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We investigate the effect of confinement on the coherence length and the crystalline microstructure of the polymer

component of polymer:fullerene bulk heterojunction thin films using grazing incidence wide angle x-ray scattering. We
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find that the polymer crystallite size decreases and the alignment of the molecules along the surface normal increases, as

the thin-film thickness is reduced from 920nm to < 20nm and approaches the thin-film confinement regime. Furthermore,

we find that the polymer crystallite size near the surface (air interface) is lower than the crystallite size in the bulk or the

bottom (substrate interface) of bulk heterojunction films thicker than the confinement regime. Variation in polymer

crystallite size can cause changes in charge carrier mobility and recombination rates, which in turn affect the performance

of bulk heterojunction thin film devices such as photovoltaics and photodetectors.

Introduction

The vertical confinement (film thicknesses below the typical
coherence length) of a polymer:fullerene bulk heterojunction
(BHJ) thin film causes a significant change in fundamental
material properties compared to bulk systems.l'4 Thin-film
confinement of semi-crystalline polymers has been of great
interest recently,a'8 however the effect of confinement on the
structure of the polymer within polymer:fullerene BHJ films
has not been given as much attention. The addition of
fullerene may have significant implications on the process of
aggregation and crystallization of the polymer. Furthermore
due to the vertical phase segregation of the polymer and the
fullerene within a BHJ, there can be depth dependent variation
of polymer crystallization which has remained unexplored in
earlier studies on pure polymer systems.g'12 Here we
investigate the variation of the polymer crystallite size within a
BHJ as a function of film thickness and as a function of depth
within the film. This is fundamental to the understanding of
the BHJ system and its application to various optoelectronic
devices such as organic photovoltaics and photodetectors.13‘14
In BHJ films, within a thickness regime of 100-200 nm, the
morphology has been shown to be affected by various
processing conditions such as choice of solvent, drying time,
thermal treatments, and the use of solvent additives.”>™’
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These morphological variations directly impact the optical and
electronic properties of the BHJ layer critical for device
applications.“’18 In order to direct efforts to design new
polymers and thin film architectures, an in-depth
understanding of BHJ microstructure and its variation due to
additional complexities such as phase segregation is critical.
The present work focuses on using grazing incidence wide
angle X-ray scattering (GIWAXS) to probe the structure of a
poly[3-hexylthiophene-2,5-diyl] (P3HT) and [6,6]-phenyl C61
butyric acid methyl ester (PCBM) BHJ layer. We find that as the
thickness of the BHJ is decreased to the ultrathin regime of <
20nm, surface-energy effects at the interfaces and kinetics of
film formation play an increasingly important role in
determining the BHJ microstructure. Additionally, we probe
variation with depth within a film by employing surface-
sensitive GIWAXS (angle of incidence = 0.07° < the critical
angle of 0.1°, yielding a depth sensitivity of ~11nm) on as-cast
BHJ films as well as BHJ films that have been inverted onto a
new substrate exposing the buried interface of the film. These
results allow us to directly measure the variation in
microstructure at the interfaces (air/film, film/substrate) and
compare them to the bulk.

The polymer in BHJ films crystallizes with a lamellar alignment
parallel to the substrate with the side-chain groups
perpendicular to the substrate. In the conventional
crystallographic notation this lamellar direction is defined as
<100>."* We use the term “crystallite” to refer to a set of n-
stacked conjugated polymer segments that participate in
lamellar stacking and result in diffraction peaks in the grazing
incidence geometry. The coherence length as determined
using the FWHM of the <100> scattering peak is identified as
the “crystallite size” in this direction. Although several studies
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have tried to quantify the extent of disorder in polymers in
various ways,7’19'21 in this manuscript we use the FWHM of the
normalized scattering intensity as a function of the polar angle
X with respect to the surface normal at the g-vector of the
<100> peak, as a measure of the extent of alignment of the
polymer molecules (molecular packing order) along the surface
normal.

