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Abstract

The stiffness of conjugated polymers should lead to chain alignment near buried interfaces, even
if the polymer film is nominally amorphous. Although simulations predict that this alignment
layer is approximately 1.5 times the persistence length, chain alignment at buried interfaces of
amorphous polymers has not been experimentally measured. Using Mueller matrix spectroscopy,
we have modeled the optical response of regiorandom poly(3-hexylthiophene-2,5-diyl) (P3HT) in
order to extract the aligned layer thickness. We find that by approximating the optical properties
of the aligned layer as that of regioregular P3HT, the data can be effectively modeled. When the
film is thicker than 150 nm, optical properties are best described with a 4 nm aligned layer, which

is quantitatively consistent with previous predictions.



Chain alignment near buried interfaces may improve adhesion,' affect transport of small
molecules in membranes,” and enhance charge mobilities in organic thin-film transistors> 4.
Polymers with stiff conformations are predicted to locally align near impenetrable surfaces, such
that chain backbones are parallel to the interface. >’ Simulations of bead-spring semiflexible
chains predict that the thickness of the backbone alignment layer is approximately 1.5 times the
persistence length (), even when the polymer is isotropic in the bulk.*? This uniaxial nematic

order (alignment in one axis) near interfaces can also promote the spontaneous formation of biaxial

alignment, where nematic coupling leads to domains with locally-aligned chains.*”

The presence of order at buried interfaces has been detected in semicrystalline polymers
using sum-frequency generated spectroscopy'’ and grazing-incidence X-ray diffraction
(GIXRD)* Near-edge X-ray absorption spectroscopy, which is sensitive to molecular alignment
at surfaces, has demonstrated alignment at air interfaces, or buried interfaces when this surface is
exposed through delamination.!''* Alignment in films of molecular glasses, where the molecule
has a rod-like or disk-like shape, has also been demonstrated through GIXRD, spectroscopic
ellipsometry and anisotropic optical absorption.!>!® Nevertheless, the presence of an aligned

buried layer for nominally amorphous and isotropic polymers has not been demonstrated.

Ellipsometry has been used extensively to characterize the optical properties of thin-films
composed of conjugated small-molecules or polymers.'* 27 Spectroscopic ellipsometry often
relies on evaluating the elements of the diagonal of a 4-complex element Jones matrix collected at
a single angle of incidence. Typical ellipsometric spectra are complex and are the ratio of the (1,1)
to (2, 2) Jones matrix elements. Analyzing only these diagonal Jones matrix elements or their ratio

at a single angle of incidence is limited in the ability to fully account for optical anisotropy.



A more general approach to characterize optical anisotropy relies on measuring the 16-
element Mueller matrix or all 4-complex elements of the Jones matrix. In the absence of
depolarization, both representations of the polarization modification of incident light by a sample
are sensitive to optical anisotropy (depolarization is not accounted in the Jones matrix
representation). The off-diagonal Jones matrix elements or the “upper right” and “lower left” 2 x
2 blocks of the Mueller matrix are non-zero in the presence of in-plane optical anisotropy and zero
in its absence. The diagonal Jones matrix elements or the “upper left” and “lower right” 2 x 2
blocks of the Mueller matrix collected at multiple angles of incidence show different measurement
angle dependences when out-of-plane optical anisotropy is present or absent. When out-of-plane
optical anisotropy and in-plane anisotropy are absent, the only difference in these Jones or Mueller
matrix elements arise from the angle of incidence and associated path length difference of the
incident beam through the sample layers as the optical response of the layer is isotropic. When
out-of-plane optical anisotropy is present, the angle of incidence dependence of these matrix
elements depends on both the angular dependent path length difference of the incident beam
through the sample layers and sampling of both the in-plane and out-of-plane optical properties of
the anisotropic layer. Thus, Mueller matrix spectroscopy is a powerful tool for characterizing the
optical response, typically in the form of the complex index of refraction (N = n + ik) spectra, for

28-30

anisotropic films. Optical birefringence, or optically anisotropic materials, can be

characterized with Mueller matrix spectroscopy.’! 3

Here, we demonstrate that Mueller matrix spectroscopy is sensitive to chain alignment near
buried interfaces for polymers that are amorphous in the bulk. Inspired by recent simulations of
semiflexible polymers that predict the presence of uniaxially aligned layers near buried interfaces,

we examine a model conjugated polymer, regiorandom poly(3-hexylthiophene-2,5-diyl) (RRa



