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Soft-contact lamination (ScL) provides a means to non-invasively establish electrical contact in
organic solar cells. In contrast to the typical bottom-up fabrication approaches wherein active com-
ponents are deposited sequentially in a layer-by-layer fashion, ScL allows individual functional layers
to be separately deposited and optimized before these isolated components are brought together to
complete the devices. Lamination and delamination of top electrodes to and from the active layer,
respectively, are reversible and thus enables the characterization of the once-buried active layer after
device processing and testing. ScL also enables the fabrication and characterization of bilayer organic
solar cells comprising electron donors and electron acceptors that have comparable solubilities, the
fabrication of which would not have been possible with the standard bottom-up approaches.

1. Introduction

The promise of low-cost, lightweight photovoltaics has
fueled research in organic and polymer solar cells.!* In-
deed, in recent years, the efficiencies of organic and polymer-
based solar cells have improved dramatically,”’ > with
Solamer holding the current record efficiency of 7.4%.
The advances thus far can be attributed to the design and
synthesis of new organic and polymer semiconductors having
improved mobility,*’ smaller band gaps,®” appropriate
energy levels,'® and increased solubility.'! The processing
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and fabrication of organic solar cells, however, have largely
remained unchanged. Borrowing from the established
silicon community, transparent metal oxide conductors
are first patterned via photolithography on glass or flex-
ible substrates to produce bottom electrodes. The active
layer is formed either by the deposition of a cosolution of
the electron donor and electron acceptor to create a bulk-
heterojunction structure, or by sequential deposition of
the organic semiconductors to create a bilayer structure.
The top electrode is then deposited directly on top of the
active layer. While this bottom-up approach has generally
yielded functional devices, the layer-by-layer sequential
deposition approach presents several limitations. In the
fabrication of organic solar cells with bilayer structures,
for example, organic semiconductors soluble in similar
solvents cannot be employed in a single cell, because the
solution deposition of one species on top of the other
necessarily induces solvent damage of the underlying
organic semiconductor. Individually cross-linked layers
have thus been employed to avoid dissolution during sub-
sequent exposures to solvents.'? Furthermore, the buried
interfaces at which charge separation and transfer occur
in organic solar cells, including the electron donor/elec-
tron acceptor interface in bilayer structures, as well as the
active layer/electrode interface in bulk-heterojunction
structures, are not directly accessible for characterization
after device fabrication is complete. Recent attempts to
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examine these interfaces include spectroscopic character-
ization of a polymer thin film resembling that of a bulk-
heterojunction active layer after delamination from model
silicon dioxide substrates.'? While the use of such model
substrates allows the delamination and subsequent char-
acterization of the once-buried interface, the characterized
interface is not necessarily representative of the actual charge
transfer interface in functional devices. A non-invasive
approach that allows the direct elucidation of buried charge
separation and charge transfer interfaces in organic solar
cells is thus still critically needed.

In this paper, we exploit the non-destructive nature of
soft-contact lamination (ScL) to construct organic and
polymer solar cells for testing and then non-invasively
deconstructing them for subsequent characterization of
the once-buried active layers. The use of ScL circumvents
the need for bottom-up, sequential deposition of functional
materials for fabricating organic solar cells; individual
components are separately processed and optimized before
they are brought together into electrical contact in the final
steps of fabrication. Physical contact occurs at ambient
temperatures and pressures, so this process does not present
adverse effects to mechanically- and chemically-fragile
organics. ScL was first introduced to establish non-invasive
electrical contact in thin-film transistors;'*~ !¢ source and
drain electrodes that were laminated against the organic
semiconductor channel exhibit markedly reduced contact
resistance, compared to those directly evaporated through
a stencil mask. Metal electrodes have also been physically
contacted against organics to create light-emitting diodes.'”'®
Such laminated devices exhibit more homogeneous electrical
contact and reduced pinhole defects. Building upon these
reports, the construction of organic solar cells by physical
lamination of top electrodes in bulk-heterojunction devices
has been demonstrated.'®”>*> Here, we exploit one of the
unique attributes of ScL by non-invasively delaminating the
once-laminated components of organic solar cells after device
testing to elucidate the structural development at the once-
buried charge transfer interface.

