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Contrast variation of neutron and X-ray reflections has been adapted to reveal the film in-depth
(vertical) composition profiles of the blend of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) for bulk heterojunction thin-film solar cells, with a PCBM/P3HT
weight ratio of ¢ = 0.6, 0.8 and 1.0. The X-ray scattering-length-density (SLD) profiles, extracted from
X-ray reflectivity for the blend films spun-cast on Si wafer, exhibit a stratified film morphology of ca. 85
nm film thickness; the corresponding neutron SLD profiles extracted for the same films further
elucidate a PCBM-enriched interfacial layer adjacent to the Si substrate. In contrast to the often
assumed two-phase model, a three-phase model with porosity included as the third phase has to be used
in deducing the absolute volume fractions of PCBM and P3HT from the complementary neutron and
X-ray SLD profiles. In general, the thus deduced in-depth composition profiles for the blend films
comprise a substantial surface layer (10-15 nm) of ca. 40% porosity, a 50 nm main layer with relatively
uniform PCBM-P3HT composition, and a PCBM-enriched interface layer (~20 nm) with ~15%
porosity. Formation of the surface porosity is related to interfacial instability occurred in a transient
surface layer upon film drying. Annealing at 150 °C influences modestly the vertical phase separation of
the film, but drastically activates local phase separation for formation and growth of PCBM and P3HT
nanodomains, as revealed by grazing incidence small/wide angle X-ray scattering. The surface/interface
porosity features (overlooked in nearly all the previous studies) and the composition-dependent vertical
phase separation bear hints in advancing device performance via interfacial morphology optimization.
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1. Introduction

Manipulating the nanostructure of the active layer of bulk het-
erojunction (BHJ) thin-film solar cells plays one of the primary
factors in improving device performance.’* Accumulated
experimental evidence from microscopic techniques have shown
that an optimized structure of the BHJ thin-film solar cells, such
as the efficient blend of poly(3-hexylthiophene) (P3HT) and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM), features in phase-
separated nanodomains of abundant interfaces to account for
both the efficiencies of dissociation and diffusion of excitons.>*
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Complementary to imaging studies, grazing incidence X-ray
diffraction indicated that the lamellar domains of P3HT stacked
mainly along the film surface in the normal direction of the spin-
cast PBHT/PCBM thin films.>” In addition, grazing incidence
small-angle X-ray scattering (GISAXS) or small-angle neutron
scattering captured quick formation of PCBM nano-aggregates
in the P3HT matrix upon annealing.®'? In our previous study,'?
the nanodomain structures and formation mechanisms of PCBM
aggregates and P3HT crystallites of the P3HT/PCBM blend
upon annealing were elucidated respectively to be diffusion-
controlled and constant-nucleation dominated, based on time-
resolved, simultaneous grazing-incidence small/wide-angle X-ray
scattering (GISAXS/GIWAXS); the fast development of the
nanodomains in the active layer of the P3HT/PCBM thin-film
solar cells upon short term annealing demonstrated their sensi-
tive influences on the charge mobility, hence, power conversion
efficiency.®!»13

Recently, the morphological study with complementary tech-
niques for the phase separation behavior of P3HT and PCBM in
the film in-depth (vertical) direction became very active, in an
attempt to correlate and utilize the vertical phase separation
features of the two components to further improve the device
performance." Among the studies, PCBM was found to be
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enriched near the film—substrate interface of the P3HT/PCBM
blend using X-ray photoelectron spectroscopy;'® with better
in-depth spatial resolution, neutron reflectivity revealed a strati-
fied morphology comprised of a main layer of uniform P3HT/
PCBM composition and a PCBM-enriched interfacial layer
(s).1*17 Nevertheless, results from variable-angle spectroscopic
ellipsometry (VASE) suggested a linearly decreased PCBM
concentration starting from the film-substrate interface of the
P3HT/PCBM bend film.!® In contrast, P3HT was observed to be
substantially depleted from the film surface according to electron
tomography observation, suggesting that the film surface might
be PCBM-enriched. However, concentration fluctuations of
P3HT initiating from the surface of pure P3HT towards the bulk
of the PSHT/PCBM blend were reported based on secondary ion
mass spectrometry;?® consequently, surface-directed spinodal
decomposition during solvent evaporation was proposed as
a possible mechanism for the vertical and the subsequent lateral
(or local) phase separations for bicontinuous P3HT and PCBM
nanodomains. Spinodal decomposition, nevertheless, could not
account for the phase separation behaviors observed in several
other different occasions of the blend.®!*?!