Using spin-cast BHJ films (thicknesses ranging from 15nm —
920nm) on poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT-PSS), we find that the polymer
crystallite size in the bulk of the film increases from 6.86 (+/-
0.04) nm to 21.49 (+/- 0.19) nm as the film thickness increases
from 15nm to 920nm, with the asymptotic crystallite size of
~21nm occurring for film thicknesses > 200nm. The molecular
packing order, as defined above, decreases as the film
thickness is increased. Additionally, we find that the crystallite
size on the surface of a BHJ film thicknesses >100nm is
reduced compared to the crystallite size at the buried interface
between the BHJ and the PEDOT-PSS.

Experimental
Sample Preparation

Poly(3-hexylthiophene) (P3HT) was obtained from Rieke Metal
Inc. (4002-EE, Lot # BS21-21) with a molecular weight, Mw of
40,000 — 60,000 Daltons and regioregularity, RR of 90-94%.
[6,6]-Phenyl-C-61-butyric acid methyl ester (PCBM) of purity
greater than 99.5% was obtained from American Dye Source
Inc. (ADS61BFA, Lot # 12EO011E). The substrates used were
microscope slide glass obtained from Thermo Fisher Scientific,
and silicon wafers with a native silicon dioxide layer and also
300nm silicon dioxide on silicon wafers obtained from Ted
Pella Inc. The substrates were cleaned by sonication for 15
minutes in acetone, then 15 minutes in isopropanol, and finally
15 minutes in deionized water. The cleaned substrates were
dried using N, gas and exposed to UV ozone for 300s. P3HT
and PCBM solutions were prepared in 1:1, 2:1, and 1:2 ratios
using 1,2-dichlorobenzene (anhydrous, 99%), Sigma Aldrich, St.
Louis, MO. The solutions were prepared inside a glove box (02
< 0.1ppm, H20 < 0.1ppm) and stirred for 2 hours at 50°C using
a Teflon coated magnetic stirrer. After stirring they were
filtered through a PTFE syringe filter with a pore size of 0.45um
and transferred into a fresh vial. Total solids solutions were
prepared with concentrations of 2mg/ml, 5mg/ml 10mg/ml,
20mg/ml and 50mg/ml. These were pipetted onto the
substrate and spun at 700rpm for 40s inside the glove box.
After the films were dry (judging by the drastic visual change in
coloration of the film), they were thermally treated at 150°C
for 10 minutes inside the glovebox.

Grazing-incidence wide-angle X-ray scattering

GIWAXS measurements were performed at the undulator-
based X9 endstation at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory. Two-dimensional
scattering images were acquired using a flat area detector,
positioned 280mm from the sample, and using an X-ray
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wavelength of 0.918nm (photon energy of 13.5keV). Raw data
conversion to g-space was accomplished by measuring a
standard sample with known scattering features (Silver
Behenate), and accounting for detector position and tilt angle
in the grazing incidence geometry. The incident beam was
collimated using slits and focused onto the sample position
using a KB mirror system; the beam size at the sample position
was approximately 200um horizontal width and 50um vertical
width. Measurements were performed at a variety of incident
angles (0.07°, 0.10°, 0.12°, 0.15°, and 0.20°); all measurements
above the critical angle (0.1° degrees for P3HT) had similar
features. The results presented in the manuscript representing
the bulk of the film use the data at 0.20°, which is well above
the critical angle for any of the films studied, and is thus
representative of the entire film.

Results and Discussion

The polymer in BHJ films crystallizes with a strong degree of
lamellar alignment parallel to the substrate with the side
groups perpendicular to the substrate (“edge on”, as shown in
Fig. 1). We define q, as the component of the scattering
vector, q, perpendicular to the sample surface, while gy, is
defined along the sample surface. The 2D GIWAXS pattern in
Fig. 1 shows three peaks <h00> in the substrate-normal (q,)
direction. Extracting a line cut in this direction allows us to
calculate the spacing between the P3HT lamellae in the
substrate-normal direction. For a film with a thickness of 92nm
we measure a layer spacing of 1.7nm, which is consistent with
previous reports.lz'”’17 We have computed the P3HT crystallite
size from the <100> scattering peak-width using a Scherrer
analysis, accounting for instrumental broadening of the peak
and intersection of the scattering with the detector
geometry.22 Instrument details can be found in the
experimental section. For a film with a thickness of 92nm we

obtain a polymer crystallite size of 19.8nm, which agrees with

polymer crystallite size in BHJ films from previous reports.lz"
14,17
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Fig. 1 Schematic of the GIWAXS measurement geometry. The polymer chains are
shown to form a crystallite in the edge-on orientation. In this alignment the P3HT back-
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bone is oriented parallel to the substrate, and the side chains pointing in the substrate-
normal direction.

