i
0 100 200 300 400

(d/t) or (dy/1;)

FIG. 11. The normalized top/bottom energy release rate as a function of the
normalized top/bottom crack length, respectively. The energy release rates
of the edge cracks at the top interfaces (P3HT:PCBM/Stamp and MEH:PPV/
Stamp) were calculated with no edge crack at bottom interfaces
(P3HT:PCBM/PEDOT:PSS-coated glass and MEH:PPV/PEDOT:PSS-
coated glass). The energy release rates of the edge cracks at the bottom inter-
faces were also calculated with no edge crack at the top interfaces.

() Patches left on substrate
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P3HT:PCBM

Successful pull-off Ei

FIG. 10. Samples of the AFM images
of substrates after pull-off of active
layers, MEH-PPV, and P3HT:PCBM
for (a) and (b) successful pull-off, (c)
and (d) pull-off with remnants left on
the substrates.

form of the differential of the interfacial energy release rates of
the edge cracks at the top and bottom interfaces. This is shown
in Figures 13(a) and 13(b), in which computed energy release
rates are presented as a function of the normalized bottom
crack length. In both cases (of the active layers), the differential
energy release rates decrease with increasing normalized bot-
tom crack length, while the increasing particle size increases
the energy difference. For a critical measured value of the
interfacial energy difference, we can predict the success of the
lamination (as described in Sec. I C).

It is of interest to compare the computed crack driving
forces with the adhesion energies'*'®2° and interfacial
fracture energies>' reported previously for interfaces that are
relevant to OLEDs and OPVs. These are summarized in
Table II. The results obtained from the computations are
comparable to the previously reported results. In the case of
the OLED, in which P3HT:PCBM film is laminated onto
PEDOT:PSS-coated substrates using PDMS stamp, the
measured interfacial energy along the bottom interface
(PEDOT:PSS/MEH-PPV) is greater than the energy along
the top interface (MEH-PPV/Stamp). The small value of the
interfacial energy at the top interface is attributed to the
hydrophobic nature of the PDMS stamp, which facilitates
successful lamination. The tendency of the crack paths to
remain at the interface, or deviate away from the interface,
can influence the magnitude of the computed interfacial
energy, as well as the measured interfacial adhesion and
fracture energies.

Similarly, in the case of OPV, the interfacial energy at
the bottom interface (PEDOT:PSS/P3HT:PCBM) is more
than the energy at the top interface (P3HT:PCBM/Stamp).
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—s—Energy release rate of top edge crack during lamination of P3HT :PCBM
—8—Energy release rate of bottom edge crack during lamination of P3HT :PCBM
—+—Energy release rate of void crack during lamination of P3HT:PCBM
—=—Energy release rate of top edge crack during lamination of MEH-PPV
—#—Energy release rate of bottom edge crack during lamination of MEH-PPV
——Energy release rate of void crack during lammation of MEH-PPV

FIG. 12. Interfacial fracture during
lift-up of stamp from laminated
P3HT:PCBM and MEH:PPV on
PEDOT:PSS-coated substrates for dif-
ferent particle diameters. (a) 2 um, (b)
6 um, (c¢) 9um, and (d) 12 um. The
concomitant energy release rates of the
tips of the edge cracks at the top and
bottom interfaces as functions of bot-
tom crack length. Here, the length of
the top edge crack is 6 um, while the
0.04 thickness of the active layers is main-
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The crack paths being remained or deviated at the interface
can also be attributed to the variation in the magnitude of the
computed energies, the measured interfacial adhesion, and
fracture energies. Hence, interfacial fracture should occur
when the interfacial fracture toughness values and the adhe-
sion energies are lower than the substrate critical energy
release rates. However, the criteria for interfacial cracking
versus substrate cracking also depend on mode mixity, as
shown in the earlier work by Evans er al.**** and Rahbar
etal®

Finally, it should be noted that interfacial cracks can
kink in-and-out of interfaces, giving rise to patches of partial
interfacial separation during material pull-off. This can occur

—=—Void length=2 um
—8—Void length=6 um
—=— Void length=9 um
—<—Void length=12 um

—— Critical Energy Ratio

4 6 8 10 12 14
dy (um)

tained at 200 nm.

