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Thin films of polymer blends comprising two or more
chemically incompatible species spontaneously phase segre-
gate, yielding lateral domains whose sizes are dictated by the details of
deposition and subsequent processing conditions.* The constitu-
ents of such polymer blends can also preferentially segregate to the
film surface and substrate interface, resulting in compositional
heterogeneities along the film normal. This phenomenon of inter-
facial segregation™ is attributed to interfacial free energy differences
and is generally observed in thin films comprising blends of random-
coil polymers. Interfacial segregation has been, for example, studied
extensively and is well-understood for thin films comprising blends of
commodity thermoplastics, like polystyrene and poly(methyl
methacrylate) or polystyrene and poly(vinyl pyridine).* In compar-
ison, interfacial segregation in thin films comprising rodlike, con-
jugated polymers appears to be more complex given the constituents’
tendencies to crystallize.”

Thin films comprising functional conjugated polymer blends
play an important role in organic electronic devices. Thin films of
poly(3-hexyl thiophene), P3HT, and high-density polyethylene,
HDPE, for examg)le, have been explored as active layers in thin-
film transistors."’ Crystallization-induced interfacial segregation
occurs during processing, causing P3HT to be expelled to the
film surface and substrate interface. Given the dramatic interfacial
segregation that takes place, blends comprising P3HT at con-
centrations as low as 3 wt % remain electrically active and do not
incur any degradation in thin-film transistor performance despite
high loadings of electrically insulating HDPE."?

Blends of P3HT and phenyl-Cg;-butyric acid methyl ester,
PCBM, often comprise the thin active layers of bulk-heterojunction
polymer solar cells. In such blends, both constituent organic
semiconductors are electrically active; in-plane and out-of-plane
composition heterogeneities are thus believed to strongly influence
solar cell performance.' > In particular, in-plane phase separation
has been directly correlated with the extents of exciton dissociation
and charge recombination, effectively altering device short-circuit
current densities." "> Interfacial segregation in the active layers of
bulk-heterojunction solar cells is also perceived to influence device
characteristics.” The preferential segregation of the polymer donor

v ACS Publications ©2011 american chemical Society

to the anode-active layer interface, for example, can block electrons
and enhance hole collection; both the open-circuit voltage and the
short circuit current density have thus been postulated to increase as
a consequence. Conversely, preferential segregation of the polymer
donor to the cathode should dramatically increase the series
resistance, resulting in reduced device performance.

Although the interfacial segregation characteristics of thin films
comprising P3HT and PCBM on substrates having different surface
energies have been characterized via spectroscopic ellipso-
metry,’ near-dge X-ray absorption fine structure spectroscopy
(NEXAFS),”® X-ray photoelectron spectroscopy,” and electron
tomography,” their correlations to device characteristics remain to-
date unclear. In a recent publication, Yang and co-workers reported
enhancements in device characteristics in inverted solar cells com-
pared to conventional devices; the improvements in performance
were attributed to preferential accumulation of the electron acceptor
at the buried cathode interface’ Given the inverted architecture,
however, characteristically different hole and electron transport
layers — V,05 as opposed to the commonly employed poly (3,4-
ethylenedioxythiophene):poly(styrene-sulfonate), PEDOT:PSS; and
Cs,CO; as opposed to Ca, respectively — had to be employed to alter
the work functions of the electrodes for appropriate charge collection.
Since subtle differences in device architectures and energy levels of
charge selective layers can influence device characteristics,"'* it is
unclear whether the differences in interfacial segregation is the sole
factor contributing to the disparity in solar cell performance.

Germack and co-workers intentionally induced variations in
the composition at the organic active layer-electrode interface by
employing hydrogenated and fluorinated PEDOT:PSS hole
transport layers in P3HT:PCBM bulk-heterojunction conven-
tional solar cells."> Unlike in the prior report, however, the device
performance was independent of differences in interfacial segre-
gation. Such discrepancies in the literature point to the difficulties
and challenges associated with determining whether and how
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Figure 1. (a) Pre- and postedge NEXAFS PEY spectra for films of
P3HT, PCBM, and P3HT:PCBM at the surface and the once-buried
interface; (b) magnification of the Cls to 7* regions. Open symbols
represent experimental data and solid lines represent the sum of the
individual fitted peaks. The contributions of P3HT (285.1 eV; red) and
PCBM (284.5 eV and 285.8 eV; green and blue) are highlighted. The
spectra are displaced along the y-axis for clarity.

interfacial segregation within solar cell active layers influence
device performance, and highlight the need for a method to
unambiguously elucidate the role of such compositional hetero-
geneities on solar cell operation.