BHJ films of different thicknesses (ranging from 15nm -
920nm) were spun on PEDOT-PSS/Glass substrates. The
thicknesses were determined using variable angle
spectroscopic ellipsometry, the details for which can be found
in previous reports.11 Fig. 2 shows the P3HT crystallite size as
well as the layer spacing in the substrate-normal direction
between the P3HT lamellae. We find that as the thickness of
the active layer is reduced, the crystallite size of the polymer
decreases. In the ultrathin film of 15nm, we find that the
crystallite size decreases to 6.9nm as a combination of
confinement and enhanced solvent evaporation frustrate the
crystallization process and produce smaller P3HT crystallites.
For films of thickness >100nm, the crystallite size approaches
~21nm as an asymptotic limit. In order to confirm crystallite
size saturation, a thick film of 920nm is also measured for
which the polymer crystallite change
significantly. Furthermore, using a line cut along g, to
calculate the isotropic crystallite size for films thicker than
200nm, we have verified that no significant variation can be
seen in the crystallite size due to P3HT orientation. The
molecular layer spacing within the polymer in the substrate-

size does not

normal direction was also measured and is shown in Fig. 2.
Although there are small variations (<1A) as the thickness of
the BHJ is increased, the molecular layer spacing remains at
~1.7nm.

Additionally a peak at <010> is also visible representing the n-nt
stacking direction. Crystallite sizes in this direction are
calculated to be ~4nm and the m-n stacking distance ~0.4nm
consistent with previous reports.17
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Fig. 2 Polymer crystallite size (red, right) extracted using the Scherrer analysis as
discussed in the text and layer spacing between polymer molecules in the surface
normal direction (blue, left) for BHJ films of various thicknesses. The error bars
represent the standard deviation from multiple spots on the film. Solid lines are to
guide the eye.

The P3HT in BHJ thin films shows a strong preference for
“edge-on” orientation. In this alignment the P3HT back-bone is
oriented parallel to the substrate, with the backbones stacked
in the substrate-normal direction and the P3HT side chains

pointing in the substrate-normal direction.”**?* This most

This journal is © The Royal Society of Chemistry 2015

likely arises from surface effects at the substrate/BHJ and the
BHJ/air interface, where the P3HT side-chains preferentially
interact with these interfaces to lower overall surface energy.
This effect of interface alignment has been shown previously in
liguid crystals and decays exponentially from the interface
towards the bulk.”® As the thickness of the BHJ film is reduced,
the substrate/BHJ and the BHJ/air interfaces are brought
closer together therefore further aligning the P3HT molecules.
The normalized scattering intensity as a function of the polar
angle %, with respect to the surface normal at the g-vector of
the <100> peak, gives us a measure for the P3HT orientation.
Fig. 3(a) shows that the lamellar alignment is predominantly
parallel to the substrate (i.e., edge-on alignment) at x ~ 0. The
inset in Fig. 3(b) shows the normalized scattering intensities
for different film thicknesses as function of y around y ~ 0.
Fitting the intensity to a Gaussian profile gives us the FWHM,
which is used as a measure of the extent of P3HT alignment.
Fig. 3(b) shows that as the film thickness is reduced from a BHJ
film of >100nm to the thin-film confinement regime, the
FWHM decreases indicating that the P3HT molecules become
further aligned in the edge-on direction. This agrees well with
previous works where P3HT crystallites have been seen to
become more ordered as the thickness of a BHJ film is
reduced.'

Phys. Chem. Chem. Phys., 2015, 00, 1-6 | 3
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Fig. 3 (a) Two-dimensional scattering image for polymer:fullerene BHJ thin film showing
polymer lamellar alignment parallel to the substrate (“edge on”) as demonstrated by
the <h00> scattering peaks, and a characteristic diffuse PCBM scattering ring. Also
shown is the direction of the polar angle . (b) The full width at half maximum (FWHM)
of the normalized intensity vs. x at the <100> peak position for films of different
thicknesses. Inset shows the normalized intensity (a.u.) vs. x for films of different
thicknesses.

