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Introduction

A
t 1,000 W/m2, the sun delivers an enormous
amount of energy to the Earth’s surface. If we
can harness this energy without losses, an hour’s

worth of sunlight will be sufficient to power all human
activities for a year. It is for this reason that solar
cells—devices that directly convert sunlight to electric-
ity—have received tremendous attention. Current solar cell
technologies based on inorganic semiconductors, however,
remain too costly for widespread deployment. An alterna-
tive that is gaining increasing research attention is organic
solar cells, that is, solar cells built with electrically active
organic small molecules and polymers. Large-scale
chemical synthesis of these materials and low-temperature,
scalable processing, such as inkjet or roll-to-roll printing,
offer new paradigms for device production and the poten-
tial to reduce both capital and manufacturing costs.1–3

Organic materials are also chemically customizable, light-
weight, and flexible, opening up new opportunities for build-
ing- and vehicle-integrated applications.

Through the development of new organic semiconduc-
tors,4,5 improved film processing,6,7 and refined device
architectures,8,9 record performance organic solar cells have
breached the 10% efficiency milestone,10 widely considered
the threshold for commercial viability.2,11 Improved under-
standing of the links between molecular structure, materials
processing, film morphology, and device performance
promises to yield further gains. Chemical engineers are
equipped to address issues to deliver functionally efficient
and cost-effective solar cells in an integrated and system-
atic manner.

Why Modular?

Although organic electronics offer new approaches to de-
vice fabrication, device assembly still—like conventional
semiconductor electronics—relies on a sequence of irreversi-
ble processing steps involving the deposition and patterning
of thin layers of semiconductors, conducting interconnects,
and dielectrics. Imagine instead electrical contacts or semi-
conducting active layers that can be reversibly and nondes-
tructively inserted and removed, electrically connected and
disconnected. The development of soft-contact lamination
(ScL) has brought to bear such versatility at the laboratory
scale, opening up a modular approach to organic device fab-
rication and characterization.

Modular device construction yields both technological and
fundamental benefits. In multilayered device architectures,
ScL allows for the independent optimization of individual
layers before assembly into devices. Moreover, after the de-
vice is built and tested, the now-buried layers can be
exposed and systematically characterized, replaced, or modi-
fied. Finally, new device architectures that are otherwise
inaccessible can be constructed.

Noninvasive electrical contact to organic thin-film transis-
tors12–14 and light-emitting diodes15,16 has previously been
achieved through ScL, resulting in significantly reduced contact
resistances and fewer pinhole defects in the respective devices.
ScL has also been employed to integrate and test novel elec-
trode materials in organic solar cells.17,18 In this Perspective ar-
ticle, we will highlight recent progress on the use of ScL to
characterize organic solar cells in ways previously not possible.

Organic Semiconductors

Organic semiconducting molecules possess sp2-
hybridized, conjugated backbones, resulting in delocalized p
orbitals. For charges to traverse from molecule to molecule,
overlap between p orbitals of adjacent molecules is necessary.
Molecular packing—i.e., the degree of intermolecular order
and the relative orientation of molecules with respect to one
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another—thus figures prominently in dictating the charge trans-
port properties of organic semiconductors. Highly crystalline
organic semiconductor films, for example, have yielded thin-
film transistors with charge carrier mobilities beyond 1 cm2/Vs,
exceeding that of amorphous silicon. Devices comprising amor-
phous organic semiconductors, on the other hand, have often
exhibited mobilites that are several orders of magnitude lower.
Given that the details of processing can dramatically influence
molecular packing in organic semiconductor thin films, the abil-
ity to tune processing conditions is often a means by which the
optoelectronic properties of such films can be manipulated.

In the active layers of organic solar cells, two organic
semiconductors are needed, one serving as an electron do-
nor and the other as an electron acceptor. The transfer of
photo-excited electrons from the electron donor to the elec-
tron acceptor takes place by virtue of an energy offset
between the two. More specifically, the lowest-occupied
molecular orbital (LUMO) of the electron donor is higher
in energy, i.e., closer to the vacuum level, than that of the
electron acceptor, allowing electron transfer from the
LUMO of the electron donor to the LUMO of the electron
acceptor when photogenerated excitons dissociate at the do-
nor-acceptor interface. A further requisite for solar cell
operation is that the donor effectively transports holes,
while the acceptor transports electrons. In principle, organic
semiconductors are intrinsically capable of transporting
both types of charge carriers; such ambipolar transport,
however, is more the exception than the rule. Extrinsic
effects, such as interfacial charge trapping and oxidation,
tend to trap electrons making electron transport less com-
mon than hole transport.19,20 In the context of organic solar
cells, poly(3-hexyl-thiophene), P3HT, and [6,6]-phenyl C61

butyric acid methyl ester, PCBM, whose chemical struc-
tures are shown in Figure 1a, are the most commonly stud-

ied electron donor and acceptor pair. However, new organic
semiconductors are constantly being developed, yielding
rapid and continual improvements in organic solar cells
performance over the last decade.4,5,21,22