In most of the cases mentioned, enrichment of PCBM adjacent
to the film—substrate interface was observed for the P3HT/
PCBM films similarly processed; however, conclusions on the
surface compositions of the films were not aligned. Precise
vertical phase separation behavior of this intensively studied
system still awaits further scrutiny.'* We note that in all
mentioned studies, the two-phase model, namely, the film space
is filled with either P3HT or PCBM, was postulated in the
deductions or interpretations of the vertical phase separation of
the two components in the films. The vertical composition profile
deduced based on selective sensitivity of the employed tools to
merely P3HT or PCBM, however, would not be appropriate
when the two-phase assumption likely fails near the asymmetric
film interface with air or substrate.

This study aims to resolve quantitatively and systematically
the vertical composition profiles of the P3HT/PCBM thin films
spun-cast on Si wafers, using contrast variation of X-ray and
neutron reflectivity (XR/NR) with high spatial resolution in the
in-depth direction and excellent film penetration power.”?> We
show that a three-phase model with porosity included as the third
phase is indispensable to resolve the absolute vertical volume
fraction profiles of PCBM and P3HT in the film, especially near
the surface and interface. In general, the stratified film
morphology observed comprises a surface layer of high porosity,
a main layer of uniform composition (being close to the
prescribed composition, when below the miscibility limit), and
a PCBM-enriched (or P3HT-depleted) interface layer of a small
fraction of porosity adjacent to the substrate. The porosity
features of the surface and interface transition layers of the two-
component system were overlooked in previous abundant studies
(with microscopic techniques or scattering tools without contrast
variation or adequate spatial resolution). The high surface
porosity together with the absolute vertical volume fraction
profiles obtained help to reconcile several previously seemingly
opposite suggestions on the vertical phase separation behavior of
P3HT and PCBM in the blend.’>*® Also discussed in this study
are the mechanistic origins respectively for the 1D vertical phase
separation for the stratified morphology upon film drying and

the subsequent local phase separation for formation and growth
of (3D) PCBM nanograins and P3HT lamellae upon annealing,
as revealed by GISAXS/GIWAXS. The present results bear hints
in further advancing device performance via minimizing porosity
for improved interfacial contacts of the active layer with the
electrodes of the BHJ thin-film solar cells.

2. Materials and methods

Regioregular (>90%) P3HT (M,, = 50 kDa; 4002-E, Rieke
Metals) and PCBM (Nano-C, Inc.) were respectively dissolved in
chlorobenzene (CB), 15 mg mL"' each. The two
solutions were mixed in different ratios of 1:1, 1:0.8, and
1:0.6 (P3HT : PCBM), and stirred in a glovebox at 65 °C for
more than 12 hours. These mixtures were respectively spun-cast
(600 rpm, 60 s) onto Si wafers of dimensions of 20 mm by 20 mm,
and dried subsequently at ambient temperatures under N, gas
flow. Prior to spin-coating, the Si wafers were cleaned in deter-
gent then in acetone solutions with ultrasonic treatment, fol-
lowed by UV-ozone cleaning for 20 min after wafers dried under
N, flow. Samples were selectively annealed at 150 °C for 15 min
in a glovebox under N, gas flow. The PCBM volume fractions for
thus obtained sample thin films were 30%, 37%, and 42%,
respectively.

