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Due to low charge carrier mobilities in polymer-based solar cells, device performance is dictated by
the nanoscale morphology of the active layer components. However, their morphological details are
notoriously difficult to distinguish due to the low electron contrast difference between the
components. Phase-sensitive neutron reflectivity (PSNR) is uniquely suited to characterize these
systems due to the large, natural scattering length density difference between two common device
materials, poly(3-hexylthiophene) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). Using
PSNR we find a high concentration of PCBM at the substrate and near but not at the air interface.
Herein we discuss the method of applying PSNR to polymer-based solar cells, the results obtained,
and an evaluation of its effectiveness. © 2010 American Institute of Physics.

[doi:10.1063/1.3471583]

I. INTRODUCTION

Polymer-based solar cells have the potential to supple-
ment the ever increasing societal energy demands in a cost
effective manner due to their low cost and ease of manufac-
ture. The device components are readily available and are
typically a light absorbing polymer and a Cg, fullerene de-
rivative. However, commercialization will not be feasible un-
til device performance reaches an efficiency level approach-
ing that of inorganic cells, ~10%.' Achieving this level of
performance is challenging as it requires control of the nano-
scale morphology of a roughly 100 nm thick film of the
polymer/nanoparticle active layer.

In traditional, inorganic solar cells photogenerated exci-
tons are almost immediately separated into their component
charge carriers because of the high dielectric constant of the
inorganic material and the electric field created through dop-
ing. Polymers have low dielectric constants resulting in
strong Coulombic interactions of the photogenerated exci-
tons, dictating exciton diffusion lengths of the order of 5-10
nm.> Such a small length requires the exciton to be created
within a short range of a dissociation point, the polymer/
fullerene interface, to break into its components and generate
free charge carriers. Otherwise it rapidly recombines and
produces useless heat or light.

Coupling the exciton diffusion length with an appropri-
ate device thickness to maximize light absorption requires
the film morphology to be optimized on different lengths
scales. The smaller exciton diffusion length requires the sys-
tem to have polymer rich regions of the order of 10 nm wide,
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but a roughly 100 nm thickness is required to maximize light
absorption based on the material’s absorptivity. This places
strict requirements on the internal morphology with an ideal
device having polymer strands 10 nm wide and 100 nm long
sandwiched between fullerene regions in a cocontinuous
manner allowing both phases direct access to the appropriate
electrode.’

This morphology must be developed in simple process-
ing steps otherwise the rationale promoting this energy
source is defunct. However, a full morphological description
of the bulk heterojunction has yet to be developed because
morphological characterization is challenging due to the
small size scale and limited electron contrast between the
polymer and nanoparticle. Robust relationships combining
processing, morphology, and performance need to be devel-
oped to guide device manufacture. In our previous study3 we
demonstrated neutron scattering, in particular neutron reflec-
tometery, is a most effective technique to characterize
polymer/fullerene blends since there is a natural contrast in
scattering potential among the constituent components, with
no chemical modification of the components required. Here
we describe the technique in detail and present results to aid
development of more efficient devices by measuring mor-
phology as a function of processing conditions.

Previously, improved device performance in these types
of solar cells involved much experimentation by empirically
changing material properties such as polymer regioregularity
and molecular Weight,4 as well as fabrication variables such
as solvent choice,’ spin coating times,” and annealing.7 All of
these processing conditions have been shown to relate di-
rectly to the crystallinity of the polymer component of the
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FIG. 1. Idealized energy diagram of a P3HT/PCBM solar cell, showing
ideal alignment of the molecular orbitals, has the PCBM component of the
cell in contact with the aluminum electrode and the P3HT component in
contact with the hole conducting layer of PEDOT/PSS.

cell,® where improved polymer crystallinity provides greater
hole mobilities through the structure, thereby improving de-
vice pelrformance.8

While improved crystallinity and the corresponding hole
transport properties are crucial, other factors certainly affect
their performance. Traditional polymer-based solar cells are
spin coated or printed from solution providing an undefined
and kinetically trapped mixture of nanoparticles and poly-
mer. The vast majority of these devices today are created
from solutions containing a roughly 1:1 by weight mixture of
polymer and nanoparticle. Yaklin et al. showed that Cg,
could be soluble in polystyrene thin films up to roughly 2%
by volume,’ but this required substantial manipulation of the
films. While PCBM is more soluble then pure Cg, at such a
high concentration in polymer-based solar cells, roughly
47% by volume, it is unlikely that the polymer and nanopar-
ticle are completely soluble with each other, making a ho-
mogenous dispersion of the two components very unlikely.