Organic Solar Cell Architectures

The simplest organic solar cell geometry is the bilayer, or
planar-heterojunction architecture, in which a pristine inter-
face is formed between the electron donor and the electron
acceptor (see Figure 1b). When light passes through the
transparent anode, normally indium tin oxide (ITO), it is
absorbed by the electron donor. This process generates exci-
tons, i.e., Coulombically bound electron-hole pairs, which
then diffuse within the electron donor layer. The exciton dif-
fusion length, limited by its lifetime, ranges from several
nanometers up to tens of nanometers.23,24 If the exciton
reaches the donor-acceptor interface at which there is suffi-
cient energetic driving force for dissociation, it separates
into free charge carriers. The electron is then transferred to
and transports through the electron acceptor, eventually
making its way to the cathode. The hole remains in and
transports through the electron donor to the anode for photo-
current collection. Buffer layers are sometimes inserted at
the electron- and hole-collecting interfaces to limit reactivity
between the electrode and active layer molecules, metal pen-
etration during deposition, or the transport of minority
charge carriers.25 A low-work function metal, such as alumi-
num, is used as the cathode to collect electrons.

A major limitation of the planar heterojunction architec-
ture is that the active layer thickness cannot simultaneously
satisfy the conditions required for optimal light absorption
and exciton dissociation. Given typical extinction coefficients

Figure 1. (a) Chemical structures of commonly employed electron donor (P3HT), and electron acceptor (PCBM), (b) Schematic
of planar-heterojunction (left) and bulk-heterojunction (middle) solar cells constructed in the conventional configu-
ration, and a bulk-heterojunction (right) solar cell constructed in the inverted configuration.

Light enters the solar cells through the transparent electrodes at the bottom. Buffer layers, often included at the electron- and hole-
collecting interfaces, are not shown for simplicity, and (c) J-V characteristics of a P3HT:PCBM bulk-heterojunction solar cell con-
structed in the conventional configuration; the J-V characteristics of an inverted solar cell would appear in the second quadrant
exhibiting a positive Jsc and a negative Voc.
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of electron donors, the light-absorbing layer must have a
thickness on the order of 100–200 nm to effectively absorb
incoming sunlight. On the other hand, light-generated exci-
tons can only diffuse about one tenth of that distance before
they relax to the ground state. A thick light-harvesting layer
will thus absorb a large fraction of incoming light, but the
majority of the generated excitons will decay to the ground
state before they can dissociate into free charges. Alterna-
tively, a thin active layer will convert all its light-generated
excitons into free charges, but such a device will be limited
by the amount of light that it absorbs.

This conundrum is addressed by an alternative architecture,
called the bulk-heterojunction (BHJ),8 also shown in Figure
1b. In the BHJ architecture, the active layer consists of inter-
penetrating nanoscale domains of electron donor and acceptor.
The mixed layer is thick enough to absorb most incoming
light. At the same time, a high density of donor-acceptor
interfaces provides for efficient exciton dissociation. For these
reasons, BHJ solar cells exhibit higher photocurrent outputs
and efficiencies compared to planar-heterojunction devices,
despite challenges in controlling and characterizing the com-
plex nanoscale morphology within the active layers.6,7,26

The output current density-voltage (J-V) characteristics of
a representative P3HT:PCBM BHJ solar cell are shown in
Figure 1c. The efficiency (eff) is defined as the ratio of the
maximum power density generated Pmax—i.e., the point at
which the product of current density J, and voltage V, is
maximum (Jmax and Vmax, respectively)—and the incident
light power density Pin:

eff ¼ Pmax

Pin

¼ JmaxVmax

Pin

There are several important metrics used to describe solar
cell performance. For the purposes of this article, other than
efficiency, we will focus on three main performance indica-
tors: the current density when no voltage is applied is
referred to as the short-circuit current density Jsc; the voltage
when no current passes is the open-circuit voltage Voc; and
the fill factor FF, is defined as