X-Ray reflectivity data were collected for the sample thin films
using either a synchrotron 10 keV (4 = 1.24 A) beam of the 17B
beamline of the National Synchrotron Radiation Research
Center (NSRRC), Taiwan,? or an in-house X-ray reflectometer
with the wavelength A = 1.54 A. With the BL16 SOFIA neutron
reflectometer in J-PARC/MLF, Japan,?* neutron reflectivity data
were collected for the same sample films used in X-ray reflectivity
measurements. With the neutron spectrum covering A from 2.0 to
8.8 A and three incident angles of 4 = 0.30°, 0.8°, and 1.8°,
neutron reflectivity (NR) data, collected based on a time-of-flight
mode, covered a ¢,-range of 0.007-0.15 A, The scattering
wavevector transfer perpendicular to the sample surface ¢, is
defined by 47tA"'sin 6.

Data analysis

XR or NR data of the P3HT/PCBM films were analyzed using
the Parratt32 software package for a best-fitted model profile of
in-depth scattering-length-density (SLD).>* Furthermore, the
thus obtained mean X-ray and neutron SLD profiles as a func-
tion of the film depth z can be respectively expressed as:

px(2) = fu@px1 + fi2(2)px2 (1

and

on(2) = fu(@pnt + f2(2)pne 2

in terms of the PCBM and P3HT volume fraction profiles, f,(z)
and f,,(z), averaged over the plane at the film depth z. Based on
the mean densities, 1.10 4= 0.02 and 1.50 & 0.05 g cm~3, deter-
mined respectively for pure P3HT and PCBM films, using X-ray
reflectivity (Fig. S1 in the ESIY), the X-ray and neutron SLD
values p,; and py; for pure PCBM are 12.9 and 4.34 x 10-¢ A2
respectively, whereas px, and pn; for pristine P3HT are 10.2 x
10° and 0.676 x 10~ A2 The densities of pure PCBM and
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P3HT films are consistent with those used previously.!” Because
of the larger neutron scattering contrast (pn; — pn2) between
PCBM and P3HT than the X-ray one (px; — px»), neutrons are
relatively more sensitive to PCBM distribution but insensitive to
P3HT; whereas X-rays are sensitive to either component (though
with a lower distinguishing power) due to the high X-ray SLD
values. We found that the commonly used two-phase assump-
tion, f,; + fi,» = 1.0, would lead to unreasonable negative f,,
values for P3HT, when both the fitted neutron and X-ray SLD
values are taken into account in eqn (1) and (2). Consequently,
we have to use porosity with a volume fraction f,3 as the third
component for the redefined volume fraction conservation f,; +
fvo T fv3 = 1.0, then solve for f,; and f,, jointly based on the
contrast neutron and X-ray SLD values obtained for the sample.
Rearranging eqn. (1) and (2) leads to

Ju1(2) = [ prnopx(2) + pxopn(2))/A (3)

and

Sz (@) = [mvaipx(2) — pxipn(2)]/A, )

with A = pNni1px2 — pxi1pN2. Then, the porosity can be obtained
from the unity conservation of the volume fractions.