P3HT), to measure the presence of aligned layers. RRa P3HT is amorphous and isotropic in the
bulk, %3334 although it has shown dichroism in polarized Fourier-transform infrared spectra from
thin films'®. Mueller matrix spectroscopy of thin-films also shows optical anisotropy, which we
describe using a model based on two layers for RRa P3HT films, where optical properties derived
from regioregular (RR) P3HT describe an aligned layer near the substrate-film interface. The
mean thickness of the aligned layer is 4.1 £ 0.5 nm, in good agreement with the layer thickness

predicted from simulations of 4.4 nm.

RRa P3HT was purified using consecutive Soxhlet extractions as previously described.**
35 The molecular weight of RRa P3HT (Aldrich) was measured to be 108 kg/mol using static light
scattering (SLS, Figure S1 of the Supplementary Material). Using the radius of gyration obtained
from SLS, a persistence length /, of 2.9 + 0.4 nm is obtained, which compares well to predictions
from the freely rotating model of 2.8 nm and neutron scattering measurements for RR P3HT that
yield 3 nm.**8 Films of RRa P3HT and RR P3HT were spun cast on silicon wafers with native
oxide using solution concentration to control film thickness. Native oxide thicknesses were
obtained prior to spin casting using standard spectroscopic ellipsometry as both silicon and its
native oxide are optically isotropic. For RRa P3HT films, multiple spots on multiple samples are
measured (Table S1 of the Supplementary Material), whereas one spot was measured for the RR
P3HT Films (Table S2 of the Supplementary Material). Films are annealed for 12 hours at 165
°C. Mueller matrix spectra from 210 to 1690 nm are acquired for at least three angles of incidence
ranging from 45° to 75° for each film. Dual rotating compensator multichannel ellipsometers (J.
A. Woollam Co. model RC-2) were used for data acquisition.’® The Mueller matrix elements are
commonly normalized to the (1, 1) element and represented by MA/ where k indicates the row and

[ the column of the 4 x 4 matrix. Depolarization is negligible in the measurement samples due to



film and substrate spatial uniformity. Average out-of-plane optical anisotropy is absent as the
“upper right” and “lower left” 2 x 2 blocks of the Mueller matrix are zero. In-plane optical
anisotropy is measured through simultaneous characterization of the “upper left” and “lower right”
2 x 2 blocks of the Mueller matrix (M12, M21, M22, M33, M34, M43, and M44) collected at
multiple angles of incidence. All Mueller matrix elements collected at each angle of incidence are
fitted simultaneously in the optical modeling. The ordinary and extra-ordinary optical properties

correspond to those obtained in-plane and out-of-plane, respectively.

One of the challenges of spectroscopic ellipsometry and Mueller matrix spectroscopy is
the complexity of appropriate models with many adjustable parameters that are often required to
properly describe the optical response and structure correctly. We developed our model step wise,
with complexity added only as needed. Figure S2 shows schematics of the various models. As a
starting point, we consider that each film is represented by only a single isotropic layer as shown
in Figure la. Data from measurements from each total film thickness are simultaneously fit to
derive the Mueller Matrix (MM) spectra with some select elements shown in Figure 1b; Figure S3
shows the optical properties from this model. This isotropic model does not overlap the
experimental Mueller matrix elements in P3HT, suggesting further perturbations to this optical
model may improve the quality of fit and increase the information gained from the analysis. The
appropriateness of a given model compared to others is determined by comparison of the mean
square error (MSE) or quality of fit to the experimental data, error on fit parameters, and correlation
coefficients between fit parameters. Sample MSE variations for different models are provided in

Tables S3 and S4 of the Supplementary Information.



Next, we consider using a single anisotropic layer to fit spectra from each film, thereby
allowing for the ordinary and extra-ordinary optical properties to differ but again with a single set
of optical properties for all thicknesses (Figure S4a of the Supplementary Material). This model
slightly improves the quality of fit. (Figure S4b of the Supplementary Material). The optical
properties derived are shown in Figure S5. As expected, the ordinary optical properties are quite

similar to the isotropic optical properties.