FF ¼ JmaxVmax

JscVoc

These parameters are individually labeled in Figure 1c for
clarity. The Jsc depends on the efficiencies of all of the proc-
esses responsible for current generation, i.e., light absorption,
exciton diffusion, exciton dissociation, charge transport, and
charge collection. The Voc generally correlates with the
energy level difference between the highest-occupied molec-
ular orbital (HOMO) of the electron donor and the LUMO
of the electron acceptor.4,27,28 The difference in the work
functions of the electrodes can also play a role.18,29 Finally,
the FF is the ratio of the maximum power density generated
to the maximum theoretical power density based on the Jsc

and Voc. The fill factor is highly sensitive to parasitic series
and parallel resistances within the device.

Another important consideration in building organic solar
cells is their air stability. Molecular design and encapsulation
strategies are under development to minimize detrimental
environmental effects on the organic components.30

Degradation of the low-work function electrode is another
concern, as commonly employed metals in use as cathodes
oxidize readily. To address this latter issue, solar cells are
often constructed in the inverted configuration.31,32

In inverted solar cells, the transparent electrode is used as a
cathode to collect electrons rather than as an anode to collect
holes (Figure 1b). A titania layer at the electron-collecting
interface serves to block the transport of holes to ITO while
a high-work function metal, such as gold, is used as top con-
tact to collect holes, allowing the device to operate under
ambient conditions. Given the opposite placements of the an-
ode and cathode with respect to conventional solar cells, the
J-V characteristics of inverted devices appear in the second
quadrant with positive Jsc and negative Voc, as opposed to in
the fourth quadrant with negative Jsc and positive Voc.

Organic Solar Cell Fabrication

Organic solar cells are multilayered devices, normally
constructed in a sequential, layer-by-layer fashion. Trans-
parent bottom electrodes, usually ITO supported on glass,
are photolithographically defined. Subsequent buffer and
active layers are often cast from solution, although vacuum
deposition is sometimes employed with materials exhibiting
limited solubility in organic solvents. Solution processing
at the laboratory scale is typically achieved by spin-coating,
while scalable methods, such as doctor blading, spray-coat-
ing, and printing are actively explored as well.2,3 BHJ
active layers are prepared by casting a cosolution compris-
ing the electron donor and acceptor, and then using subse-
quent thermal or solvent annealing, or the incorporation of
fractional amounts of additives to tune the nanoscale phase
separation between and crystallization of the constitu-
ents.6,7,33 Solution deposition of the active layer in planar
heterojunctions, on the other hand, is problematic as the
solvent used during deposition of the top layer will neces-
sarily erode the underlying layer. This issue can be
addressed by designing chemically dissimilar electron
donors and acceptors that enable the use of orthogonal sol-
vents. A crosslinkable layer is another option for avoiding
solvent damage during the deposition of subsequent
layers.34 As detailed below, ScL provides an alternative to
the construction of planar-heterojunction devices as contact
between organic layers are made in the absence of solvents.
Finally, top electrodes are defined by evaporating metals
through a shadow mask.

Soft-Contact Lamination

In ScL, an elastomeric support substrate, typically cross-
linked polydimethylsiloxane, PDMS, is used as a carrier for
a metal layer, an organic layer, or a multilayer structure.
This elastomer can then be laminated against another sub-
strate, making conformal contact. Held in place by van der
Waals forces, no external pressure is required to establish
contact. In this way, top metal electrodes can be reversibly
contacted and removed from the underlying active layer,
while solution processed organic multilayers that are other-
wise inaccessible can be assembled by bringing together
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layers attached separately to an elastomer and a target sub-
strate. The elastomer can then be peeled away, leaving the
combination of organic layers on the new substrate. Through
comparison of the molecular energy levels and electrical per-
formance of organic semiconductor films processed by spin-
coating and ScL, it has been established that ScL does not
modify the electronic properties of the film.35 In view of
this, ScL has the potential to be a powerful tool for con-
structing and dissecting multilayer organic devices.

