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ABSTRACT: Semicrystalline semiconducting polymers such as poly(3-hexylthiophene) exhibit hierarchical molecular 
ordering that influences their optoelectronic properties. As well as possessing crystalline order on the molecular scale, 
P3HT also exhibits regular ordering of crystalline lamellae on the nanoscale. This layering of crystalline and amorphous 
regions is characterized by the so-called “long period” which can be measured with small angle X-ray scattering (SAXS). The 
weak scattering contrast between amorphous and crystalline phases generally requires SAXS measurement of bulk powder 
samples. Here, we show that utilizing polarized tender X-rays tuned to the sulfur K-edge that strong contrast between 
amorphous and crystalline phases can be generated allowing the long period of thin film P3HT samples to be easily 
observed. Furthermore we show that the contrast generated results from differences in orientational order in the 
amorphous and crystalline regions. The use of resonant tender X-ray scattering is thus a promising technique for studying 
nanoscale ordering not only in semiconducting polymers but for other soft matter systems.

Semiconducting polymers derive their optoelectronic 
properties from alternating single and double bonds along 
their backbone.1 Important semiconducting properties 
such as band-gap and charge carrier mobility are sensitive 
not only to the chemical structure of the repeat unit, but 
also to the precise polymer chain conformation and 
molecular packing.2 Many semiconducting polymers are 
semicrystalline, with highly ordered crystalline regions 
surrounded by disordered amorphous regions.3

Figure 1. (a) Chemical structure of P3HT. (b) Schematic of the 
molecular packing of P3HT identifying the main crystallographic axes, 
a, b, c, along with the formation of crystalline lamellae of width dc 
along the direction of the c axis which are separated by amorphous 
layers of thickness da. The long period Lp is then equal to da + dc.

Poly(3-hexylthiophene) or P3HT is arguably the most 
important semiconducting polymer if not the most well-
studied.4 With a relatively high degree of crystallinity and 
reasonable charge carrier mobility, regioregular P3HT has 
been studied in a wide range of applications including 
organic field-effect transistors,5 polymer solar cells6 and 
polymer thermoelectrics.7 P3HT crystals are characterized 
by sheets of -stacked planar backbones separated by 
layers of insulating alkyl side chains, see Figure 1. While 
the alkyl side chains themselves are not electrically active, 
they play an important role in templating molecular 
packing and thus indirectly influence the resulting 
optoelectronic properties of the material. The most 
common crystal polymorph of P3HT (“Form I”) has a 
monoclinic unit cell with a axis directed along the alkyl 
stacking direction, b axis directed along the - stacking 
direction and c axis directed along the polymer backbone.8 
Unit cell dimensions are ~ 17 Å along the alkyl stacking 
direction and ~ 7.8 Å along the - stacking and backbone 
stacking directions.9, 10 This unit cell accommodates two 
chemical repeat units along the - stacking and backbone 
stacking directions (according to the P21/c space group) 
giving a separation of neighboring polymer chains along 
the b axis of ~ 3.9 Å.9
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Like other semicrystalline polymers, P3HT exhibits 
molecular ordering on the nanoscale, forming crystalline 
lamellae. By controlling the growth of P3HT crystals, 
micron long P3HT nanofibers can be produced with the 
fiber axis parallel to the - stacking direction.11 The width 
of such lamellae along the polymer backbone direction is 
generally less than 20 nm, limited by chain folding which 
occurs once the contour length of the polymer reaches a 
certain size.12, 13 The stacking of P3HT lamellae along the 
polymer backbone direction can be remarkably regular 
consisting of layers of crystalline material separated by 
amorphous material, see Figure 1. This periodicity – 
known as the “long period” – is sufficient to produce a 
well-defined scattering peak that is observable with small 
angle X-ray scattering (SAXS)14 due to the difference in the 
electron density of amorphous and crystalline P3HT. Bulk 
powders samples are generally required to experimentally 
measure the long period as the scattering contrast 
between amorphous and crystalline regions is too weak to 
be observed in thin films, even when using grazing 
incidence SAXS.15 However, as thin films are used in 
devices it is important to be able to fully characterize the 
microstructure of thin films whose structure can differ 
from bulk samples. In particular, it has been demonstrated 
that the long period of P3HT is important in templating an 
optimum nanoscale morphology for efficient polymer solar 
cells15, 16 and can impact charge carrier mobility.12 It is 
worth noting that characterization of nanoscale structure 
is important in many other soft matter systems including 
non-conjugated polymers, block copolymers, liquid 
crystals and even biological systems.17