These two basic models assume that RRa P3HT optical properties are constant with
thickness; to investigate this assumption, anisotropic single layer models are developed separately
for data obtained from films that vary in total film thickness (Figure S6a of the Supplementary
Material). All data collected from films of a given thickness are fit simultaneously. The quality
of fit substantially improves, as shown in Figure S6b of the Supplementary Material. We further
improve the quality of the fit by including a top layer that is described with a Bruggeman effective
medium approximation 0.5 volume fraction polymer optical properties and 0.5 volume fraction

air, to account for surface roughness, as shown in Figure 2a.*

To quantify how optical properties change with film thickness, the mean 1100 nm
birefringence was determined for each set of data as the mean difference between the ordinary
refractive index and the extra-ordinary refractive index produced by the model. We use the optical
properties at 1100 nm because our materials exhibit no absorption at this wavelength, and the
birefringence at 1100 nm is representative of the measured long wavelength portion of the
spectrum. Figure 2b shows that birefringence decreases as the film gets thicker. Standard
deviations decrease dramatically with thickness, with the 24 nm samples likely being too thin to
model with any significant sensitivity to birefringence. Nevertheless, differences between values

from thinner films and values for films that are thicker than 150 nm are statistically significant.
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Statistical significance was determined using a two-tail p-test that does not assume equal variance.
Including or omitting surface roughness in the models does not meaningfully change the results in
Figure 2b, as shown in Figure S6c of the Supplementary Material (roughness values are reported

in Figure S7).

We also measure the optical anisotropy of RRa P3HT thin films using polarized optical
microscopy. Images are taken using crossed and un-crossed polarizers to calculate the
birefringence as the ratio of the two images over the same region. Figure S8 of the Supplementary
Material corroborates Figure 2b, where the birefringence decreases as a function of film thickness.
Assuming weak or modest chain backbone alignment, we would expect that birefringence from
polarized microscopy to increase with film thickness, even if the degree of chain alignment is

constant with thickness.*!

Figure 2b and Figure S8 suggest that the decrease in birefringence with film thickness is
due to backbone alignment (alignment of chain axes) in the film decreasing as thickness increases.
This could be due to the film-substrate interface promoting chain alignment, such that the overall
alignment and birefringence in the film decreases as the film gets thicker. To investigate how
surface induced chain alignment contributes to the measured birefringence, a second anisotropic
layer is added to the model. The optical response of this bottom layer is considered to be the same
as those derived from simultaneously modeling regioregular P3HT film measurements with a
single anisotropic layer. Regioregular P3HT is semicrystalline and crystals are textured with
respect to the substrate, and thereby exhibits much stronger birefringence than amorphous
regiorandom P3HT.?" 32 It was found that the two-layer models are not sensitive enough to
independently derive physically realistic optical properties for the bottom layer, necessitating this

assumption. The derived RR P3HT optical properties are shown in Figure S9.
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Using the RR P3HT properties for the bottom layer, two-layer models with an anisotropic
top layer are developed separately for each set of data for a given total film thickness (Figure S10a
of the Supplementary Material). Figure S10b shows a slight quality of fit improvement, and Table
S3 shows how the calculated MSE over the absorbing region for the 155 nm samples decreases
with the refined models. Examination of the mean 1100 nm birefringence in the top layer when
roughness is accounted for (Figure S11b) reveals a similar result to those reported in Figure 2,
where the thickest two sets of samples exhibit less birefringence than the thinner sets. Roughness
values for this model are plotted in Figure S11c. Again, the removal of surface roughness from

the model does not substantially change the results as shown in Figure S12.

The two-layer anisotropic model with roughness shown in Figure 3a converged on a non-
zero bottom layer thickness for several data sets as shown in Figure 3b. When roughness is
removed from the model, the fitting results are essentially unchanged as shown in Figure S12c.
Thin films show a nearly negligible strongly-anisotropic bottom layer, but, as shown in Figure
S11b of the Supplementary Material, thinner films also show stronger birefringence in the weakly
anisotropic (top) layer. We thus hypothesize that thin films are aligned throughout the film
thickness, obviating the need for two distinct layers to describe the data. Furthermore, simulations
show that the uniaxial alignment induced by the presence of an impenetrable surface can lead to
biaxial liquid crystalline order in thin films of stiff polymers, even when the polymer is isotropic
in the bulk®°. Perhaps when films are thin, the alignment induced by the bottom surface leads to
the spontaneous formation of a liquid crystalline phase such that order persists throughout the film

thickness.