3. Results and discussion
X-Ray and neutron SLD profiles

Shown in Fig. la are the XR data measured for the annealed
P3HT/PCBM (c = 0.8) film. The data exhibit fine Kiessig fringes
up to the high g,-region (>0.25 A"), reflecting the highly strat-
ified morphology of a film thickness of ~85 nm (estimated from
the frequency of the fringes). Using the SLD profile px(z) shown
in the inset of Fig. 1a, we could fit nearly perfectly the data. The
best-fitted SLD profile comprises a surface layer (~10 nm, not
including the surface roughness ~5 nm) of a significantly lower
px value followed by a main layer (~70 nm) of uniform px on top
of that for the Si-substrate. The corresponding NR data
measured for the same film are shown in Fig. 1b. With the same
fitting algorithm as that used for the XR data, the NR data were
fitted decently using a three-layer model of neutron SLD pn(2)
(inset of Fig. 1b), in contrast to the two-layer model used in the
XR data fitting. The three-layer model consists of a surface layer
of ~10 nm (not including the ~5 nm surface roughness),
a uniform main layer of ~50 nm, and a characteristic interfacial
layer (~20 nm) of a high SLD peak contributed presumably by
the enriched PCBM.'*!” Note that PCBM has a much higher py
value than that of P3HT; hence, the fitted neutron SLD profile
reflects essentially the vertical distribution of PCBM across the
film. As shown in the insets of Fig. 1a and b, the characteristically
different features in the contrast neutron and X-ray SLD profiles
near the film surface and interface imply the existence of the third
phase, presumably porosity, in these interfacial zones, as detailed
below.

Vertical composition profile

Shown in Fig. 2a are the in-depth volume fraction profiles of the
PCBM, P3HT, and porosity deduced from the two contrast SLD
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Fig.1 XR (a) and NR (b) data for the same annealed PSHT/PCBM (c =
0.8) film on Si wafer. The two sets of data are respectively fitted (solid
curves) using the SLD profiles shown in the insets.

profiles of X-ray and neutrons (insets of Fig. 1a and b) for the
annealed P3HT/PCBM film, based on eqn (3) and (4). The
deduced distribution of PCBM along the film in-depth direction
is characterized by the gradually increased PCBM concentration
in the thin surface layer in conjunction with the constant PCBM
volume fraction of f, = 40% of the main layer; PCBM further-
more enriches in the interface layer to a peak value of £, = 80%.
In contrast, the deduced vertical distribution of P3HT (Fig. 2)
manifests a low concentration near the surface (f, = 20%), which
transits abruptly to the relatively high and constant P3HT
volume fraction f, = 60% of the main layer, then gradually
depletes in the interface layer. The most striking features revealed
by these deduced volume fraction profiles in Fig. 2 are porosity
values of ca. 40% and 15% in the surface and interface layers,
respectively, as highlighted in the shaded areas in Fig. 2a. In
contrast, the main layer exhibits a solid structure (without
discernible porosity) of a constant P3HT/PCBM composition.
Note that in the surface layer the absolute volume fractions of
PCBM and P3HT are ca. 30% and 20%, respectively. Because of
this, tools of selective sensitivity to merely PCBM or P3HT might
have alluded to a surface enrichment of the other component that
is insensitive to the tools, provided the two-phase assumption is
used without calibration to absolute volume fractions.
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Fig. 2 Vertical volume fraction profiles of the PCBM, P3HT, and
porosity for the 150 °C annealed (a) and the as-cast (b) P3HT/PCBM
films (with the film thickness normalized by 85 nm). Shaded areas of
nontrivial £, values are the surface and interface layers, respectively. The
sharper, unnatural transitions of the f, profiles at z ~0.24 and ~0.98 in
(b) are resulted from the fine structural features of a few nanometres
resolved by the XR data but not by the NR data of a limited ¢,-range,
hence a lower resolution of a few nanometres (¢f- Fig. S2 and S3 in the
ESIY).

We have also attempted to deduce the in-depth composition
profile using residual solvent (CB) as the third phase. The
substantial density of CB (1.11 g cm™®), hence SLD values,
however, led to an unphysically negative volume fraction of
P3HT in the surface layer. In practice, it would be difficult to
have a substantial volume fraction of residual CB at the film
surface after 15 min annealing at 150 °C (above the boiling point
131 °C of CB). We have thus excluded the possibility of using
residual solvent as the third phase.