2. Experimental Section

Organic solar cells with bulk-heterojunction structures and
bilayer structures were fabricated via ScL. Lamination in bulk-
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heterojunction organic solar cells occurred at the charge-trans-
fer interface between the top electrodes and the active layer.
Lamination in bilayer organic solar cells occurred at the organic/
organic interface between the electron donor and the electron
acceptor. Starting with the inverted device architecture that
exhibits unprecedented air stability,>® Figure 1 schemati-
cally illustrates the lamination process for constructing bulk-
heterojunction organic solar cells. The ScL process calls for two
parts: a transparent substrate that supports the bottom electro-
des onto which the active layer is deposited, and an independent
elastomeric substrate that supports the top electrodes. The
bottom substrate is prepared by first patterning indium tin oxide
(ITO) electrodes on glass or plastic via photolithography. Un-
like devices constructed in the conventional architecture, ITO
electrodes serve as cathodes to collect electrons in our devices.
Onto the patterned ITO electrodes, we deposita 1 wt % solution
comprising titanium isopropoxide (TifOCH](CH3),]4, Aldrich,
99.999% purity) in isopropyl alcohol. Hydrolysis of the pre-
cursor at room temperature for 1 h and subsequent annealing at
170 °C for 10 min yields a 30-nm-thick titania layer.?>~%* This
titania layer serves two roles: it acts as a buffer layer to smooth
out the rough ITO surface and it also blocks hole transport,
effectively increasing the rectification ratio of our devices. A
180-nm-thick film comprising a blend having an equimass ratio
of poly(3-hexylthiophene) (P3HT, Merck Chemicals, Ltd.) and
[6,6]-phenyl-Cg¢;-butyric acid methyl ester (PCBM, American
Dye Source, Inc.), as the electron donor and electron acceptor,
respectively, makes up the active layer. The deposition of gold
contact pads onto which the top electrodes will subsequently
laminate against completes the fabrication of the bottom portion
of the device.

The top substrate consists of gold electrodes, patterned by
direct evaporation through a stencil mask, on cross-linked
poly(dimethyl siloxane) (PDMS). Given the inverted architec-
ture we have chosen, the top electrode no longer must be
aluminum. We have thus opted for gold as the high-work-
function anode to collect holes during device operation. Prior
to gold evaporation, the PDMS substrate is selectively treated
by UV/ozone through the same stencil mask that is used to
define the top electrodes. This process converts the exposed
regions of PDMS to a silica-like surface and thus decreases
thermal expansion and shrinkage during evaporation,®®?” effec-
tively eliminating cracks in the subsequently deposited gold
electrodes. Silver electrodes have also been fabricated on the
top substrate in an analogous fashion. When oxidized, silver
oxide exhibits a comparable work function to gold;*® ** we have
thus also been able to employ oxidized silver as anodes in our
inverted organic solar cells to collect holes.

With the fabrication of the bottom and top substrates com-
plete, these two portions are gently brought together at room
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Figure 1. Schematic illustration of the soft-contact lamination (ScL) process employed to fabricate organic solar cells. To create the top electrode,
poly(dimethyl siloxane) (PDMS) is selectively treated by UV/ozone through a stencil mask, followed by Ti/Au deposition using the same stencil mask. The
bottom portion of the device consists of prepatterned ITO on glass, onto which TiO,, P3HT:PCBM, and the contact pads are deposited. Physical
lamination completes device fabrication. Photographs of the top electrode, the bottom portion, and the device after lamination are included; scale bars

correspond to 10 mm.

temperature. Physical contact is initiated from one corner of the
PDMS substrate and the pad is gently laid down against the
active layer to avoid trapping of air bubbles at the laminated
interface. No external pressure is required to establish contact.
The top PDMS substrate generally supports five sets of electrodes;
lamination against the bottom substrate thus yields an array
of five inverted organic solar cells. The active area of each
laminated organic solar cell is 0.18 cm?.

We also constructed bilayer organic solar cells by laminating
the polymer electron donor against the electron acceptor. We
have chosen to demonstrate this concept with two pairs of elec-
tron donor and electron acceptor: the first pair comprises of
P3HT and PCBM while the second pair consists of P3HT and a
polymer electron acceptor>! of poly{[N,N’-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5"-(2,2'-
bithiophene)}, or PINDI20D-T2). Because P3HT and PCBM
(as well as P3HT and P(NDI2OD-T2)) are soluble in solvents
with comparable polarities, bilayer organic solar cells comprising
these material combinations cannot be constructed via sequential
deposition of the organic semiconductors directly. More specifi-
cally, the solvent that is used to deposit the top layer will necessarily
erode the underlying organic semiconductor.