Surface energy effects at the interfaces of a BHJ film have also
been shown to cause a linear concentration gradient of the
polymer in a polymer:fullerene blend film in the substrate-
normal direction.>***?’ It has been seen in blend films that an
interfacial layer of high polymer concentration is formed at the
BHJ/air interface and an interfacial layer of higher fullerene
concentration is formed at the substrate/BHJ interface.

The inset in Fig. 4 shows the change in the crystallite size for
films of different thicknesses in the top, bulk and the bottom
of the film. The top of the film is probed using a surface
sensitive GIWAXS angle of 0.07° (critical angle for this film ~
0.1°). For a BHJ film, this gives a depth sensitivity of 11.6nm
from the air interface. The sample is then immersed in a water
bath to dissolve the PEDOT-PSS and float the BHJ film. A clean

4 | Phys. Chem. Chem. Phys., 2015, 00, 1-6

substrate is then used to recover the BHJ film but inverted
from its initial state. This film is dried by flowing nitrogen and
then left in vacuum overnight. Scattering data collected at a
grazing incidence angle of 0.07° on this film then gives us
information from the bottom 11.6nm of the original BHJ film,
the part of the film that was previously adjacent to the
PEDOT:PSS layer. It is important to point out that for a 15nm
thick film, the regions to which we are sensitive in the original
and inverted films overlap in the middle ~9nm. Therefore
scattering data on this film serves as a check to validate that
the process of the inversion does not affect the GIWAXS
measurement results. The inset in Fig. 4 also shows the bulk
crystallite size calculated using a 0.2° incident angle as a
reference.

We find that in the top 11.6nm of the BHJ film near the air
interface, the crystallite sizes are smaller than at the
PEDOT:PSS interface or in the bulk. This is true for films of
thickness > 92nm. For the ultrathin films, the crystallite size at
the air interface ~ crystallite size at the PEDOT:PSS interface.
This confirms that the inversion process does not affect the
results. Fig. 4 shows the change of crystallite size (A Crystallite
size) from the bottom 11.6nm (PEDOT:PSS interface) to the top
11.6nm (air interface). For the ultrathin films the variation is ~
Onm as we are probing roughly the same volume in both cases.
However for the films with thickness >100nm, we measure a
decrease of about 5-7nm in the crystallite size between the
bottom (PEDOT:PSS interface) and the top (air interface) of the
film.

7 \
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Fig. 4 The difference in the polymer crystallite size (A Crystallite size (nm)) between the
bottom (~11nm) and the top (~11nm) of the BHJ film as a function of film thickness.
The inset shows the calculated polymer crystallite sizes in the top (surface sensitive
GIWAXS on the as-cast film), bottom (surface sensitive GIWAXS on a film that was
physically inverted from its original state), and the bulk (GIWAXS at an incidence angle
well above the critical angle) of the BHJ film.

Although this variation in crystallite size within the depth of
the film could naively be attributed to the variation in PCBM
concentration due to phase segregation, in order to
understand the effect of a PCBM concentration gradient on
the polymer crystallite size, we measure the bulk polymer
crystallite size using GIWAXS from samples of different blend

This journal is © The Royal Society of Chemistry 2015
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ratios but of the same concentration. Blend ratios are chosen
such that the polymer volume fraction is similar at the air
interface, bulk, and the PEDOT:PSS interface in a phase
segregated film of thickness >100nm.™ For BHJ films with
P3HT:PCBM ratios of 1:2, 1:1, and 2:1, we calculate a bulk
crystallite size of 19.5nm, 21nm, 17.5nm respectively. The bulk
crystallite size of the polymer in a BHJ film does not vary
significantly with polymer fraction (in the range of polymer
fraction variation that can be seen within a phase segregated
film).