Here we use a mixture of poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM) as a standard system to study polymer-based solar
cells. As seen in the energy diagram of an idealized P3HT/
PCBM cell, Fig. 1, good electrical transport out of the cell
only occurs if there is PCBM at the metal electrode and
P3HT at the transparent indium tin oxide (ITO) electrode.
Based on the ideal energy diagram and the short exciton
diffusion length, a comblike structure would be ideal,1 but
this structure would be extremely difficult to make requiring
lithographic methods that would eliminate the potential cost
benefits of solution processable devices. To maintain the fab-
rication and cost benefits of solution processable devices, a
casting or printing method seems inevitable, but determining
the PCBM concentration profile within the devices has
proven difficult.

Much work has gone into determining the morphology
and concentration profile within these devices yielding dif-
ferent and contradictory results. Transmission electron mi-
croscopy (TEM), both defocused TEM' and electron
tomography,” ellipsometlry,lz’13 X-ray reﬂectivity,14 and scan-
ning electron microscopy15 have all been used to investigate
the vertical distribution of PCBM within the polymer active
layer. The electron and x-ray techniques suffer from low con-
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trast between the components since they are based on scat-
tering from atomic electron clouds and the majority of the
film is carbon. Using a density of 1.3 g/ml for PCBM® and a
density of 1.1 g/ml for P3HT'® we calculate the electron
densities of each component; 4.0 X 10> ¢~/ml for PCBM
and 3.6 X 10> e~/ml for P3HT, giving only about 5% con-
trast between the two components. Here we define contrast
as the difference of the electron densities divided by their
sum. With such weak contrast, distinguishing between the
polymer and nanoparticle components is exceedingly diffi-
cult, hampering efforts to characterize morphological fea-
tures. Ellipsometry, which uses refractive index and extinc-
tion coefficient profiles, has better sensitivity to differences
in the two components, and in principle can be used to char-
acterize the nanoparticle concentration profile. The aniso-
tropic refractive index of P3HT makes modeling difficult,
but recent work' shows comparable results to our reflectiv-
ity data indicating spectroscopic ellipsometry can be a prac-
tical, although modeling intensive, method for characterizing
such films.

X-ray photoelectron spectroscopy17 (XPS) and near edge
x-ray absorption fine structure spectroscopy (NEXAFS)'® re-
sults, which use electron orbitals and band structure to deter-
mine elemental compositions, show high concentrations of
PCBM at an SiO, substrate directly after spin coating. These
methods are an excellent way to characterize compositions
near the surface of films, and the results in Refs. 17 and 18
are consistent with the results discussed here. However, XPS
and NEXAFS cannot be used to determine depth profiles and
are not sensitive to internal device structure.

Il. EXPERIMENTAL PRELIMINARIES
A. Neutron reflectometry

For a specular neutron reflectometry measurement, the
intensity of the reflected beam, R, is measured as a function
of scattering vector, Q=41/\ sin(6/2), where 6 is the scat-
tering angle and \ is the neutron wavelength. R(Q) is a func-
tion of the depth (z direction) dependent scattering potential
of the thin film sample, which is commonly expressed in
terms of scattering length density, p(z)=[Z;b;(z)/ V], where
the summation is over each type of isotope in the sample, b
is the nuclear scattering length, and V, is the molecular vol-
ume (the molecular weight divided by the mass density and
Avogadro’s number). Since b is a known quantity character-
istic of a given isotope, neutron reflectometry can be used to
characterize the average composition of a thin film as a func-
tion of depth into the film. Here we used neutron reflectom-
etry to investigate solar cell mimics consisting of the poly-
mer, P3HT, and the nanoparticle, PCBM, in a 1:1 by weight
ratio in order to compare with many previous
studies.'*!'*!"!18 From the densities mentioned above, the
component scattering length densities are found to be 3.76
X 107® and 0.67X 107 A2 for PCBM and P3HT, respec-
tively, a contrast of 70%. These values were also verified
experimentally by performing specular reflectivity on films
of each pure component as discussed below.