In this communication, we highlight the use of a simple and
straightforward delamination and transfer method to manipulate the
bulk-heterojunction active layers of polymer solar cells. Delaminat-
ing and flipping the functional organic layers of existing solar cells
have allowed us to reverse the interfacial segregation of the active
layers; transferring the reversed films onto an otherwise analogous
device platform has thus enabled us to unambiguously probe the
sole contributions of interfacial segregation on device performance
without having to introduce a different device architecture or any
new carrier selective layers.

We have chosen to employ the same model system comprising
P3HT and PCBM as the electron donor and acceptor, respectively.
NEXAFS experiments conducted in partial electron yield (PEY;
depth sensitivity several nm)'¢~'® mode provides quantification of
the mass compositions at the surface and the once-buried interface of
P3HT:PCBM thin films.® Figure Ia contains PEY NEXAFS spectra
collected at the carbon edge and at the “magic” incident angle of 55°
of neat films of P3HT and PCBM and those acquired at the exposed
surface and the once-buried interface of a thin film comprising P3HT
and PCBM. This thin film was processed in the same manner with
which P3HT:PCBM bulk-heterojunction active layers are processed.
The spectrum of the once-buried interface of the thin film was
acquired after it had been delaminated from the glass substrate onto
which the blend was initially spin coated. The Cls to 77* transition
regions of each spectrum (283 to 287 V) are magnified for clarity in
Figure 1b. Comparison of the NEXAFS spectra of neat P3HT and
PCBM indicates differences in the Cls to s7* transitions. Specifically,
a single, sharp resonance is observed at 285.1 eV for P3HT whereas
two resonances, located at 284.5 and 285.8 eV are identified for
PCBM.® NEXAFS thus provides unique chemical identifications for
P3HT and PCBM. Comparison of the spectra acquired at the
exposed surface and the once-buried interface of the P3HT:PCBM
thin film with those of the neat constituents allows deconvolution of
the 77* resonances attributable to P3HT and PCBM.® We deter-
mined the Cls to 77* intensities attributable to P3HT to be 92 and
39% at the exposed surface and the once-buried interfaces,

(a) Once-transferred (b) Twice-transferred (c) As-spun
'— LiF/Al I_ LiF/Al I_ LiF/Al
active § 1 i ] i i H
layer [ ——— H . } S f
P3HT P3HT+PCBM

P3HT+PCBM

Figure 2. Schematic illustration of P3HT:PCBM bulk-heterojunction
polymer solar cells having (a) a once-transferred, (b) twice-transferred,
and (c) an as-spun P3HT:PCBM active layer.

respectively, corresponding to 97 and 65 wt % P3HT given the
molar masses and densities of P3HT and PCBM."” We estimated
the error in the compositions to be =3 wt % conservatively based on
uncertainties associated with spectral deconvolution and data fitting.
Consistent with 5prior reports that P3HT preferentially segregates to
the film surface,” ® the exposed surface comprises largely of P3HT.
The once-buried interface is only slightly enhanced in P3HT
compared to the composition of the cosolution from which the film
was cast (55 wt %).

To assess the influence of interfacial segregation in the active layers
on device performance, we incorporated the NEXAFS-characterized
thin film into functional solar cells. The ability to peel and transfer thin
layers”®*! comprising blends of P3HT and PCBM greatly modu-
larizes device fabrication and allows us to uniquely probe the influence
of interfacial segregation on solar cell characteristics. Figure 2 illus-
trates the device geometries employed in our study. All devices were
constructed using the conventional architecture in which the bottom
indium tin oxide (ITO) electrodes serve as anodes and the top
aluminum electrodes serve as cathodes. Thin PEDOT:PSS layers
(ca. 20 nm) were deposited on ITO to promote hole transport to the
anodes. In devices comprising the once-transferred P3HT:PCBM
thin films, the active layers retain its original interfacial segregation
characteristics that is shown in Figure 1. Devices with twice-trans-
ferred P3HT:PCBM active layers were constructed by first delami-
nating the as-spun P3HT:PCBM films and turning them over before
transferring them onto PEDOT:PSS. This manipulation resulted in
the reversed composition profile; the surface that was once exposed
on the as-spun film is now buried and is in direct contact with
PEDOT:PSS. To ensure reliable electrical contact between the
polymer films and the underlying PEDOT:PSS, we imposed a 3
min thermal anneal at 100 °C during the transfer of polymer films.
For reference, we also spin-coated the same cosolution of P3HT and
PCBM directly onto PEDOT:PSS coated ITO; the as-spun active
layer thus possesses the same composition profile as the once-
transferred active layer. The as-spun active layer of P3HT and PCBM
was also subjected to thermal annealing at 100 °C for 3 min prior to
top electrode deposition for consistency. Although we recognize that
annealing at 100 °C for 3 min is suboptimal for achieving the
maximum efficiency in our devices, this annealing condition was
employed to suppress changes in the vertical phase separation of the
active layers with thermal annealing during transfer. LiF (ca. 1 nm)
and Al (60 nm) were deposited on the active layers as the cathode.
Aside from the delamination and transfer of P3BHT:PCBM films,
device fabrication and testing were all carried out in the glovebox to
prevent oxidation of LiF/Al cathodes.