Device testing was carried out with a Keithley Model 2400
source measurement unit under AM 1.5G 100mW/cm? illumi-
nation. Before testing, each device was illuminated for 10 min
to fill shallow electron traps in the titania electron transport
layer.?® Current density—voltage (J— V) characteristics were ac-
quired 2 days after device fabrication in bulk-heterojunction
solar cells and immediately after device fabrication in bilayer
organic solar cells. All the devices were fabricated and tested
in air.

Structural characterization of the once-buried bulk-hetero-
junction active layer was carried out by grazing-incidence X-ray
diffraction (GIXD), using Beamline 11-3 at the Stanford Syn-
chrotron Radiation Lightsource. An incident angle of 0.11° was
employed and an area detector was used to acquire scattered
X-rays. The X-ray energy was 12.7 eV. UV—vis—NIR and
external quantum efficiency (EQE) spectra of P3SHT/PCBM and
P3HT/P(NDI2OD-T2) bilayers were acquired using an Agilent
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Model 8453 spectrophotometer with 1 nm resolution and a
Newport Monochrometer 74100 system, respectively.

3. Results and Discussion

Figures 2a and 2b show the current density—voltage
(J—V) characteristics of one such organic solar cell with
several different laminated top electrodes in the dark and
under illumination. Specifically, we first employed an
array of gold electrodes on an active layer that had been
previously annealed at 170 °C to complete the organic
solar cells. The J—V characteristics of a representative
device are illustrated with open squares. Of the five devices
tested, they all show reasonable rectification ratios (on the
order of 10*) when the diodes operate in the dark. Under
illumination, the same devices exhibit an average open-
circuit voltage (Vo) of —0.56 & 0.01 V, an average short-
circuit current density (J.) 0f 6.96 &+ 0.62 mA /cm?, and an
average fill factor of 0.53 4 0.03, resulting in an average
efficiency of 2.03% = 0.29%. These extracted photovol-
taic characteristics are comparable to those extracted
from similarly fabricated devices with evaporated gold
top electrodes. Because we are collecting electrons at the
ITO cathode and holes at the gold anode during opera-
tion of our inverted solar cells, power generation occurs in
the second quadrant of the J— V graph with a negative V.
and positive Jy..”” For comparison, devices constructed in
the conventional architecture exhibit power generation
curves in the fourth quadrant: a positive V.. and a
negative Jg. are recorded. To test the robustness of our
lamination process, we removed the top PDMS substrate
supporting the first set of gold electrodes and replaced it
with a second array of gold electrodes; the J—V charac-
teristics of the solar cell comprising the same active layer
but a newly laminated gold electrode are shown as open
circles in Figure 2. The diode characteristics in the dark
are comparable to those of the same device with the prior
set of gold electrodes. Testing the same five devices under
illumination yielded an average V. value of —0.56 £ 0.01 'V,
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Figure 2. J—V characteristics of inverted solar cells with several different laminated top electrodes on the same active layer (a) in the dark and (b) under
illumination (100 mW/cm?). The active layer was thermally annealed at 170 °C for 1 min prior to lamination. After testing, the gold electrodes were removed
and replaced with new sets of gold and oxidized silver electrodes for further testing.