To better address the mechanism of the vertical (i.e. along the
film in-depth direction) phase separation behavior observed for
the P3HT/PCBM blend, especially the formation of a porous
surface layer, we first separate the annealing effects from that
induced by the spin-casting process (or solvent evaporation) on
the vertical phase separation. We show in Fig. 2b the similarly

extracted volume fraction profiles of P3HT, PCBM, and the
porosity for the as-cast film (¢f. data-fitting results in Fig. S2 and
S3 of the ESIt). Comparison of these f, profiles of the as-cast film
and that of the annealed film (Fig. 2a and b) leads to the
following conclusions: (i) similar surface and interface porosities
already existed in the as-cast film, and were modestly smoothed
(especially near the interface adjacent to the Si substrate) but not
eliminated upon 150 °C annealing; (ii) annealing promoted
vertical diffusions of P3HT and PCBM, leading to more
uniformly distributed P3HT and PCBM in the surface and the
main layers; (iii) the PCBM concentration peaked at ~5 nm from
the interface which dropped quickly to f, = 50% near the
interface. We note that the roughly balanced PCBM and P3HT
volume fractions at the interface (despite the overall enrichment
of PCBM in the interfacial zone) and especially the high surface
porosity (with a low P3HT volume fraction of ~20%) may
discount somewhat the advantage of utilizing the vertical phase
separation features for the inverted structure solar cells
proposed.’*?%?” On the other hand, the promoted vertical
diffusions of P3HT and PCBM upon annealing are in accord
with previous results.®16-1821.28-31 Ty oeperal, annealing facilitates
either vertical inter-diffusion or phase separation of the two
components, depending on the initial composition/phase sepa-
ration of the film or the P3HT-PCBM miscibility phase
diagram.*' Fig. 3 shows a typical AFM image of the annealed
P3HT-PCBM film (¢ = 0.8); the scattered dark spots (ca. zero
reference height) among highlands presumably contribute to the
surface porosity revealed from the NR/XR results.

Local phase separation

Using the NSRRC BL23A GISAXS/GIWAXS instrument,'*3?
we furthermore observed that 150 °C annealing could signifi-
cantly enhance the GISAXS intensity (Fig. 4) and P3HT lamellar
peak intensity (Fig. S4 in the ESI{) of a similar P3HT/PCBM
film, implying significantly increased local phase separation for
PCBM aggregation and P3HT crystallization, hence the device
performance (c¢f. Fig. S5 in the ESIT). GISAXS data fitting, on

10.0 nm

5.0 nm

0.0 nm

Fig.3 AFM image of the 150 °C annealed PSHT-PCBM film (¢ = 0.8).
The scale bar covers 10 nm surface height variations. The scattered dark
zones (selectively circled) are of ~zero reference height.
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Fig. 4 GISAXS profiles along the film in-plane direction (gy) for
a P3HT/PCBM film, with ¢ = 0.8, before and after 150 °C annealing. The
data are respectively fitted (dashed curves) using polydisperse spheres
with the Schultz size distributions shown in the inset.

the basis of a model of polydisperse spheres (detailed in the
ESI+), reveals that PCBM aggregated drastically from a diameter
of d = 7 nm (with polydispersity p = 45%) to ~18 nm (p = 15%)
upon annealing, as illustrated in the inset of Fig. 4. In the
GISAXS data fitting, a hard-sphere structure factor was also
included to characterize the loose ordering of the PCBM aggre-
gates revealed by the shoulder peak at the in-plane scattering
wavevector ¢, = 0.02 A~! (Fig. 4);** the thus fitted mean PCBM
aggregate spacing is 26 nm with an aggregation volume fraction
of 18% (cf. ESIf). Considering the 37% prescribed PCBM
volume fraction, the result implies a significant amount (19%) of
non-aggregate PCBM dispersed in the P3HT matrix, which is
consistent with the ~20 wt% molecular solubility of PCBM in
P3HT proposed previously.?830:31