Analysis of neutron reflectivity data can be complicated
by not always providing a unique solution. One p(z) profile
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can produce one unique set of reflectivity data but the in-
verse is generally not true."” This situation arises from the
total loss of phase information that occurs from measuring
the reflectivity which is the square of the absolute magnitude
of the scattered neutron’s complex reflection amplitude (R
=[r|?). This loss in phase information results in one set of
reflectivity data being able to produce multiple p(z) profiles
during fitting. Additionally, when fitting with the Parratt
formalism®™ a least-squares minimization is used to deter-
mine an overall profile, which can provide multiple “correct”
solutions to the data of films more complex than those con-
sisting of only pure components. While retaining the phase
information in one experiment is not possible, the phase in-
formation can be retrieved by varying the surrounding media
during multiple reflectivity experiments.

Phase-sensitive neutron reflectometry (PSNR) methods
make it possible, through the use of variable reference films
or substrates, to uniquely determine the complex reflection
amplitude of an adjacent, “unknown,” layered structure.
This, in turn, can be directly inverted to yield its correspond-
ing, unambiguous profile. An accessible review of neutron
reflectometry (NR) techniques in general, and PSNR in par-
ticular, is given by Berk and co-workers.”> There are two
categories of references applicable in PSNR, layers of finite
thickness with variable p(z) 224 or surrounding media®® of
adjustable p(z), i.e., either the “fronting” medium containing
the incident and reflected waves, or the “backing” medium
containing the transmitted. Either the fronting or backing
medium may serve as the supporting substrate for a thin film
system of interest. The variation of an adjacent reference
layer or substrate in this way fundamentally differs from
changing the contrast of a specific component within the lay-
ers of interest for the purpose of accentuating that feature.
The ultimate sensitivity is achieved by performing phase-
sensitive NR measurements for each of a number of different
labelings of a component part.

B. Experimental objectives

Three principal goals for these phase-sensitive neutron
reflectivity measurements were defined: (1) determining a
unique p(z) profile for the solar cell mimic films, (2) estab-
lishing the in-plane homogeneity of the films, and (3) ascer-
taining the effects of truncating the reflectivity data at a finite
wave vector value (Q,.c)- These goals stem from the diffi-
culties in determining the correct PCBM profile from the
single neutron measurements performed in air and the possi-
bility of having an inhomogeneous film.

A unique SLD depth profile can be obtained from specu-
lar reflectivity measurements only if any existing in-plane
inhomogeneities of the SLD are on a sufficiently short length
scale that the neutron wave packet effectively averages over
the variations. For example, if a film has two or more dis-
tinct, in-plane regions of different SLD which are larger than
the area an incident neutron wave packet projects on to, then
the measured reflectivity will consist of an area-weighted,
incoherent sum of reflectivities, where each independent
component of the sum corresponds to one of the distinct
regions. This resulting incoherent sum of reflectivities has no
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associated single SLD depth profile that is physically mean-
ingful. If, on the other hand, the projection of the neutron
wave onto the surface extends sufficiently over all regions of
different in-plane SLD simultaneously, then the coherently
reflected wave can be associated with a SLD that is the in-
plane average. The presence of regions of different in-plane
SLD of area greater than that which the neutron can effec-
tively average over can be identified by a distortion of the
form of the imaginary part of the reflection amplitude (which
can be determined in phase-sensitive neutron reflectivity
measurements).'’ For the instrumental configuration used in
these reflectivity measurements, the effective area of the neu-
tron wavepacket projected onto the surface is of the order of
100 pm.

Due to time constraints and signal-to-noise ratios, the
reflectivity data must be truncated at some finite value of the
wave vector, Q... Evaluation of truncation at some Q,,,«
will determine the effective spatial resolution of the SLD
depth profile and to what extent artifacts are introduced as a
consequence of the cutoff. For the samples studied here the
maximum practical value of Q obtainable is dictated prima-
rily by signal-to-noise ratio rather than counting time alone
and is more than adequate to uniquely characterize the con-
centration profile within the solar cell mimics we chose to
study. As will be demonstrated in the following sections, we
believe that, to a high degree of confidence, all of the above
goals have been achieved.