T D

2

when the mechanisms of micro-void nucleation around
inclusions and interfacial impurities link with dominant
interfacial cracks in ways that promote the extension of inter-
facial cracks into adjacent layers. In such cases, the crack
can kink in-and-out of interfaces depending on the distribu-
tion of the inclusion/impurities that include the formation of
voids that link up with the propagating cracks. This has been
shown in earlier work by Rahbar ef al.?* using a combination
of finite element simulations and experiments.

The kinking of cracks (in-and-out of interfaces) has also
been discussed in prior work by Evans er al.**** Their work
suggests that the criteria for interfacial cracking depend on
the crack driving forces, as well as on the mode mixity.

FIG. 13. Ratio of the interfacial energy
release rates G,/G) as a function of the

normalized bottom crack length
(dp/tr), showing the influence of the
particle size for (a) lamination of
P3HT:PCBM, (b) lamination of MEH-
PPV. Here, the thickness of the active
layer is 200 nm.
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TABLE II. Interfacial adhesion and fracture energies in OLEDs and OPV cells.

J. Appl. Phys. 118, 075302 (2015)

(a) Measured and computed interfacial energies

Interface Measured adhesion energy () J/m?)

Measured fracture energy J/m?) Computed energy (G) J/m?)

P3HT:PCBM/PEDOT:PSS (bottom)
MEH-PPV/PEDOT:PSS (bottom)
P3HT:PCBM/PDMS (top)
MEH-PPV/PDMS (top)

2.6 (Ref. 20)
15 (Refs. 13 and 18)

0.028 (Ref. 19)

(b) Interfacial energy ratios

1.6 (Ref. 21) 1.57 (in this study)
2.42 (in this study)
0.75 (in this study)

0.36 (in this study)

Laminated layer

Computed Giop/Ghorrom

P3HT:PCBM
MEH-PPV

0.478
0.149

However, it did not consider the nano-scale mechanisms of
microvoid nucleation and growth, as observed in the experi-
ments and models of Rahbar e al.>* Further work is clearly
needed to include the effects of inclusion distributions
microstructure-based models for the prediction of interfacial/
substrate cracking and the kinking of cracks during layer
pull-off processes.

E. Implications

The results presented above are significant for the fabri-
cation of cheap organic solar cells and organic light emitting
devices. They can be used as guidelines for the design of
fabrication of stamps and lamination conditions that can help
to improve surface contact and device performance.
Furthermore, in multilayered OLEDs and OPV cells, the
alignments of the layer work functions are very important in
the design of improved charge transport between layers.
Lamination is, therefore, a good candidate for improving
contact in the multilayered structures of OLEDs and OPV
cells. The application of pressure (during lamination) also
tends to improve interfacial contact. However, too much
pressure may cause excessive sink in and device damage.
Finally, the results above provide guidelines for successful
lamination of thin film structures for OLEDs and OPV cells.
These guidelines are summarized in Table III.

V. CONCLUSIONS

This paper presents the results of a combined experi-
mental and theoretical/computational study of the contact
and interfacial fracture associated with the lamination of
organic electronic structures.

TABLE III. Summary of the guidelines for successful lamination of thin
film structures of OLEDs and OPV cells.

Void

length

(um)  P3HT:PCBM  MEH-PPV Result of lamination

2.0 dy/tr >20.0 dy/tr >25.0 Successful (unsuccessful otherwise)
5.0 dy/tr >24.5 dy/tr > 31.0 Successful (unsuccessful otherwise)
9.0 dy/tr >25.0 dy/ty >33.0 Successful (unsuccessful otherwise)
120 dp/ty >32.0 dy/ty >34.0 Successful (unsuccessful otherwise)

1. A combination of analytical and computational models is
used to study the effects of pressure on the contacts
around dust particles that are trapped between adjacent
layers in model OLED and OPV structures. The studies
show that the contact length ratios increase with increas-
ing pressure. However, the application of pressure may
also result in excessive “sink-in” of trapped particles,
which may damage the devices.