SAXS measurements of the long period of P3HT to date 
have relied upon use of hard X-rays whose energy is far 
removed from elemental absorption edges.12, 14, 15, 18, 19 
Contrast thus derives from a subtle difference in the mass 
(and hence electron) density of crystalline P3HT compared 
to amorphous P3HT.15 Tuning the X-ray energy close to an 
elemental absorption edge provides the opportunity to 
dramatically change the contrast between crystalline and 
amorphous phases.20 While there is no chemical difference 
between amorphous P3HT and crystalline P3HT, 
polarization dependent effects can be exploited owing to 
the highly anisotropic properties of semiconducting 
polymer crystals. Indeed, we have recently reported strong 
anisotropic X-ray diffraction effects at the sulfur K-edge for 
the well-studied electron transporting semiconducting 
polymer P(NDI2OD-T2).21, 22

Figure 2a,b shows X-ray scattering patterns of an aligned 
thin film sample of P3HT (Mn = 49 kg/mol, Ð = 1.5, 
regioregularity > 99%) taken near the sulfur K-edge. These 
measurements were acquired at the Soft Matter Interfaces 
(SMI) beamline (Beamline 12-ID) at the National 
Synchrotron Light Source II.23 Samples of ~ 60 nm 
thickness were aligned by mechanical rubbing with 
annealing at 180 °C before being transferred to X-ray 
transparent silicon nitride membranes. Samples were then 
measured in transmission with the X-ray beam 
perpendicular to the plane of the sample, see Figure S1 for 
a diagram of the measurement geometry. These rubbed 
samples exhibited a high degree of alignment, with further 
details of sample preparation and characterization 

provided in the supporting information. For the data 
shown in Figure 2, the polarization of the X-ray beam is 
aligned parallel to the rubbing direction and hence the 
backbone of the aligned chains. Data for two X-ray energies 
are shown: 2445 eV which is just below the sulfur K-edge 
(non-resonant) and 2477.25 eV which is resonant with the 
1s   (S–C)* transition whose transition dipole moment 
is oriented along the backbone.22 At the non-resonant 
energy, only one peak is observed at q ~ 0.37 Å-1 along the 
direction perpendicular to the backbone axis. This peak is 
the (100) alkyl stacking peak corresponding to an alkyl 
stacking distance of 17.0 Å and is produced by “face-on” 
oriented chains. For the resonant energy, two peaks are 
observed: the alkyl stacking peak is again observed at q ~ 
0.37 Å-1 along with a new peak at q ~ 0.038 Å-1 oriented 
along the direction parallel to the backbone axis. This peak 
at lower q is identified with the long period of P3HT and 
based on the peak position corresponds to a spacing of 
~16 nm. Note that the 2D images in Figure 2 have the same 
scale bar. Changes in intensity of both the long period peak 
and (100) peak are seen with changing photon energy, 
with analysis of the resonant effects of the (100) peak to be 
discussed in a separate paper. There is also an increase in 
the background intensity due to X-ray fluorescence which 
provides a convenient means for measuring the near-edge 
X-ray absorption fine structure (NEXAFS) spectrum of the 
sample as described previously.21 The highly anisotropic 
scattering pattern also confirms the high degree of 
alignment of this sample.