lll. EXPERIMENTAL SECTION
A. Sample preparation

To make the PSNR samples, both P3HT and PCBM
were weighed out in a 1:1 by weight ratio in air. The
polymer/nanoparticle mixture was then transferred to a nitro-
gen glove box and chlorobenzene was added such that a total
solution concentration of 30 mg/ml was obtained (15 mg
P3HT and 15 mg PCBM per 1 ml of solvent). The solution
was stirred for three days inside the glove box and then fil-
tered through a 200 nm PTFE filter. Two samples for the
PSNR tests were spin coated onto 75.2 mm diameter, 5 mm
thick polished silicon slabs; one at 2500 RPMs for 60 s,
denoted “fast grown” and one at 800 RPMs for 180 s, de-
noted “slow grown.” The solution was first heated to 50 °C
before spin coating for the slow grown sample to achieve a
completely flat film. Visual inspection of both of these unan-
nealed samples showed minor defects, the total defect area
amounting to a relatively small fraction of the total area il-
luminated by the incident neutron beam. Thus, based on this
optical criterion, these two samples were deemed to be of
potentially sufficient in-plane homogeneity to warrant further
study by PSNR. Such was not the case for some films an-
nealed at 140 °C for 10 min as we found large agglomerates
of PCBM formed upon thermal annealing, similar to previ-
ous reports.'*

The pure P3HT and PCBM samples were created fol-
lowing the same weighing procedure using only pure com-
ponents. Pure P3HT samples were spin coated at 2500 RPMs
and the pure PCBM was spin coated at 2000 RPM, both at a
concentration of 20 mg/ml in chlorobenzene. In this case

Downloaded 21 Jul 2011 to 129.6.121.232. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



074902-4

Kiel et al.

Backing Medium Backing Medium
Inlet Outlet

FIG. 2. A cross sectional image of the wet cell holder used for phase-
sensitive neutron reflectivity measurements. The path of the neutron beam
enters through a silicon “fronting,” encounters the film being studied and
exits through to the “backing” reservoir, which was either air or D,O for this
experiment.

though the silicon wafers were 50.8 mm in diameter and
1 mm thick. The larger silicon slabs were not needed for
these tests as the pure components did not require PSNR
calculations nor the sample holder described below due to
the low complexity of the films.

All samples were transported from the University of
Delaware to NIST in a nitrogen filled vacuum dessicator to
ensure no oxygen degradation. However, subsequent reflec-
tivity measurements showed no change in reflectivity or ex-
tracted p(z) profiles after many days exposure of the films to
oxygen.

B. Phase-sensitive neutron reflectometry

PSNR measurements were performed on the NG1 polar-
ized neutron reflectometer at NIST with an incident wave-
length of 4.75 A and a fractional standard deviation of the
wavelength of 0.01. A wet cell holder, Fig. 2, allowed for
easy changing of the backing media. Wafers were inserted
into the wet cell, aligned on the reflectometer, and data were
taken with air as the backing media. After the air backing
data was gathered, degassed D,O was slowly injected into
the wet cell as the new backing media and a new data set was
taken. The reservoir thickness of the backing medium was
approximately 100 um, defined by a flat Viton gasket. No
realigning was performed upon addition of the D,O but rock-
ing curves were periodically taken during the course of both
the air and D,O backing experiments to ensure no misalign-
ment occurred.

The pair of composite system measurements for each of
the two samples enabled determination of the complex re-
flection amplitude, both real and imaginary parts, as men-
tioned earlier. To verify that neither the sample film, e.g., by
absorption of water from the reservoir, nor the water level of
the reservoir itself changed over the course of the measure-
ments, the reflectivity curves were repeated several times. In
addition, transverse scans were periodically performed to
monitor alignment as well as the constancy of the water
level. In no case was a problem detected and all of the data
collected are believed to be quantitatively accurate and pre-
cise to a few percent.
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We note that the Si substrate for the fast grown sample
was slightly distorted from perfect flatness, most likely due
to the manufacturers polishing procedure, with a transverse
or rocking curve width of approximately 0.034° FWHM,
slightly larger than the instrumental resolution of 0.02°
FWHM. The silicon substrate for the slow grown sample was
flatter with a FWHM of approximately 0.21°. Deviation of
the substrate from perfect flatness results in an effective deg-
radation of the instrumental Q resolution perpendicular to the
substrate surface, i.e., for the specular scan. The flatness dis-
cussed here refers to the length scale of approximately hun-
dreds of microns, as opposed to the nanometer length scale
associated with interfacial “roughness,” typically quoted as
an RMS value. For all of the measurements the slit apertures
were opened with increasing Q, once sufficiently above the
critical angle region, so as to maintain an approximately con-
stant “footprint” of illumination on the sample surface. This
footprint measured about 25 mm in height and 40 mm in
length along the horizontal. Because of the large silicon sub-
strates, 75.2 mm diameter, no footprint correction was
needed for data reduction of the PSNR samples. A slight
footprint adjustment was needed for the low Q values on the
pure component samples because those measurements were
taken on 50.8 mm diameter substrates. For all measurements,
the fractional standard deviation of the wavevector transfer,
dQ/Q, was kept approximately constant at 0.025.