Therefore, the observed variation of crystallite size within the
film depth cannot be due to the change in the PCBM fraction,
but can likely be attributed to the variation in the kinetics of
film formation. The Avrami equation can be adopted as a
rough model to understand the kinetics of crystallization
within BHJ films.”® The Avrami expression has been used
previously to model the extent of phase-volume development
as a function of time.*? In our case, the films are in a steady
state after the process of crystallization has already been
completed. However there is a variation of the extent of phase
development as a function of the depth of the film due to the
time it takes for the solvent to escape from different sections
in the film. Therefore we develop an Avrami expression where
the phase development of crystallization, o, is written as a
function of the distance from the air interface, x, within a BHJ
film:

a(x) =1 — ekx", (1)
where K is the rate constant and n is the Avrami exponent. To
quantify the extent of polymer crystallization, o, we use the
integrated intensity of the <100> peak over q, normalized by
the maximum intensity value.?
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Fig. 5 The Avrami exponent n (blue, left) and the rate constant K (nm™) (red, right)
calculated for BHJ films of several different thicknesses. The dotted lines are guide to
the eye. The error bars are calculated using the covariance matrix from the least
squares fitting of the data to Eq. (1). The inset shows normalized a(x) as a function of
the normalized depth for BHJ films of three difference thicknesses (15nm, 45nm, and
92nm). The solid lines represent the best fit curves.

For each film, we calculate a for three points in the depth of
the film: the top 11.6nm, the bulk that is used as the center
value, and the bottom 11.6nm. The calculated Avrami

This journal is © The Royal Society of Chemistry 2015

exponent (n) and the rate constant (K) for BHJ films of
different thicknesses are shown in Fig. 5. The error bars are
calculated using the covariance matrix from the least squares
fitting of the data to Eq. (1). The inset in Fig. 5 shows a(x) as a
function of the normalized depth for BHJ films of three
difference thicknesses (15nm, 45nm, and 92nm). The solid
lines represent the normalized best fit curves to Eq. (1). The
rate constant for films in the thin-film confinement regime is
higher than films of larger thicknesses, suggesting that the
crystallization in the thinner films is more rapid as a function of
depth. In films of larger thicknesses, the rate of crystallization
is lower as there is more volume further away from the air
interface, from which the solvent has to escape. The Avrami
exponent n has contributions from both nucleation and growth
mechanism and can be written as n =n; +ng, where n;
relates to the nucleation and the n; to the growth
mechanism.?® The nucleation factor, n;, is expected to have
values between 1, which refers to constant nucleation, and 0,
which refers to quenched-in nuclei. Assuming that the growth-
mechanism for films of all thicknesses is the same, we can then
understand the change in the Avrami exponent as a function of
thickness shown in Fig. 5 as change in the nucleation rate. For
films in the thin-film confinement regime we get a value for
the Avrami exponent to be close to 1 indicating constant
nucleation. As the thickness of the BHJ film is increased, we
approach a value of ~0.05 which can be explained by the
quenching of the nucleation of polymer crystallization.

This rough model for polymer crystallization fits the data well
and provides a likely explanation for the depth-dependence of
polymer crystallization in a BHJ film. In an electronic device,
the top of the film forms the interface to a metal contact that
plays a crucial role in band alignment and recombination
dynamics. The variation is particularly
important as it changes the interfacial area between donor

in crystallite size

and acceptor materials. As excitons are dissociated at these
interfaces, crystallite size variation significantly affects the
charge transport and pathways for charge percolation. This in
turn can cause changes in mobility and recombination, and
therefore determine the performance of an electronic
device.???*

Conclusions

The confinement of polymer:fullerene BHJ films significantly
alters the structural and crystallographic properties of the
polymer. We presented a crystallographic analysis of
polymer:fullerene thin films of different thicknesses using
GIWAXS, and determined that the crystallite size of the
polymer in BHJs decreases and the molecular alignment of the
polymer along the surface normal increases in the thin-film
confinement regime. Furthermore, we studied the change in
the crystallite size of the polymer within the depth of the film
for different film thicknesses. We found that for thicknesses
>100nm, the crystallite size on the top ~11nm of the film is
reduced compared to the crystallite size in the bottom and the
bulk of the film. We provided a likely explanation for this by
using the Avrami equation to model the kinetics of film

Phys. Chem. Chem. Phys., 2015, 00, 1-6 | 5
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formation. These results shed new light on the physics of bulk-
heterojunction film formation, enabling material optimization
and design for applications such as bulk heterojunction organic
photovoltaics.
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