Electrode Lamination

Organic solar cell performance is highly sensitive to the
active layer structure, which in turn depends on the processing
details during device fabrication.6,7 In a completed device,
however, the active layer is buried beneath the top electrode,
and is inaccessible for direct characterization. The structure of
the active layer is thus often inferred from the characterization
of thin films that are subjected to conditions that closely ap-
proximate those used during the preparation of active layers in
solar cells, albeit in the absence of a top electrode. Yet, the
performance of organic solar cells that are thermally annealed
before and after top electrode deposition is generally differ-
ent,36–38 suggesting significant differences in active layer mor-
phology resulting from dissimilar interfacial energy land-
scapes during annealing in the presence and absence of the top
electrode. Non-invasive, direct characterization of the proper-
ties of buried films that were annealed in the presence of top
contacts is thus essential for elucidating the fundamental struc-
ture-function relationships in functional organic solar cells.
ScL enables the reversible attachment and removal of a top
metal contact, making it possible to construct a working solar
cell device, and then to subsequently remove the top electrode
for structural investigation.

In order to study buried active layers, inverted BHJ solar
cells were built using standard processing procedures.
Instead of evaporating the top electrodes, however, gold or
silver electrodes that were previously patterned on an elasto-
meric PDMS substrate were brought into contact with the
active layer, as shown schematically in the inset of Figure
2a. The contact process is entirely reversible and robust,

meaning that the top metal electrode can be contacted to the
active layer, removed, and recontacted with a different
electrode to yield the same device performance, as seen in
Figure 2a.39

Thermal annealing of the device stack after electrode dep-
osition has been shown to significantly increase the Jsc and

efficiency of inverted solar cells (Figure 2b). Given prior

inability to examine the buried active layers of such func-

tional devices, this improvement in device characteristics has

been speculated to stem from an increase in the crystallinity

of the polymer donor. By peeling away the laminated elec-

trodes, the once-buried active layer could be structurally

characterized following device fabrication and testing. As

observed in Figure 2c, grazing-incidence X-ray diffraction

(GIXD) revealed strong P3HT (h00) reflections along the

meridian, with an increased intensity at higher annealing

temperatures, indicating that P3HT does indeed become

more crystalline when subjected to thermal annealing and its

crystallites become preferentially oriented with the molecular

backbone edge-on with respect to the substrate. Diffuse

PCBM reflections, seen in the once-buried active layers of

devices annealed at 130�C, also sharpen significantly when

annealing is carried out at 170�C, indicating its transition

from being amorphous to an increasingly ordered structure.

Azimuthal variations in intensity indicate preferential orien-

tation of PCBM in the once-buried active layer. Although

annealing is known to increase P3HT crystallinity, the sub-

stantial structural rearrangement of PCBM has not been

observed before and is expected to relate to the presence of

the top electrode during thermal annealing. Observation of

such structural changes in the buried active layer that is

enabled by ScL would not have been otherwise possible.

The ScL approach to organic solar cell construction and

deconstruction opens up a general route for accessing once-

buried active layers and interfaces for structural characteriza-

tion within functional devices.
As mentioned earlier, the sequence with which the active

layers are annealed can have a significant effect on the per-
formance of inverted P3HT:PCBM BHJ solar cells. In partic-
ular, the Voc decreases substantially, from 0.55 V to 0.47 V
when annealing at 130�C is performed after, rather than

Figure 2. (a) J-V characteristics of a P3HT:PCBM inverted bulk-heterojunction solar cell after lamination of two separate gold
electrodes and one silver electrode, all showing comparable device performance, (b) increase in Jsc (left axis) and
efficiency (right axis) as annealing temperature is increased, and (c) GIXD patterns of once-buried P3HT:PCBM
active layers after annealing in the presence of a top gold electrode at 130�C and 170�C.

Reprinted with permission from Ref. 39. Copyright 2010 American Chemical Society.
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before, gold electrode deposition.36 In principle, the Voc is
primarily dependent on the relative energy levels of the
HOMO of the electron donor and LUMO of the electron
acceptor. Nevertheless, such Voc variations with device fabri-
cation and processing conditions are commonly reported.37,38

Experiments for isolating the cause of such differences, how-
ever, have been lacking, largely because the interfaces in
question are buried and inaccessible.