The reflectivity was obtained by subtracting background
from the measured reflected intensity and subsequently di-
viding by the incident intensity appropriate for the set of
aperture widths at a given value of Q. Given the beam time
available to us, it was possible to collect reflectivity data for
the fast grown sample with both air and water references out
to a Q of nearly 0.2 A~'. For the slow grown sample, it was
possible to collect reflectivity data out to 0.2 A~! for the
D,0 backing but only to about 0.1 A~! for the air backing.

Once the specular reflectivity data sets for the composite
systems were obtained, two different analyses were per-
formed to extract the p(z) depth profiles of the films, which
can be shown to be unique to within the extent allowed by
the statistical uncertainty in the data and its truncation at
some value of Q... The first analysis extracted the real and
imaginary parts of the complex reflection amplitude corre-
sponding to the “unknown” polymer film of interest (the
scattering length density associated with fronting and back-
ing media are automatically separated out in the process).
The real part of the reflection amplitude was then mathemati-
cally inverted® to obtain the unique p(z) profile of the film,
using no adjustable parameters whatsoever. As a second
method, the two composite system reflectivity data sets for
each polymer film were simultaneously fitted, which can be
shown to also lead to an unambiguous p(z) profile since the
phase information is contained in the two composite system
reflectivity data sets.”® In addition, the corresponding imagi-
nary part of the reflection amplitude was obtained and exam-
ined to determine, at least semiquantitatively, the degree of
in-plane homogeneity of the film, Fig. 6, on a length scale
commensurate with the lateral coherence length of the inci-
dent neutrons."
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FIG. 3. (a) RQ* vs Q for pure films of P3HT (A) and PCBM (O) and (b)
corresponding SLD profiles from the best fit lines of the data. The PCBM
film (~23 nm) was noticeably thinner than the P3HT film (~69 nm) due
to spin coating conditions. All fitting was performed using the Parratt for-
malism and both film profiles terminate at an SLD of 2.07 X 10°® A~2, that
of the pure silicon substrate. The native SiO, layer is not seen in the P3BHT
film profile due to the film thickness and finite Q obtained. The PCBM film
is small enough to see the SiO, layer, but it is contrast matched almost
exactly and therefore blends into the PCBM SLD profile.

IV. RESULTS AND DISCUSSION
A. Pure component films

Figure 3 is reflectivity data plotted as RQ* versus Q with
associated best fits to the data. The convention RQ* is used
because reflectivity decreases at a rate of Q* for systems
with sharp interfaces at high Q. As these films are pure com-
ponents phase determination was deemed unnecessary and
the data were fitted according to the Parratt formalism®® us-
ing the program MOTOFIT,” giving values of 3.6 X 107 and
0.70xX 10 A=2 for PCBM and P3HT, respectively, values
nearly identical to the calculated values.

With the pure component p(z) profiles known we could
begin to test and model solar cell mimics that contained both
P3HT and PCBM. However, these films are both complex
and unknown, at least in terms of nanoparticle dispersion, so
fitting the p(z) profile using the Parratt formalism®’ from one
scattering experiment proved difficult. Multiple solutions
could be obtained that showed reasonable thicknesses and
theoretically possible p(z) profiles that provided acceptable
values of total PCBM and P3HT within the system (i.e., the
mass balance was effectively conserved, showing roughly
48 vol % PCBM and 52 vol % P3HT). Determining which
profile was indeed correct proved difficult as the previous
studies mentioned above provided conflicting results. Hence,
the phase-sensitive tests, described below, were performed.