an average Jy. value of 6.93 4 0.63 mA/cm?, and an aver-
age fill factor of 0.53 4 0.01. Accordingly, the average
efficiency is 2.07% =+ 0.18%. The fact that the device
characteristics are unchanged with the replacement of
laminated electrodes is a strong indication that we have
reestablished efficient electrical contact; the J—J char-
acteristics therefore are a reflection of the active layer and
are not limited by contact effects at the active layer/top
electrode interface. Finally, the second array of gold
electrodes was removed and replaced with an array of
oxidized silver electrodes; the J—V characteristics asso-
ciated with the same device, but now with an oxidized
silver electrode, are shown as open triangles in Figure 2.
The diode characteristics obtained in the dark are again
largely comparable with the device tested prior. Repeated
testing of the five devices under illumination resulted in an
average V. value of —0.56 + 0.01 V, an average J. value
of 7.11 £ 0.33 mA/cm?, an average fill factor of 0.51 +
0.03, and an average efficiency of 2.02% =+ 0.26%. The
J—V characteristics are comparable to those obtained on
the devices when they were laminated with gold electro-
des, since oxidized silver has a work function that is
comparable to that of gold. The results summarized in
Figure 2 indicate ScL to be a robust method of establish-
ing efficient electrical contact to organic layers in solar
cells. Multiple top electrodes can be laminated reversibly
against the same active layer for testing. The modularity
of this process thus affords new opportunities for engi-
neering the charge-transfer interface between the organic
active layer and the top electrodes. Specifically, with
laminated organic solar cells, we are currently investigat-
ing how the presence of adlayers on the top electrode
influences device characteristics. These experiments—
previously not possible with devices constructed in the
bottom-up approach—are uniquely enabled by the abil-
ity to laminate, nondestructively remove, and then sub-
sequently relaminate top electrodes to the same active
layer.

The ability to nondestructively remove the top elec-
trode after device fabrication and testing has enabled us to
examine the morphological development of the once-buried

active layer. Because the active layer has been difficult to
access, improvements in solar cell performance observed
with thermal annealing after top electrode deposition
have frequently been attributed to increases in crystal-
linity of the organic semiconductors.**** This inference is
based on structural characterization of thin organic films
that have been subjected to processing histories compa-
rable to those of active layers in solar cells, but in the
absence of the top electrodes. Given that the structure of
active layers, and, hence, the device performance, can be
highly dependent on the details of processing,**** mor-
phological characteristics of thin films annealed in the
absence of the top electrode may not be representative of
those in actual devices, where the active layers are fre-
quently annealed after electrode deposition.

Given the versatility of ScL, we have been able to
elucidate the structure of the active layer in functional
organic solar cells directly. In Figure 3a, we quantify the
increases in Jg. (open squares; left y-axis) and, accord-
ingly, device efficiency (open circles; right y-axis) of
P3HT:PCBM inverted bulk-heterojunction solar cells
with post-device fabrication thermal annealing. In the
absence of thermal annealing, the J,. value averages 1.26 +
0.02 mA/cm? for five devices. Subjecting similarly pre-
pared devices to thermal annealing after top electrode
deposition progressively increases the Jg. value; devices
that were thermally annealed at 170 °C exhibit an average
Je value of 7.81 £ 0.37 mA/ecm®. This increase in Jy. is
reflected in a concomitant increase in device efficiency;
the average device efficiency increases from 0.21% =+
0.02% for unannealed devices to 1.39% =+ 0.05% for
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Figure 3. (a) Device characteristics (/g efficiency) of PHT:PCBM inverted polymer solar cells that were annealed at different temperatures for 1 min after
top electrode lamination; (b) grazing-incidence X-ray diffraction (GIXD) patterns acquired on once-buried active layers in devices that were annealed at 130
and 170 °C; (c) one-dimensional X-ray profiles generated by azimuthally averaging across the X-ray patterns shown in panel (b); (d) azimuthal line traces of
the PCBM reflections generated from the X-ray pattern of the active layer that was annealed at 170 °C.

devices that were annealed at 170 °C after top electrode
deposition. Thermal annealing after top electrode deposi-
tion always resulted in increases in Ji. and device effi-
ciency; this trend is observed for devices both with
laminated and with directly evaporated top gold electro-
des. While directly evaporated top electrodes cannot be
easily removed after device testing without inducing
physical damage to the active layer, the laminated elec-
trodes can be peeled away non-invasively, to reveal the
once-buried active layer for subsequent structural char-
acterization.