Taking advantage of the modularity and reversibility of
ScL, sequences of top electrode lamination, device anneal-
ing, and top electrode delamination were repeated, with fresh
top electrodes replacing old ones each time (see Figure 3).
Surprisingly, when fresh contacts are incorporated into the
device, its Voc recovers to 0.52 V. Annealing in the presence
of these contacts results in a drop in Voc once again. This re-
versible decay and recovery of the Voc on annealing and top
electrode replacement, respectively, is shown in Figure 3b.36

Given that the Voc is restored when a fresh top contact is
introduced, the origin for this decay cannot be in the bulk
of the photoactive layer; the cause must be related to the
active layer-top electrode interface. X-ray photoelectron
spectroscopy (XPS) was carried out on once-buried device
active layers and delaminated top electrodes to probe
changes. Compared with unannealed once-buried
P3HT:PCBM active layers, active layers annealed in the
presence of gold electrodes exhibit a shift of the sulfur
peaks toward higher binding energy, indicating that a chem-
ical reaction has taken place between the thiophene units of
the P3HT and gold upon annealing. Moreover, ultraviolet
photoemission spectroscopy (UPS) measurements showed
that annealing P3HT:PCBM active layers in the presence of
gold electrodes increases the barrier for hole extraction
while decreasing its work function. Taken together, these
measurements show that annealing inverted solar cells fol-
lowing top gold electrode attachment leads to an interfacial

chemical reaction between P3HT and gold, resulting in a
drop in the gold work function, and accordingly, a reduced
device Voc. Surprisingly, this adverse effect can be mitigated
by replacement of the gold electrode after annealing.

Active Layer Lamination

In BHJ solar cells, phase separation drives the creation of
nanoscale domains of electron donor and acceptor with a
high density of donor-acceptor interfaces. Given that the
active layers are typically only several hundred nanometers
thick, surface energy can also affect structural development.
Further complexities in the film structure may thus result in
which the electron donor or acceptor preferentially segre-
gates to the film surface or the film-substrate interface,
driven by interfacial free energy differences.

Near-edge X-ray absorption fine structure spectroscopy

(NEXAFS)40 was used to quantify the relative surface cover-

age of P3HT and PCBM that arises from interfacial segrega-

tion in BHJ solar cell active layers.41 Consistent with prior

reports,42–44 the prototypical P3HT:PCBM BHJ active layer

consists of 97 wt % P3HT at the top surface. Using ScL, the

active layer was delaminated and the once-buried bottom

interface was exposed for further characterization. NEXAFS

revealed that this interface consisted of 65 wt % P3HT.

Thus, the top BHJ active layer surface is predominantly

composed of P3HT, while the buried interface is slightly

enriched in P3HT relative to the composition from which

the film was cast, i.e., 55 wt % P3HT. Until recently, such

enrichment in P3HT at the electron-collecting interface was

thought to hinder electron collection, but with little direct

experimental evidence to validate this hypothesis.
To assess the influence of interfacial segregation on BHJ

device performance, devices were first constructed by

Figure 3. (a) Schematic of the cyclic process employed for top electrode lamination, device annealing, and top electrode
replacement, and (b) Reversible decay and recovery of Voc in a single inverted P3HT:PCBM solar cell after repeated
annealing and fresh top electrode replacement.

Reprinted with permission from Ref. 36. Copyright 2011 American Chemical Society.
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laminating NEXAFS-characterized active layers, having a
strong enrichment in P3HT at the top surface, into devices,
as shown in Figure 4. By performing two ScL transfer
steps, the twice-transferred devices were constructed with
the original active layer that had been flipped over. In this
case, the P3HT-rich interface is now in direct contact with
poly (ethylene dioxythiophene):poly(styrene sulfonic acid),
PEDOT:PSS, the buffer layer intervening the active layer
and ITO. For comparison, BHJ devices having the typical
composition profile, obtained by directly spin-casting the
active layer onto PEDOT:PSS/ITO, were considered as
well.

In the once-transferred and as-spun devices, P3HT
enhancement at the electron-collecting interface is expected
to hinder electron flow given that P3HT transports holes
more efficiently than electrons. Devices comprising the
twice-transferred active layer should thus—in theory—be far
superior since the hole-transporting P3HT-enriched layer is
now in contact with the anode, where holes are collected.
Solar cell characteristics, however, show little difference
between the devices comprising spin-coated, once-, or twice-
transferred active layers, as shown in Figure 4b. In other
words, contrary to expectation, vertical phase separation
does not affect P3HT:PCBM BHJ performance. In this case,
ScL has uniquely enabled the comparison of performance of
devices having active layers with reversed vertical phase
separation characteristics.