B. Fast grown film

The composite reflectivity data sets obtained for the fast
grown film and associated fits, which were determined si-
multaneously using the program GA_REFL developed by
Kienzle et al.”® at NIST, are shown in Fig. 4(a). The reflec-
tion amplitude corresponding to the polymer film alone, as
extracted mathematically via the methods described in the
literature cited earlier and the film p(z) profiles obtained by
simultaneous fitting and direct inversion of Re[r], are shown
together in Figs. 4(b) and 4(c), respectively. The agreement
of the p(z) profiles is remarkable. What relatively minor dif-
ferences are evident can be attributed to the statistical uncer-
tainty in the data and its truncation at a finite, maximum Q.29
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FIG. 4. Results for the fast grown film spin coated from a 1:1 mixture by
weight of P3HT and PCBM in chlorobenzene spin coated at 2500 RPMs. (a)
Composite reflectivity data sets obtained from specular reflectivity in both
air and D,O. Large error bars at high Q for the air sample are expected as
the reflectance here is approaching the background. (b) The real part of the
reflection amplitude corresponding to the film as extracted mathematically
via the methods described in the text. (c) The fast grown film SLD profiles
obtained by simultaneous fitting and direct inversion of Re[r] shown
together.

The relatively sharp spike in SLD at the substrate/film inter-
face in the simultaneous fit result was imposed on the profile
independently to account for the SiO, passive layer typically
found on bare silicon. Because of its relatively narrow width,
this feature is not directly observable for reflectivity data
collected up to the current Q... As discussed in greater de-
tail in a previous work,” an increase in p(z) is seen at the
substrate and near, but not at the air interface.

PCBM concentration is directly related to the p(z) and
can be found using a simple equation

brocey = p(z) = ppaur , (1)
PpcBM ~ PP3HT
where ¢pcgy is the volume fraction of PCBM and ppcgy and
ppaut are the p(z) of the two pure components determined in
separate experiments (see Fig. 2). The maximum concentra-
tion of PCBM at the substrate and near the air interface is
74% and 65% by volume, respectively. A slight difference
can be seen between the PSNR direct inversion technique
and the simultaneous fitting, particularly near the substrate.
These differences can be thought of as one gauge of the
uncertainty in the profile and do not significantly diminish
conclusions we can gather from this data. For example, the
energy diagram, Fig. 1, indicates that PCBM should be at the
air interface (the metal electrode) and not at the substrate (the
conducting oxide). Clearly, both analysis techniques demon-
strate that a high concentration of PCBM is present at unde-
sirable locations.

For a variety of reasons these reflectometry measure-
ments were performed on silicon wafers with a native oxide
present instead of poly(3,4-ethylenedioxythiophene) poly-
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(styrenesulfonate) (PEDOT:PSS) coated ITO slides, which
are the traditional substrates for polymer-based solar cells.
We note the substrate surface energy can affect the PCBM
concentration profile, however, at present we cannot avoid its
consequences, as discussed below. ITO coated glass slides
have a substantial roughness, both on the nanometer and mi-
cron scales, making reflectivity measurements difficult. Ad-
ditionally, gathering the PSNR composite data sets required
flooding the top of each film with D,O which dissolves the
water soluble PEDOT:PSS layer. Although the PEDOT:PSS
is coated with the hydrophobic active layer, we found that
regardless of the care taken to make a perfect, defect free
film the D,O always diffused through or around the active
layer into the PEDOT:PSS, swelling it and rendering the data
and the film worthless. Hence no PEDOT:PSS layer was
used.

As discussed earlier, the imaginary part of the reflection
amplitude for the film as a function of wave vector, Im[r](Q),
is sensitive to in-plane inhomogeneities. Im[r] for the fast
grown film showed no obvious indication of any such den-
sity variation on a length scale of the order of 100 wum. A
plot of Im[r](Q) for the slow grown film indicated a similar
degree of homogeneity and is plotted for illustration pur-
poses in the next section.

C. Slow grown film

The composite reflectivity data sets obtained for the slow
grown film and fits, which were determined simultaneously,
and the associated SLD profiles are shown in Figs. 5(a) and
5(b). Though noisier than that for the fast grown film, be-
cause composite system reflectivity data next to air were col-
lected only out to approximately half the maximum Q due to
beam time limitations, the SLD profile obtained via inversion
of Re[r] is in good agreement with the dual fitting. The
imaginary part of the reflection amplitude Im[r](Q) for the
slow grown film, which is sensitive to in-plane inhomogene-
ities on a length scale of the order of 100 wm, is plotted in
Fig. 6. The presence of well-defined zero crossing points
between the two roots of the quadratic equation for Im[r]
(one root corresponds to the actual physical solution) is in-
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FIG. 5. (a) Composite reflectivity data sets obtained for the slow grown film
and fits which were determined simultaneously and (b) the slow grown film
SLD profile obtained by simultaneous fitting of the corresponding data. As
the SLD profiles were simultaneously fitted the profiles overlap until the
backing layer was reached and they differ with the air backing film going to
SLD=0x10° A2 and the D,O backing film going to an SLD=6.2
X107 A2,
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FIG. 6. The imaginary part of the reflection amplitude for the film in Fig. 5,
Im[r](q), which is sensitive to in-plane inhomogeneities on a length scale of
the order of a hundred microns. The presence of well-defined zero crossing
points indicates a very homogeneous and good film.