Figure 2. (a, b) Two-dimensional scattering patterns of a rubbed 
P3HT thin film taken at non-resonant, (a), and resonant, (b) X-ray 
energies. The rubbing direction and orientation of the electric field 
vector E of the polarized X-ray beam are also shown. The two images 
have the same intensity scale. (c) One-dimensional line profiles taken 
along directions parallel and perpendicular to the rubbing direction at 
non-resonant and resonant X-ray energies.
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Figure 2c presents 1-dimensonal scattering profiles 
taken along directions parallel and perpendicular to the 
rubbing direction for the non-resonant and resonant 
energies. The long period peak at ~ 0.038 Å-1 is prominent 
in the scattering profile parallel to the rubbing direction at 
2477.25 eV but not discernable at the non-resonant 
energy. The (100) peak is clearly seen in both resonant and 
non-resonant traces in the direction perpendicular to the 
rubbing direction but absent in the traces parallel to the 
rubbing direction. Using the resonant scattering profile it 
is possible to perform correlation function analysis to 
extract important microstructural information under the 
assumption of an ideal lamellar morphology.24 This 
analysis is provided in the Supporting Information which 
returns a long period of Lp = 14.5 nm, average lamellar 
thickness of 5.6 nm and local crystallinity of 39%.

To better characterize the resonant behavior of the long 
period peak, scattering profiles were measured at various 
energies across the absorption edge from 2450 eV to 2500 
eV. Peak fitting was performed for scattering profiles along 
the rubbing direction to extract the peak area of the long 
period peak. Peak parameters (location, width) were first 
determined for the energy with the largest peak area and 
then fixed for fitting of all other energies, with further 
details provided in the supporting information. Figure 3 
presents a plot of peak area as a function of energy. A very 
sharp resonance is observed with fitted peak area 
increasing by a factor of over 80 from below the sulfur K-
edge to a sharp peak at resonance at ~2477 eV. Indeed, the 
width (FWHM) of the resonant response is only 1.5 eV.

Figure 3. Plot of long period peak area as a function of photon energy 
(dots). Also shown for comparison is the contrast function  ∆𝛿2 +∆𝛽2

between amorphous and crystalline phases.

To explain this resonant behavior, we need to consider 
the energy-dependent anisotropic X-ray optical properties 
of P3HT. The energy dependent interaction between 
materials and X-rays can be described either in terms of 
energy dependent atomic scattering factors or in terms of 
an energy dependent refractive index. As scattering in this 
case results from differences in the properties of 
amorphous and crystalline regions, a refractive index 
treatment is adopted, although both approaches are 
equivalent and we have previously used energy-dependent 
atomic scattering factors to describe resonant X-ray 
diffraction of P(NDI2OD-T2).21, 22 The complex index of 
refraction is then:

(1)𝑛 = 1 ― 𝛿 ― 𝑖𝛽

where   is the energy-dependent refraction decrement 
and  is the energy-dependent absorption index.25 Far 
from absorption edges  and  vary smoothly with X-ray 
energy. At an absorption edge, however, there are sharp 
changes in  and . For anisotropic materials, n will also 
depend upon the orientation of the polarization of the X-
ray beam with respect to the sample, in this case with 
respect to the rubbing direction. For two materials with 
different n, or in this case for regions in the same material 
but with different n, the scattering contrast is given by:25

(2)Contrast ~ ∆𝛿2 + ∆𝛽2

where  and  are the energy dependent differences 
between  and  of the two materials or the two regions. In 
the following we seek to derive the energy-dependent 
values for  and  for the amorphous and crystalline 
regions of P3HT.

As the data in Figure 2 are for the case where the X-ray 
polarization is parallel to the rubbing direction, we seek 
values of  and  corresponding to the X-ray polarization 
being parallel to the backbone in the crystalline regions of 
the lamellae. As  relates to the energy dependent 
absorption index it can be determined directly from X-ray 
absorption measurement with  then determined via the 
Kramers-Kronig transformation. Figure 4a presents the 
fluorescence NEXAFS spectra of the rubbed P3HT sample 
taken with the X-ray polarization either parallel or 
perpendicular to the rubbing direction. Strong dichroism is 
observed, with the peak at 2477 eV strongest when the X-
ray polarization is aligned with the rubbing direction and 
hence the backbone of aligned chains. This peak at 2477 eV 
is attributed to the 1s   (S–C)* transition with transition 
dipole moment is oriented along the backbone,22 and is 
more intense than other resonant transitions. The 
spectrum taken with X-ray polarization parallel to the 
rubbing direction will closely resemble the NEXAFS 
spectrum of crystallites with polarization parallel to the c 
axis (backbone direction). However as this spectrum is 
likely to contain a contribution due to amorphous chains 
and/or unaligned chains, it was extrapolated using a 
difference spectrum as described in the Supporting 
Information. Figure 4b then presents the corrected spectra 
corresponding to the electric field vector, E, of the X-ray 
beam being parallel and perpendicular to the backbone. 
The spectrum with E parallel to the backbone can be then 
taken as representative of aligned backbones in the 
crystalline regions of the lamellae. This spectrum can be 
converted to  by scaling the pre- and post-edge regions of 
the spectrum to the known photoabsorption cross sections 
of the constituent atoms and performing the necessary 
conversions to yield .25 This conversion was performed 
using KKCalc26 which was also used to perform the 
Kramers-Kronig transformation to yield . The resulting 
values of  and  for the crystalline regions with X-ray 
polarization oriented parallel to the backbone are shown 
in Figure 4c,d.
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Figure 4. (a) Fluorescence NEXAFS spectra of the rubbed sample taken with polarization parallel and perpendicular to the rubbing direction. (b) 
Extrapolated spectra corresponding to polarization parallel and perpendicular to the backbone. (c,d) Plots of , (c), and , (d), determined for the 
crystalline (with E parallel to the backbone) and amorphous regions. A density of 1.11 g/cm3 was used for the amorphous regions while a density 
of 1.14 g/cm3 was used for the crystalline regions.