. The subsequent pull-off stage of lamination was consid-
ered as an interfacial fracture process. This was studied
using computational models of interfacial crack driving
forces. The models suggest that the onset of interfacial
crack growth or fracture occurred when the crack driving
forces were equal to the measured adhesion energies for
the relevant interfaces.

. The effects of pre-existing defects need to be considered
in greater detail, if we are to predict the critical conditions
for the kinking in-and-out of cracks from different interfa-
ces. Such kinking in-and-out is thought to contribute to
the partial interfacial separation that is observed during
the pull-off stage of the lamination of selected OPV and
OLED structures.

ACKNOWLEDGMENTS

The research was supported by the National Science
Foundation (DMR 0231418), the Princeton University Grand
Challenges Program, the African Development Bank, the
World Bank STEP B Program, the World Bank African
Centers of Excellence Program, and the Nelson Mandela
Institution. The authors also thank Professor Barry Royce for
useful technical discussions.

APPENDIX A: ANALYTICAL CALCULATION OF
CONTACT LENGTH AS A FUNCTION OF
COMPRESSIVE FORCE

Let us consider a scenario whereby a particle is at the
surface of a substrate. Any film deposited on the substrate
bends round the particle like a cantilever beam with a bend-
ing energy. This is given by°

6EIh*
=G

U (AD)
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where E; is the film Young’s modulus, / is the second
moment of inertial, / is the height of the particle, and S is the
length of the void created by the particle.

For a rectangular geometry, the contact surface area is
given by

Ac =L xw, (A2)

where L, is the contact length and w is the width of the struc-
ture. The uniform pressure, P, which is applied to a cross-
section area, Ay = L x w, of the film can be related to the
corresponding compressive force, F. This is given by

_r (A3)
T Lw’

where L is the length of the structure.

Hence, the surface energy between the film and the sub-
strate can be written as the product of the pressure, the con-
tact area, and the height of the particle. This is given by

FL.h
L.

F
U‘v:—mx(chw)xh:— (A4)

By substituting L, = L — S into Eq. (A4), the surface energy
becomes

S
U, = —Fh (1 - Z) . (A5)

The total energy, Uy, is the addition of Egs. (A1) and (AS).
This is given by

6EIh? S
Up = —1 —Fh(l—z>. (A6)

S3

The length of the void can be calculated from Eq. (A6) at
equilibrium, dUy/dS = 0. This is given by

1

18E(IRL"

§=—= :
( F )

(A7)

By substituting the second moment of inertial, / = wt; /12,
into Eq. (A7), the length of the void becomes

1
3EhLw\*
S=L—L.= (L) _

2F (A8)

From Eq. (A8), we write the contact length as a function of
the compressive force. This is given by

1
Le_ | <3Efr;.hw)4
2FL3 )

(A9)

APPENDIX B: INTERFACIAL ENERGY RELEASE RATE

G :f(E_A‘a E_f7 tfv Iy, dba dt» O-)

Number of parameters = 8

Number of fundamental dimension =3

Number of dimensionless quantities=8 —3=35

J. Appl. Phys. 118, 075302 (2015)

The core variables are

o= [ML'T2], Ef=[ML'T%,andt; = [L].
o’} = ML T[] = [M°T ™, (B1)
Efty = [ML™'T3)[L] = [MT?]. (B2)

By dividing Eq. (B1) by (B2)

o oy (M

A ) Vi) B3
Eity  Ef  [MT2] (B3
First dimensionless quantity (7;):
2
1
G=Imr2=2%
Ey
GE
T = Tf .
ol

Second dimensionless quantity (7,):
Ef = [ML™'T7,

_ E,
T = EJLT?M '] = =2,
Ey

Third dimensionless quantity (73):

Iy = [L]v
Is
T3 = fs[Lil] =—.
I
Fourth dimensional quantity (74):
dy = [L],
d
Ty = db[[fl] = —h
Iy
Fifth dimensional quantity (7s):
d, = [L],
d
5 = d,[L_l] = —t,
I

Ty :f(TCZa 3, Ty, TCS),

GEf —f Eis ty dy, d,
oty T \Ef Ty )

E, t, dy d,\ ¢t
G—f(‘,,”,’>(;_f. (B4)
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