dicative of effective coherent averaging by the neutron wave
on a length scale of the order of its lateral coherence
length.19

D. Effects of reflectivity data truncation

Finally, in this section, we address one other key issue:
whether truncation of neutron reflectivity data, at a finite
maximum wave vector transfer Q,,,,, introduces “ringing”
artifacts in the extracted scattering length density profile
which might be misinterpreted as evidence of excess PCBM
concentration at the interfaces.

To answer this question, two model scattering length
density p(z) profiles were investigated [Fig. 7(a)]. Each pro-
file extends 900 A, one having peaked structures adjacent to
both interfaces, closely mimicking that which was obtained
in the experiment, the other a single homogeneous slab with
a constant p(z) equal to the average of the former profile.
The real part of the reflection amplitude was calculated for
each of the model p(z) profiles described above and then
inverted using the exact one-dimensional quantum mechani-
cal theory, but for limited ranges of Re[r], in one case up to
Q,x=0.4 A™! and in another up to only 0.1 A~'. Figure
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FIG. 7. (a) SLD profiles obtained by inverting the real part of the reflection
amplitude generated from the two model profiles, one flat and homogeneous
and the other with increased SLD at the interfaces. (b) Imaginary part of the
reflection amplitude, Im[r] (corresponding to Re[r]), for the two profiles,
i.e., the flat homogeneous case (solid line) and the one with increased SLD
adjacent to the interfaces (dashed line).
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7(b) is a plot of Im[r] for the two profiles, i.e., the flat ho-
mogeneous case and the one with increased p(z) adjacent to
the interfaces.

As indicated in Fig. 7, the scattering from the two struc-
tures is significantly different from one another, at least as is
manifested in the imaginary part of the reflection amplitude,
retrieved using phase-sensitive neutron reflection methods
indicating there is substantial difference in scattering results
between a homogenous film and one with PCBM concen-
trated at both interfaces. Comparison of the p(z) profiles ob-
tained by inverting the real part of the reflection amplitude
generated from the two model profiles is shown in Fig. 7(a).
Two inversions were performed for each model profile, one
for Re[r](Q) values up to Q,,,=0.4 A~!, the other for
Quax=0.1 A~'. In all cases, the oscillation or ringing which
arises as an artifact of the truncation of Re[r] at finite Q is
negligible in comparison to the size of the actual enhanced
SLD values adjacent to the interfaces.”’

The phase-sensitive neutron reflectivity methods, applied
both to measurements on actual photovoltaic films as well to
representative model p(z) profiles, demonstrate that the ef-
fects of truncating reflectivity data at finite maximum values
of wave vector transfer do not introduce spurious effects of
sufficient magnitude to cause any significant misinterpreta-
tion in regard to the actual enhanced scattering length density
in the vicinity of either interface.

V. CONCLUSION

Several important conclusions can be drawn from these
phase-sensitive neutron reflectivity measurements on unan-
nealed photovoltaic films containing the polymer P3HT and
PCBM nanoparticles. First, the in-plane density distribution
of matter across the plane of the film is of sufficient homo-
geneity to ensure adequate coherent averaging of the neutron
wave—which is a prerequisite for a meaningful correlation
of specular neutron reflectivity data with a single, represen-
tative p(z) depth profile across the thickness of the film. Sec-
ond, the unique p(z) profiles retrieved from phase-sensitive
neutron reflectivity data reveal an unambiguous concentra-
tion of PCBM at the substrate/film and film/air interfaces.
That is, it conclusively shows the fullerene derivatives con-
tained in the film are not distributed uniformly but, rather,
are more concentrated at the two interfaces. Finally, PSNR
measurements and analysis demonstrate that the effects of
truncating reflectivity data at the finite maximum values of Q
reached in the present studies do not introduce spurious ef-
fects of sufficient magnitude to cause any significant misin-
terpretation in regard to the actual enhanced scattering length
density in the vicinity of either interface.
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