For the amorphous regions it is assumed that there is no 
preferential orientation of chains with respect to X-ray 
polarization, and so n should be the same regardless of 
sample orientation. To derive values of  and  for the 
amorphous regions, a NEXAFS spectrum taken of a spin-
coated sample was used. Spin-coating results in no 
preferred in-plane orientation of polymer backbones 
meaning that the measured NEXAFS spectra are 
independent of azimuthal orientation of the X-ray 
polarization with respect to the sample. As P3HT samples 
can exhibit edge-on texture, a spectrum taken with polar 
angle close the so-called “magic angle” was used. The 
values of  and  derived for the amorphous regions are 
also shown in Figure 4b,c. Note that the density of the 
material enters into the calculation of  and , with values 
of  amor. = 1.11 g/cm3 and cryst. = 1.14 g/cm3 used which 
accounts for the differences in  and  pre- and post-edge. 
A value of 1.14 g/cm3 for the crystalline region was 
derived from the unit cell proposed by Kayunkid et al.9 
while the value for the amorphous fraction was taken 
based comparing the calculated contrast function with the 
observed resonant response as described below. Further 
details can be found in the Supporting Information.

The resulting contrast function, , is plotted in ∆𝛿2 +∆𝛽2

Figure 3 and compared to the observed resonant behavior 
of the long period peak. Excellent agreement is found 
between the calculated and observed resonant scattering 
behavior. In particular the calculated contrast function 
accurately describes the shape of the profile along with the 
relative enhancement in scattering intensity. It is noted 
that the calculated contrast function is sensitive to the 
density values used, with Figure S7 plotting  for ∆𝛿2 +∆𝛽2

different values of  amor..

We note that achieving a high scattering contrast 
between amorphous and crystalline phases relies upon 
exploiting the anisotropic optical properties of the 
crystalline phases. When the sample is rotated such that 
the polarization is perpendicular to the rubbing direction 
the long period peak is not observed even at resonance 
due there being insufficient differences between  and  in 
that case (see Figure S8).

In summary, we have shown that differences in the local 
(anisotropic) refractive index near the sulfur K-edge for 
amorphous and crystalline regions can be exploited to 
enhance the scattering contrast between amorphous and 
crystalline phases in P3HT. This enhanced scattering 
contrast enables scattering from the long period in P3HT 
to be observed in thin film films using a transmission 
geometry. This advance provides a new avenue to study 
nano and mesoscale ordering in thin films of sulfur-
containing semiconducting polymers that are important 
for device function. Furthermore, the approach presented 
for enhancing contrast between amorphous and crystalline 
phases is likely to be of benefit to other fields of soft 
condensed matter.

ASSOCIATED CONTENT 
Supporting Information. Extra details of sample preparation 
and measurement; details of peak fitting; further details 
regarding determination of  and ; scattering data taken with 
sample oriented with rubbing direction perpendicular to 
beam polarization. This material is available free of charge via 
the Internet at http://pubs.acs.org. 
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