To ascertain the impact of this short anneal, we conducted X-ray
photoelectron spectroscopy (XPS; depth sensitivity ca. S— 10 nm for
polymers) on the surface of the once- and twice-transferred P3HT:
PCBM thin films before and after thermal annealing. This short
anneal does not affect the composition at the surface of the once-
transferred film, presumably because this surface already comprises
crystalline and preferentially oriented P3HT (see the Supporting
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Figure 3. J—V characteristics acquired (a) in the dark and (b) under
illumination of representative polymer solar cells with once-transferred
(squares), twice-transferred (circles), and as-spun (triangles) P3HT:
PCBM bulk-heterojunction active layers.

Table 1. Photovoltaic Characteristics of Polymer Solar Cells
Tested

Voe (V) Joe (mA/cm?) efficiency (%)  fill factor

once-transferred 0.57 +£0.01 7.4140.45
twice-transferred 0.5540.01 7.38 +0.04
as-spun 0.57£0.01 7264 0.54

2214£020 0.5240.02
1.93+£0.05 048+0.01
226+0.14 0.5540.02

Information). This short anneal, however, does increase the surface
PCBM composition of the twice-transferred film by 10 wt %, likely
because PCBM diftusion in the amorphous regions of P3HT at
100 °C is not negligible.”” Despite this modest change in the surface
composition of the twice-transferred film, the direction of asymmetry
in the interfacial compositions is preserved and, if anything, its
magnitude further accentuated, so this short anneal should not affect
the conclusions drawn herein.

Figure 3 contains the dark and illuminated characteristics of
representative conventional bulk-heterojunction solar cells having
as-spun, once-transferred and twice-transferred active layers. Four to
twelve devices were tested in each case; the spread in the device
characteristics were averaged to produce the mean and standard
deviation values reported in Table 1. The J—V characteristics
acquired in the dark for all devices exhibit excellent rectification
with rectification ratios greater than 1 X 10%. Under illumination,
the devices exhibit comparable average open-circuit voltage (V,,.) of
0.56 % 0.01 V. This value is consistent with typical V,,’s reported for
P3HT:PCBM bulk-heterojunction devices, and has been reported
to depend on the work function difference of the electrodes and the
energy level difference between the highest occupied molecular
orbital of P3HT and lowest unoccupied molecular orbital of
PCBM.* The short-circuit current densities (J,.) of the devices
are also comparable at 7.35 & 0.44 mA/cm’, resulting in compar-
able efficiencies across all the devices (2.16 4= 0.21%).

Given that P3HT is partial to hole transport, we had initially
expected preferential segregation of P3HT to the cathode inter-
face in devices with as-spun and once-transferred active layers to
exhibit high series resistance, ultimately manifesting in reduced
short-circuit current densities. It follows that devices with twice-
transferred active layers should exhibit improved current densi-
ties and working voltages compared to devices with as-spun and
once-transferred active layers.” That both the dark and illumi-
nated characteristics of our devices are comparable is surprising
and indicates that—contrary to common belief—differences in
interfacial segregation do not influence device performance.

Although P3HT is greatly enhanced at the cathodes of devices
with as-spun and once-transferred active layers, these interfaces

still comprise 3 wt % PCBM. We speculate that this fractional
amount of PCBM at the active layer-cathode interface can still
provide sufficient percolative, low-resistance pathways that en-
able electron extraction. Our results thus implicate that device
characteristics of bulk-heterojunction solar cells are insensitive to
the details of interfacial segregation, so long as the active layer-
electrode interface does not comprise a continuous layer of the
organic semiconductor constituent that hinders charge extrac-
tion. As negative control experiments, we fabricated and tested
bulk-heterojunction solar cells in which a thin but continuous
layer of PCBM (ca. 12—14 nm) was first spin coated on the
anode and the active layer was subsequently transferred onto the
PCBM layer. The characteristics of these devices are summarized
in the Supporting Information. As expected, the performance of
such devices is severely limited by high series resistance, pre-
sumably because holes are entirely blocked from reaching the
anode. Interestingly, transferring a thin but continuous P3HT
layer (ca. 8—9 nm) onto the active layer before cathode deposi-
tion does not significantly influence device characteristics. This
observation implies an asymmetry in charge transport; our
experiments suggest that P3HT is less effective at blocking
electron transport to the cathode compared to PCBM at blocking
hole transport to the anode.
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