The top and bottom portions of Figure 3b show GIXD
images acquired on active layers after removal of lami-
nated top electrodes from organic solar cells that had
been thermally annealed at 130 and 170 °C, respecti-
vely. We have labeled the lamella or (400) reflections of
P3HT at ¢ (scattering vector) = 0.37A~',0.74 A™!, and
1.11 A" for clarity. Also labeled is the broad reflection at
1.4 A~ that is associated with PCBM. The P3HT (h00)
reflections are more intense at the meridian compared to
the equator, which is an indication that P3HT crystals are

preferentially oriented with the (400) planes parallel to the
substrate. Given the crystal structure of P3HT, this pre-
ferential orientation necessitates that s-stacking of P3HT
in the active layers is largely in-plane. Comparing the
X-ray diffraction (XRD) patterns reveals that the P3HT
(h00) reflections are significantly stronger and better
defined for the device annealed at 170 °C. Even more
striking is the difference in the PCBM scattering. The
diffraction pattern acquired on the active layer when the
device is subjected to thermal annealing at 130 °C reveals
a broad and diffuse PCBM reflection, implying the
amorphous nature of PCBM. This reflection sharpens
significantly in the diffraction pattern acquired on the
active layer annealed at 170 °C, suggesting that PCBM is
now at least partially crystalline. Furthermore, we ob-
serve that the intensities of the sharper PCBM reflections
are nonuniform azimuthally; enhanced intensities off the
meridian show that PCBM crystallites are preferentially
oriented when the device is annealed at 170 °C.

To compare the P3HT and PCBM microstructures
and crystallinities between the two active layers, we
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azimuthally averaged across the X-ray patterns to obtain
the one-dimensional X-ray profiles shown in Figure 3c.
The reflections associated with P3HT and PCBM are
labeled for clarity. The diffraction profile acquired on the
active layer that was annealed at 170 °C reveals signifi-
cantly stronger and more pronounced P3HT (/00) reflec-
tions (at0.37,0.74,and 1.11 A_l), compared to that of the
active layer annealed at 130 °C. While our GIXD data do
not allow the construction of complete pole figures or
the comparison of total integrated intensities that is
necessary for accurate assessment of cyrstallinity, the
data in Figure 3c do suggest that P3HT is more crystalline
when the active layer is annealed at 170 °C. In particular,
this conclusion is supported by the fact that the P3HT
(010) reflection in the X-ray profile extracted from the
active layer annealed at 170 °C is much more prominent
than that for the active layer annealed at 130 °C. Perhaps
more surprising is the difference in PCBM crystallinity
with annealing temperatures. The X-ray scan acquired on
the active layer annealed at 130 °C reveals a broad reflection
centered at 1.4 A™! that is characteristic of amorphous
PCBM. Annealing the active layer at 170 °C sharpens the
PCBM reflections significantly. We observe three reflec-
tions that are associated with the crystal structure of
PCBM. These appear at 1.25, 1.38, and 1.47 A~

In addition to enhanced crystallinity of both P3HT and
PCBM, the X-ray pattern of the active layer annealed at
170 °C in Figure 3b reveals azimuthal variations in inten-
sity associated with the PCBM reflections showing that
the PCBM is preferentially oriented. Such preferential
orientation of PCBM within thin-film blends of P3HT
and PCBM has only been observed in one other scenario,
where the blend is thermally annealed on poly(ethylene
dioxythiophene) templated on poly(styrene sulfonic
acid), PEDOT-PSS.***” To quantify the orientation of
PCBM, we show in Figure 3d the azimuthal scans,
averaged over 0.05 A~ of the XRD pattern of the active
layer annealed at 170 °C, taken at a constant ¢, of 1.25 Al
(black trace) and 1.38 A~ (red trace) and 1.47 Al (green
trace). The azimuthal angle (/) is defined to be 0° at the
meridian and 90° at the equator. We observe that the
azimuthal profile of the PCBM peak at 1.25 A~ is near j8
= 0°, suggesting that these PCBM planes (crystal struc-
ture to be determined) are oriented approximately paral-
lel to the substrate. The fact that PCBM is preferentially
oriented within thin films comprising P3HT and PCBM
could stem from confinement effects that are due to the
presence of the top electrode during thermal annealing.*®

Recent attempts to make bilayer devices comprising
P3HT and PCBM involve cross-linking P3HT prior to the
deposition of PCBM.'? With ScL, the electron donor can
be deposited on the top elastomeric substrate while the
electron acceptor is deposited on the bottom sub-
strate before the two portions are brought into contact;

(36) Woo, C. H.; Thompson, B. C.; Kim, B. J.; Toney, M. F.; Frechet,
J. M. J. J. Am. Chem. Soc. 2008, 130, 16324.