In contrast, films that are 155 nm and 230 nm thick have a bottom layer that is strongly

anisotropic and is about 4 nm thick. We attribute this anisotropy to chain alignment near the
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bottom surface, with an aligned layer of 4.1 £ 0.5 nm based on the average from the thickest two
films shown in Figure 3b. Simulations predict an aligned (uniaxial nematic) layer to an extent of
approximately 1.5 /,,®> or 4.4 nm or 4.5 nm using either our measured persistence length 2.9 nm
(Figure S1) or reported values of 3 nm.?” This is in close agreement with the thickness of the
strongly anisotropic layer of thick RRa P3HT films obtained from modeling of Mueller matrix

spectra (Figure 3b).

The inclusion of the aligned bottom layer lowers the MSE in all 155 nm and 230 nm thick
sample models. For the 155 nm samples, MSE decreases between 9.8% and 1.2% depending on
the dataset. The mean decrease is 5.4% with a standard deviation of 3.2%. For the 230 nm
samples, MSE decreases between 1.4% and 0.8% depending on the dataset. The mean decrease is
1.1% with a standard deviation of 0.3%. The MSE decrease supports the inclusion of an aligned
layer in the model. Table S4 summarizes how the mean birefringence, interface layer thickness,
and MSE change between one and two-layer anisotropic models for the 155 nm films. Parameter
uniqueness fits (Figure S13 of the Supplementary Material) performed for the bottom layer
thickness in the 155 nm and 230 nm samples show that the models do exhibit sensitivity to the
interface thickness, as the fits clearly reach a minimum weighted MSE. When considered with the
overall MSE decrease for the two-layer fits, this provides strong evidence that the optically

detected aligned layers near the buried interface are meaningful.

There is no meaningful MSE difference between models with and without surface
roughness. Nevertheless, films are not expected to be perfectly smooth, and the inclusion of
roughness eliminates the possibility that the model is falsely assigning optical response from
roughness to the aligned layer. Accounting for surface roughness only adds one degree of freedom

to the model.



The correlation coefficients between the top and bottom layer thickness in the two-layer
models are greater than 0.99, which indicate that the models are more sensitive to the overall
thickness of the sample than to the thickness of the bottom layer alone. Correlation is a
consequence of the data analysis being an indirect process and is not unexpected when one
parameter has a disproportionate impact on the total optical response of the film.!? In this case, the
total thickness of the film has a larger effect on optical response than the much thinner aligned

layer.

A two-layer model with an isotropic top layer and a bottom layer represented again by RR
P3HT optical properties is fit to each dataset to see if the anisotropic top layer assumption is critical
to the aligned layer thickness results (Figure 14a of the Supplementary Material). As in the model
with two anisotropic layers, the top layer optical response and the thickness of both layers are
allowed to vary while the bottom anisotropic layer is fixed with the derived RR P3HT optical
properties. Figure S14b shows the bottom layer thicknesses using this model for each total film
thickness. The thinnest four samples now exhibit a bottom layer ranging from approximately 0.4
nm to 1.4 nm and the thicker 154 nm and 230 nm samples are still found to have significantly
thicker bottom layers, which is consistent with the two-layer anisotropic results. Nevertheless,
MSE values for fits to two layers with an isotropic top layer are consistently higher than the two-
layer anisotropic model and therefore the isotropic top layer model is considered to less precisely
fit the data. Another possibility is that an aligned top layer exists, although it appears that the
presence of an aligned bottom layer is dominating optical properties, potentially precluding our

ability to identify such a layer.

The effect of thermally annealing the films is examined using the two-layer anisotropic

model by comparing as-cast films with annealed films. The anneal decreases bulk birefringence
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in both 35 nm and 150 nm films while also decreasing the aligned interface layer from around 6
nm to 4.5 nm in the 150 nm films. These results are summarized in Table S5. The spin coating
process and conditions likely induces order on the film morphology as has been observed in other
polymer systems.*> ** Therefore, the thermal anneal allow chains to relax slightly from a state
established by spin-casting conditions, although it is clear that a model with a bottom aligned layer

best fit the data of films that are not annealed.