Compared to the vertical (1D) phase separation revealed from
NR/XR for the stratified structure that would occur upon film
drying, the local phase separation for the growth of (3D) PCBM
aggregates and perfection of P3HT lamellae obviously required
annealing to activate, thus of a different origin. By integrating
the XR/NR and GISAXS/GIWAXS results, we would suggest
that the modest changes in the vertical phase separation upon
annealing were resulted from diffusions or transportations of
non-aggregated PCBM molecules and amorphous P3HT chains;
while part of the demixed PCBM and P3HT formed intercalated
nanodomains, hence were localized in the main layer within the
metastable regime, ¢ < 1.0 and T < 200 °C, of the blend.*
Nevertheless, the local density inhomogeneity owing to the
intercalated, heterogeneous nanodomains could be smeared out
after in-plane averaging, leading to the uniform f,(z) of the main
layer illustrated in Fig. 2a. Fig. 5 illustrates an optimized
morphology of the annealed P3HT/PCBM film on the basis of
the vertical phase separation features observed with NR/XR and
the local phase separation for PCBM and P3HT nanodomains
observed with GISAXS/GIWAXS.

PCBM Volume
Fraction

Fig. 5 Cartoon for an optimized morphology of P3HT/PCBM thin film
solar cells. Intercalated PCBM aggregates (large spheres) and P3HT
lamellar domains (work-like stacks) are dispersed in the matrix of
amorphous chains of P3HT with dissolved PCBM (small spheres). To the
left: vertical P3HT- and PCBM-enriched regions are colored sky blue and
pink, respectively, together with the PCBM volume fraction profile (solid
curve). The dotted curve near the surface depicts an additional PCBM-
enriched layer accumulated below the surface P3HT layer, when the
PCBM concentration of the film exceeds the miscibility limit of ¢ > 1.0
(¢f. Fig. 6b below).

Composition dependence

We have made further XR and NR measurements for the P3HT/
PCBM films with different compositions of ¢ = 0.6 and 1.0. The
similarly extracted volume fraction profiles (Fig. 6), from the
best-fitted SLD profiles (Fig. S6-S9 in the ESIt), share resem-
bling porosity features as those described above for the blend
film with ¢ = 0.8, specifically the ~10 nm surface layer of ca. 40%
porosity and the 15 nm PCBM-enriched interface layer of ~15%
porosity. Note that for the ¢ = 1.0 case, a significant amount of
demixed PCBM started to accumulate below the surface P3HT
layer (Fig. 6b), as the metastable phase boundary (¢ < 1.0) of the
PCBM/P3HT blend was approached in this case;*' and the
annealing could effectively enhance the excess PCBM to phase-
separate out from the main layer (¢f. the PCBM composition
profile for the as-cast film shown in Fig. S9t). Nevertheless, in
view of all the results, porous features near the film surface and
film/substrate interface of the P3HT/PCBM blend appear to be
common in the composition range (¢ = 0.6-1.0) and temperature
(as-cast and 150 °C annealed) studied.

Phase separation mechanism

Holes and islands (of various shapes) are frequently seen on the
surfaces of spun-cast conjugate polymer thin films featuring
oriented lamellar domains, as a consequence of surface energy
minimization.**3¢ By controlling interface tensions via mixing
solvents and solvent evaporation rate, pores of spun-cast poly-
mer films could be manipulated to be enriched near the surface or
away from the surface and into the bulk.** Pore formation at the
surface of the P3HT/PCBM blend observed here obviously
involves more interacting kinetics and thermodynamic parame-
ters of demixing (miscibility), solvent evaporation, polymer
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Fig. 6 Vertical volume fraction profiles of the PCBM, P3HT, and
porosity of the 150 °C annealed P3HT/PCBM films with ¢ = 0.6 (a) and
1.0 (b) (film thickness normalized by 85 nm). The profiles are deduced
from the corresponding sets of contrast NR/XR SLD profiles (Fig. S6
and S9 in the ESIT). Shaded areas highlight the surface and interface
zones containing porosity. The arrows mark the air-film transition
(roughness) zones.

crystallization, fullerene aggregation, and thermal fluctuations in
terms of surface capillary waves.®?*21:3¢ Ag the surface pore
features of the PSHT/PCBM films were considerably stable to the
applied annealing, thermodynamic parameters likely dominated
(though not completely) the final surface pore morphology of the
films. In contrast, the porosity (~30%) near the Si interface of the
as-cast film could be removed substantially after annealing
(Fig. 2a and b), and therefore should be substantially dependent
on the kinetic parameters.