(37) Gomez, E. D.; Barteau, K. P.; Wang, H.; Guan, Z. L.; Kahn, A.;
Schwartz, J.; Toney, M. F.; Loo, Y.-L. Unpublished work.

(38) Peumans, P.; Uchida, S.; Forrest, S. R. Nature 2003, 425, 158.
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chemical derivatization of the organic semiconductors to
impart physical integrity is not necessary. Figure 4a
contains the illuminated J—V/ characteristics of laminated
bilayer organic solar cells comprising a P3HT and a 65-
nm-thick PCBM layer that is directly spin-coated on the
titania electron transport layer. P3HT of varying thick-
ness (ranging from 120 nm to 400 nm) is first transferred
onto elastomeric substrates with predeposited gold top
electrodes, per previously published procedures,*”** and
then laminated against the electron acceptor to complete
the organic solar cells. Specifically, P3HT is first spin-
coated from chlorobenzene on UV/ozone-treated glass.
An elastomeric substrate, with evaporated top gold elec-
trodes, is then brought into contact with P3HT and the
entire assembly is soaked in water for 5 min. During
immersion, water selectively wicks into the P3HT/glass
interface, causing delamination of P3HT from the glass
substrate and its transfer onto the elastomeric substrate.
In Figure 4a, we observe that increasing the P3HT thick-
ness from 120 nm to 160 nm increases the device J. value
from 0.43 mA/cm? to 0.65 mA/cm? This increase in
device J is possibly due to enhanced light absorption
with a thicker P3HT film. Further increasing the thick-
ness of P3HT, however, results in decreases in device J,
first to 0.35 mA/cm? at 230 nm P3HT and then to 0.21
mA/cm® at 400 nm P3HT. This decrease in device Jy is
attributed to increases in the internal resistance of the
device, because of the limited hole mobility of P3HT.*!
Furthermore, the overall thicknesses of P3HT are now
significantly larger than the exciton diffusion length, so
charge separation efficiency is dramatically reduced.
There therefore exists an optimal thickness for P3HT in
inverted bilayer organic solar cells where the device
characteristics are maximized. Quantification of the fill
factor indicates the efficiency with which our devices
operate. Our laminated inverted bilayer devices uni-
formly exhibit fill factors that are greater than 0.4,
indicating efficient eclectrical contact at the laminated
charge separation interface.

The construction of bilayer organic solar cells by
lamination is not limited to P3HT and PCBM. We have
also successfully built inverted bilayer polymer—polymer
solar cells comprised of P3HT as the electron donor and
P(NDI20OD-T2)*! as the electron acceptor by lamination
across the electron donor/electron acceptor interface.
Figure 4b contains the J—V characteristics under light
illumination of P3HT/P(NDI2OD-T2) bilayer polymer
solar cells at varying P(NDI20D-T2) thickness; the
P3HT layer thickness is kept constant at 230 nm for this
experiment. When the P(NDI20OD-T?2) layer is thin, the
shunt resistance of the device is low, as manifested by
the low fill factor exhibited by devices composed of
P(NDI20OD-T2) <75 nm thick. When the P(NDI2OD-T2)

(39) Ferenczi, T. A. M.; Nelson, J.; Belton, C.; Ballantyne, A. M.;
Campoy-Quiles, M.; Braun, F. M.; Bradley, D. D. C. J. Phys.:
Condens. Matter 2008, 20, 475203.

(40) Yim, K.-H.; Zheng, Z.; Liang, Z.; Friend, R. H.; Huck, W. T. S.;
Kim, J.-S. Adv. Funct. Mater. 2008, 18, 1012.