In conclusion, RRa P3HT films of various total thickness have been prepared and studied
with Mueller matrix spectroscopy in order to characterize predicted alignment at the buried
substrate interface. Several models are developed to analyze the data and are compared. A two-
layer model in which the top layer is anisotropic and the bottom layer has the same anisotropic
optical properties as regioregular P3HT is found to best fit the data. In this model, the thickest
samples have a mean bottom layer thickness of 4.4 nm and 3.8 nm respectively, whereas thinner
samples are aligned throughout the entire film. Thus, these results provide experimental evidence
for the prediction of surface-induced alignment in conjugated polymer films, including the
possibility of a 4.5 nm aligned layer in amorphous P3HT films.> Such chain alignment could
enhance in-plane charge transport by orders of magnitude,** such that we predict RRa P3HT
transistors would exhibit even lower mobilities than reported (ca. 10¢ cm?/Vs),*> % if fully
isotropic films could be made (despite the presence of an aligned layer in RRa P3HT, mobilities
of devices based on RR P3HT mobilities are significantly higher, around 10! cm?/Vs*, likely due
to significantly higher degree of n—mn stacking). Our analysis of the optical anisotropy suggests
that in thinner films, the interface induces moderate order throughout the film, whereas above a
critical thickness, the interface induces strong alignment only a few nanometers into the bulk of

the film.
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The quality of the fit to Muller matrix spectra using models with chain backbone alignment
at the buried interface in thicker films is found to be relatively insensitive to minor procedural
changes including removal of surface roughness from the model, modeling the bulk of the RRa
P3HT as isotropic rather than anisotropic, and not thermally annealing the films before
measurement. Significant decreases in MSE justify the inclusion of an aligned buried interface
layer in the model as well as treating the bulk of the RRa P3HT as having anisotropic properties
that change with thickness. The parameter uniqueness tests and correlation coefficients are
consistent with a physically meaningful model. The modeling strategy outlined here is robust
enough to apply to a variety of polymer systems for the further study of semiflexible polymer

interface alignment and its effect on material properties.

Supplementary material
Supplementary material includes:

Materials and methods, thicknesses of films used in this study, static light scattering,
polarized optical microscopy, optical models, and spectroscopic ellipsometry results
(PDF).
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Figures
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Figure 1. (A) Schematic of model used to fit Mueller matrix spectra. RRa P3HT is assumed to
have isotropic optical properties that do not vary with film thickness in this analysis. (B) Selected
normalized Mueller matrix elements (MA/, k indicating row and / indicating column) for a 155 nm
thick RRa P3HT film at 60° incident angle in the 350-650 nm range (solid lines). A one-layer
model shown as dashed lines was derived from fitting data in the 210-1690 nm wavelength range
for a variety of film thicknesses (24-230 nm) with the same optical properties. Arrows highlight
that the fit is not optimal in the 400-600 nm range for M12 and M33.
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Figure 2. (A) Schematic of model used to fit Mueller matrix spectra. Model includes surface
roughness and treats RRa P3HT as having weakly anisotropic optical properties that can vary for
each film thickness. (B) Mean 1100 nm birefringence shown with standard deviation for
regiorandom P3HT films of various thickness as determined using a single layer anisotropic
ellipsometry model that accounts for surface roughness. The thickest two sets of samples show
statistically significantly reduced birefringence as compared to thinner sets of samples.
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Figure 3. (A) Schematic of model used to fit Mueller matrix spectra. Model includes surface
roughness and treats RRa P3HT as having weakly anisotropic optical properties that can vary for
each film thickness with two distinct layers. Bottom layer near the buried interface has strongly
anisotropic properties that are the same for each film thickness and were derived from RR P3HT.
(B) Thickness of bottom layer (aligned layer) with standard deviation for regiorandom P3HT films
of various thickness. The thickest two sets of samples have an aligned layer thickness of about 4
nm, in good agreement with predictions.’ (C) Schematic of chain alignment with respect to our
two layer model derived from Mueller matrix spectroscopy.
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