The formation mechanism of thermally stable surface pores
may be understood better in terms of the phase diagram of the
P3HT/PCBM blend. In this regard, previously reported phase
diagrams®-3! of P3HT/PCBM indicated that below ~200 °C and
within the composition of ¢ = 0.5-1.0 (the most-often studied
composition range for this efficient suite of BHJ solar cells), the
PCBM/P3HT blend could form a metastable phase, owing
largely to the miscibility between P3HT and PCBM.*

A consequence is that even we can quench quickly enough the
spun-cast film from a homogeneous mixture for phase separation
(via fast solvent evaporation or spin-casting speed), spinodal
decomposition for a bicontinuous phase may not likely take
place in this metastable region. A more favored process may be
a relatively slower phase separation of P3HT and PCBM via
nucleation-and-growth in minimizing the surface/free energy of
the system,'? as also proposed recently based on in situ GIWAXS
for the film drying process;*” the dominating thermodynamic
parameters thus include surface tensions and the interaction
parameters among the three components of polymer, fullerene-
derivative, and solvent. We notice that the surface tension of
33 mN m™! of the solvent chlorobenzene used in the film
casting is in-between that of P3HT (27 mN m™') and PCBM
(38 mN m™")." It may be that during the last stage of the film
thinning/drying process, concentration fluctuations amplified
upon the increasing higher polymer/fullerene derivative concen-
trations finally break the very thin transient surface layer***” into
some sort of an inverse-micelle(worm)-like structure with
residual solvent trapped inside (for a lower free energy state).
Evaporation of the solvent leads to a porous surface layer with
the often observed P3HT fibril-mesh structure,!®3® in which
PCBM (awaiting demixing/aggregation upon annealing) resides
either underneath or in-between the P3HT fibrils for minimizing
the surface energy. Adjusting the solvent, the polymer/fullerene-
derivative composition, and the interaction parameters among
the three components, may manipulate the phase separation
behavior of the blend,***® likewise the porosity features. Efforts
along this direction have been taken in search of efficient routes
for controlling the interfacial morphology and vertical phase
separation of the blends via selectively modified conjugate
polymers and/or fullerene derivatives for modulating the surface
energy or miscibility of the two components. 4274142

4. Conclusions

Using contrast variation of X-ray and neutron reflectivity with
a high spatial resolution in the film in-depth direction and
a three-phase model, we have revealed the vertical phase sepa-
ration behavior of the composite film of P3HT/PCBM. The
stratified composition profiles obtained for the films comprise, in
general, a porous surface layer, a solid main layer, and a PCBM-
enriched interface layer of small porosity; a PCBM-excess-layer
starts to form beneath the surface P3HT layer when the meta-
stable miscibility limit of the two components is approached
(~1:1 weight ratio). Within the composition range and the
annealing temperature studied, annealing influences modestly
the global vertical (1D) phase separation of the film via diffusions
of non-localized PCBM molecules and P3HT amorphous chains.
In contrast, a substantial amount of demixed PCBM and P3HT
upon annealing formed intercalated, hence localized, PCBM and
P3HT nanograins, as revealed by GISAXS/GIWAXS; such
critical local phase separation for significantly improved device
performance contributes, however, marginally to the global
changes in the vertical composition profile. The observed high
surface porosity and the concentration-dependent vertical
volume fractions of P3HT and PCBM not only help to reconcile
several previously seemingly opposite conclusions reported on
the surface composition of the BHJ thin-film solar cells, but also
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provide hints on the mechanistic origins of the related phase
separation behavior.
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