Additional tests were conducted by laminating thin layers
of organic semiconductor constituents at the electron- and
hole-collecting interfaces. The addition of an 8–9 nm thick
P3HT layer inserted at the electron-collecting interface results
in Jsc decreases of less than 10%. Conversely, negative con-

trol experiments in which a 12–14 nm thick PCBM layer is
inserted at the hole-collecting interface results in a severe
drop in performance. These results imply an asymmetry in the
charge transport capabilities of P3HT and PCBM, with P3HT
allowing transport of electrons to the cathode while PCBM
more effectively blocking hole transport to the anode.

Further study revealed that this asymmetry in charge
transport likely stems from a broad distribution of electronic
‘‘tail states’’ that are present in P3HT but not in PCBM.45

Given that P3HT is easily oxygen doped, such states carry
holes that can recombine with electrons at the electron-col-
lecting interface. Subsequent hole injection from the cathode
replenishes the holes occupying the tail states and allows net
current flow through the P3HT layer. In the prototypical
P3HT:PCBM, this broad distribution of tail states in P3HT
renders interfacial segregation nearly inconsequential to de-
vice operation. Solar cells comprising other organic semicon-
ductors possessing broad electronic state distributions should
thus exhibit similar invariant characteristics. ScL can be
used as a tool to screen for this attribute by enabling the
transfer of thin electron donor or acceptor layers to the elec-
tron-collecting or hole-collecting interfaces, or the reversal
of active layer in cases where interfacial segregation is sig-
nificant.

By using ScL to flip the P3HT:PCBM active layer, it has
also been possible, for the first time, to directly measure the
electronic structure of the blend. Because interfacial segrega-
tion leads to a strongly P3HT-enriched top surface, its elec-
tronic structure—often measured by spectroscopic techniques
that are sensitive to the surface—is not necessarily represen-
tative of that of the blend interior. In fact, the HOMO and
LUMO levels at the top surface of a P3HT:PCBM film were
found to be comparable to those for a pure P3HT film.46

Electronic characterization of the once-buried bottom surface
of a P3HT:PCBM blend that was exposed by ScL, instead
reveal HOMO energy level that is close to that of P3HT and
a LUMO energy level near that of PCBM. The HOMO-
LUMO energy gap is larger than what one would expect
from comparing the energy levels of pristine P3HT and
PCBM, however, indicating the formation of dipoles at the
P3HT:PCBM interface. The finding that the electronic struc-
ture of the blend does not perfectly match the structure
deduced from independent P3HT and PCBM films illustrates
the importance of direct energy level determination of blends
for accurate mapping of the energy landscape within solar
cell active layers. In this case, the wider than expected
energy gap implies a higher theoretical limit for the Voc of
P3HT:PCBM solar cells than previously thought based on
energy levels extract from neat films of the constituent or-
ganic semiconductors.

An additional application of ScL is the assembly of pla-
nar-heterojunction solar cells. Such devices are normally not
accessible through conventional solution processing, since
the solubility of electron donors and acceptors in similar sol-
vents precludes sequential deposition of multiple layers.47

Using ScL, it is also possible to laminate together individual
electron donor and acceptor layers whose thickness and
processing conditions had been independently tuned. This
approach affords a unique opportunity to study the influence
of processing on the crystallinities of organic semiconductor
constituents, and accordingly, organic solar cell performance

Figure 4. (a) Schematic illustrations of P3HT:PCBM bulk-het-
erojunction solar cells having once-transferred,
twice-transferred, and as-spun active layers.

The once-transferred active layer is enriched in P3HT at
the top surface, while the twice-transferred, i.e., flipped-
over, active layer is enriched in P3HT at the bottom sur-
face, and (b) solar cell characteristics in all three cases
are comparable. Reprinted with permission from Ref. 41.
Copyright 2011 American Chemical Society.
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without structural complications arising from phase separa-
tion found in BHJ electron donor-acceptor active layers.