(41) Goh, C.;Kline, R.J.; McGehee, M. D.; Kadnikova, E. N.; Frechet,
J. M. J. Appl. Phys. Lett. 2005, 86, 122110.
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Figure 4. J—V characteristics of laminated (a) P3HT/PCBM and (b) P3HT/P(NDI20D-T?2) bilayer organic solar cells with varying layer thicknesses. In
panel (a), the PCBM layer thickness was kept constant at 65 nm. In panel (b), the P3HT layer thickness was kept constant at 230 nm. (¢) From top to bottom:
UV—vis—NIR spectra of bilayers of P3HT/PCBM (black; 230 and 65 nm, respectively) and P3HT/P(NDI20OD-T2) (red; 230 and 75 nm, respectively); and
the spectra of the individual layers prior to lamination. Bottom graph consists of EQE spectra of laminated bilayer P3HT/PCBM (blue squares) and P3HT/
P(NDI20OD-T2) (purple circles) polymer solar cells, whose device characteristics are represented in green triangles in panels (a) and (b), and whose UV—vis

spectra of active layers are shown in the top portion of the figure.

layer is 75—100 nm, we observe decent device characteris-
tics, with fill factors of >0.55. Further increasing the
P(NDI2OD-T2) layer thickness, however, results in re-
ducing the device Jg. value from 0.082 mA /em” to 0.069
mA/cm?, because of an increase in the internal resistance
of the P(NDI20OD-T2) layer.

The top graph of Figure 4c contains the UV—vis—NIR
absorption spectra of bilayers of P3SHT/PCBM (230 and
65 nm, respectively) and P3HT/P(NDI2OD-T2) (230 and
75 nm, respectively). These layer thicknesses were chosen
to simulate the active layers whose device characteristics
are shown as green triangles in Figures 4a and 4b. The
UV—vis—NIR spectra of the individual layers prior to
lamination are also presented in Figure 4c, for the sake of
comparison. We observe that the UV—vis—NIR spectra
of the bilayers seem largely similar to that of P3HT, since
P3HT is more efficient at absorbing light, compared to
the electron acceptors we work with. Comparing the
UV—vis—NIR spectra of the bilayers suggest that the
efficiency with which light is absorbed is comparable for
both material pairs, given the prescribed layer thicknesses.
Given the similarity in the extent to which these bilayers
absorb light, and given that P(NDI20D-T2) is reported
to have a higher electron mobility (0.45—0.85 cm?/(V s)),>!
compared to PCBM, we were initially surprised that the
Jic value of the P3HT/P(NDI20OD-T2) bilayer device
(green triangles; Figure 4b) is ~4 times lower than that of

the P3HT/PCBM bilayer device (green triangles; Figure 4a).
The external quantum efficiency (EQE) spectra for both
devices are shown in the bottom of Figure 4c. Consistent
with the device characteristics shown in Figures 4a and
4b, the maximum EQE of the P3HT/PDNI bilayer solar
cell is ~4 times lower than that of the P3HT/PCBM
bilayer device. These spectra also indicate that a non-
negligible portion of the excitons is generated in the electron
acceptor layers, given the similarity between the EQE
spectra at lower wavelengths and the UV—vis—NIR
spectra of the electron acceptors.*® This observation
likely stems from the fact that the electron acceptor layers
are closer to the illumination source, compared to the
P3HT layers in these bilayer devices (illumination occurs
from the bottom and the electron acceptor comprises the
bottom layer of these devices). Given that electron trans-
port is not likely the bottleneck for device operation in the
P3HT/P(NDI20D-T?2) bilayer solar cells, we surmise that
charge separation at the interface of P3HT/P(NDI2OD-
T2) is less efficient than that at the interface of P3HT/
PCBM, likely because of morphological differences.
Detailed characterization of the extent of phase separa-
tion is complicated; attempts are currently underway.

4. Conclusions

With soft-contact lamination (ScL), we have been able
to construct and deconstruct organic solar cells for testing
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and subsequent characterization, respectively. This pro-
cess allows device components to be individually, and
potentially differently, processed before they are brought
into physical contact, effectively obviating the need for
the traditional layer-by-layer approach of device fabrica-
tion. Testing of bulk-heterojunction organic solar cells
with laminated electrodes, as well as bilayer organic solar
cells with laminated polymer electron donors, indicate
ScL to be robust; efficient electrical contact is established
across the laminated interface. Most excitingly, ScL is
reversible; the laminated components can be removed after
device testing to show the once-buried charge separation
interface for structural characterization. From a scientific
perspective, ScL affords new opportunities to understand
and control interfaces that limit charge separation, since
device components can now be individually laminated,

Kim et al.

removed, and relaminated. From a technological per-
spective, ScL represents a transformative platform for
constructing organic devices and provides a venue for the
systematic testing of new materials.
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