Planar-heterojunction solar cells were fabricated by trans-
ferring P3HT onto a PDMS substrate with prepatterned gold
electrodes. The P3HT/Au-electrode/PDMS assembly was
then laminated onto a PCBM/TiOx/ITO/glass substrate to
complete the planar-heterojunction solar cell.39 In this partic-
ular system, P3HT films that are 160-nm thick were optimal,
with thinner films not absorbing as much light, and thicker-
yet films presenting a high series resistance for carrier
extraction. Polymer–polymer planar-heterojunction solar
cells comprising P3HT and poly{[N,N0-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-
bithiophene)}, P(NDI2OD-T2),48 were also successfully
constructed demonstrating the versatility of ScL for planar-
heterojunction device fabrication.39

ScL was used to study the effect of independent annealing
of P3HT and PCBM layers on structure development in the
respective layers and collective planar-heterojunction solar
cell performance. Annealing was performed both in air and
under nitrogen, although here we will focus only on the lat-
ter case, during which oxidation is not an issue. A significant
finding was that planar-heterojunction devices with active
layers comprised of annealed P3HT and unannealed PCBM
showed little difference in Jsc from devices in which both
layers were unannealed.49 This observation was surprising
given that annealing is expected to increase the crystallinity
of P3HT, resulting in improved hole transport, and thus an
increased Jsc. GIXD revealed that in the absence of PCBM,
P3HT readily crystallizes upon spin-casting from chloroben-
zene; subsequent annealing only modestly increases its crys-
tallinity. As a result, Jsc is only weakly affected by annealing
of the P3HT layer.

Analogous experiments were performed with devices com-
prised of unannealed P3HT and annealed PCBM layers.
After 1 min of annealing, Jsc increased modestly, but then
progressively decreased with further annealing of the PCBM
layer. GIXD corroborated that PCBM evolves from amor-
phous, to a structure featuring nanoscale crystallites after
thermal annealing for 1 min; and preferentially oriented
crystals that result upon further annealing.

Surprisingly, the presence of preferentially oriented
PCBM crystals in the active layer is associated with the low-
est Jsc in solar cell performance. Although a highly-ordered
molecular arrangement is normally expected to improve
charge transport, in this case the opposite trend was
observed, demonstrating the importance of not just constitu-
ent crystallinity, but also molecule and crystal orientation.
Electron mobilities extracted from PCBM single-carrier
diodes directly mirrored the Jsc trend in planar-heterojunc-
tion solar cells, further confirming reduced out-of-plane
transport associated with the presence of such oriented
PCBM crystallites.

Outlook

ScL is a valuable tool for constructing and deconstructing
organic solar cells for gleaning fundamental insight into
structure-function relationships, providing access to for-
merly-buried active layers, as well as device configurations

that are otherwise not possible. Further directions of study
include the systematic lamination and delamination of differ-
ent electrode materials, including chemically-modified top
electrodes. Additional work on buried interfaces will aid the
design and improvement of buffer layers, enable the assess-
ment of interfacial segregation effects in new materials
systems, and allow further systematic study of planar-
heterojunction solar cells where structural effects can be
assessed without the complications that arise from electron
donor-acceptor phase separation.

Beyond these fundamental benefits, ScL also opens up
new technological avenues, such as the fabrication of novel
tandem organic solar cells and the integration of new materi-
als. Improved optical absorption and solar cell efficiency can
be achieved by using a tandem solar cell architecture
whereby two stacked solar cells, with responses to comple-
mentary regions of the solar spectrum, are integrated to-
gether.9 To-date, tandem BHJ organic solar cells have
yielded the highest efficiencies. On the other hand, tandem
organic solar cells are exceedingly difficult to construct as
they rely on a many-layered structure whose processing is
far more complex compared to that of single-cell architec-
ture. This challenge is exacerbated by the problem of prepar-
ing multilayered architectures from solution without the
solvents affecting previously-cast layers. ScL may offer the
possibility of assembling the separate halves of the tandem
cell on separate substrates and then laminating them to-
gether. Alternatively, layers may be builtup in a sequential
fashion by organic layer transfer.

One can also consider incorporating new materials into or-
ganic solar cells via ScL. Alternatives to ITO are widely
being sought as a transparent electrode material, given the
relative scarcity of indium and the brittleness of the transpar-
ent metal oxide. Graphene, for example, is considered a
strong candidate whose incorporation will also allow the fab-
rication of mechanically flexible devices.50 High-quality,
large-area graphene can be produced by chemical-vapor dep-
osition onto particular metal substrates, such as copper and
ruthenium.51,52 Subsequent integration into devices requires
the transfer of graphene onto another substrate, either by car-
rying it on a sacrificial support, or via lamination.53,54 A
roll-to-roll transfer process, relying on a thermal release tape
support, has already been demonstrated, enabling graphene
integration into a fully functional large-area touch-
screen panel.55 Exciting prospects exist for extending such
roll-to-roll processes to laminating graphene and organic
semiconductor layers for the low cost, high-throughput fabri-
cation of large-area organic solar cells.
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