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The hidden structural properties of semicrystalline polymer films are revealed by nanofocused x-ray scattering studies. X-ray
cross-correlation analysis (XCCA) is employed to diffraction patterns from blends of poly(3-hexylthiophene) (P3HT)with gold
nanoparticles (AuNPs). Spatially resolved maps of orientational distribution of crystalline domains allow us to distinguish sample
regions of predominant face-on morphology, with a continuous transition to edge-on morphology. The average size of crystalline
domains was determined to be of the order of 10 nm. As comparedto pristine P3HT film, the P3HT/AuNPs blend is characterized
by substantial ordering of crystalline domains, which can be induced by Au nanoparticles. The inhomogeneous structureof the
polymer film is clearly visualized on the spatially resolvednanoscale 2D maps obtained using XCCA. Our results suggest that
the observed changes of the polymer matrix within crystalline regions can be attributed to nanoconfinement in the presence of
gold nanoparticles.

1 Introduction

Semicrystalline conjugated polymers are promising cost-
effective candidates for organic electronic devices1–3. Poly-
thiophenes, in particular poly(3-hexylthiophene) (P3HT)[see
Fig. 1(c)], are among the most popular conjugated polymers
used in organic electronics, in particular, for organic field-
effect transistors (OFET) and solar cell applications4–9. Typi-
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cal features of these polymers are mixtures of poor, disordered
and well organized, crystalline domains10,11. Commonly, it
is assumed that a higher degree of crystallinity substantially
improves device efficiency12–15. Controlling the morphology
and orientation of the crystalline domains in polymer films is
a crucial step for the fabrication process, since it determines
key electronic properties of the material, such as charge car-
rier mobility and charge separation, and defines the overall
device performance9,15,16.

The crystalline domain sizes of P3HT can be varied in the
range of tens to few hundreds of nanometers, depending on
preparation techniques10,17,18. In many cases two predomi-
nant morphologies, termed face-on and edge-on, can be ob-
served for pristine P3HT15,19. They are defined by a different
orientation of crystalline domains with respect to the substrate.
P3HT lamellae stack parallel to the substrate in the case of
face-on domains [Fig. 1(a)], and perpendicular in the case of
edge-on domains [Fig. 1(b)]. The shortest distance between
P3HT layers, calledπ-π stacking distance, is equal tob/2,
whereb is a unit cell parameter [Fig. 1(a),(b)]. Mixed ori-
entation of domains also occurs, especially in non annealed
samples. Generally, it is assumed that the face-on orientation
is favorable for photovoltaic applications, while the edge-on
orientation of domains enhances OFET performance4,15,20.

P3HT films can be prepared using various methods, for ex-
ample, drop-casting, spin-coating, dip-coating or directional
crystallization, leading to a different degree of crystallinity
and preferred orientation of P3HT domains5,15,21,22. The for-
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mation of a particular morphology of the film is defined by
macromolecular parameters (molecular weight, regioregular-
ity, polydispersity, etc), sample growth conditions (e.g., tem-
perature, coating speed) and post-processing (e.g., anneal-
ing)1,5,10,12,13,15,20–28. It has been demonstrated that thermal
annealing of the grown films results in better crystallinityand
improved charge carrier mobility13,14,20,25,29.

Fig. 1 Two types of predominant orientation of semicrystalline
P3HT domains with respect to a substrate, the face-on (a) and
edge-on (b) orientations. (c) Repeating unit of the P3HT polymer
chain. (d) Gold nanoparticles stabilized with fluorene derivatives
(AuNPs-SFL).

Together with pristine P3HT, its blends of various compo-
sitions emerge as another important class of hybrid materi-
als with attractive structural and electronic properties26,30,31.
In this work we analyzed structural variations of the P3HT
host matrix upon small addition of gold nanoparticles stabi-
lized with fluorene derivatives (AuNPs-SFL) [see Fig. 1(d)].
Such systems have been extensively investigated32–34and are
considered to be attractive for optoelectronic applications due
to their optical absorption and emission properties, as well as
solubility35–37.

It is important to characterize the structure of theπ-π con-
jugated P3HT network on the nanoscale, since charge trans-
port and charge separation are governed by the nanoscale
morphology of a polymer film3,23,38. Various techniques,
such as x-ray, electron or neutron scattering, atomic forcemi-
croscopy and transmission electron microscopy, are used to
experimentally characterize the sample morphology on dif-
ferent length scales5,12,20,30. To study structural variations in
semicrystalline P3HT films on the nanoscale we performed

spatially-resolved coherent x-ray scattering experimentwith a
nanofocused x-ray beam, in combination with the x-ray cross-
correlation analysis (XCCA)39–43. A nanosize x-ray probe
provides access to the local structure of a polymer film, and
XCCA gives information on orientational ordering on a larger
length scales. XCCA is a newly developed technique for struc-
tural characterization of partially ordered samples44–47. As it
will be shown in our paper, this approach provides information
which is complementary to results of conventional small angle
x-ray scattering (SAXS) or grazing incidence x-ray diffraction
(GIXD) experiments25,26.

This paper is organized as follows. The description of
the experimental setup, sample preparation and measurement
scheme are presented in the second section of the paper. In the
third section results of the data analysis are presented, where
the average and spatially resolved structural properties of the
film are considered separately. The conclusions section com-
pletes the paper.

2 Experimental

The x-ray experiment was performed at the GINIX endstation,
P10 beamline, PETRA III48. The experimental details are de-
scribed elsewhere47. The sample area of 20× 40 µm2 was
scanned with a nanobeam [200× 300 nm2 (FWHM), photon
energy 13 keV] on the 20×40 raster grid with a 1µm step size
in both directions and with the total number ofM = 800 sam-
ple positions. Cryogenic cooling in combination with short
exposure times of 0.3 sec per image were used to minimize
radiation damage.

The sample was spin-cast from a blend of P3HT (molecular
weight 44.9 kg/mol; PDI 1.22; regioregularity> 98%) with
gold nanoparticles. Gold nanoparticles of 2−3 nm in size sta-
bilized with fluorene derivatives (AuNPs-SFL) have been pre-
pared and characterized in analogy to recent reports32,49–52.
Briefly, AuNPs-SFL nanoparticles have been prepared start-
ing from HAuCl4 · 3H2O in molar ratio 1 : 1 with the syn-
thetic thiol 9,9-didodecyl-2,7-bis(acetylthio phenyl ethynyl)
fluorene32. A solution of the fluorene dithiol (0.062 mmol for
each sulphur functionality) in toluene (9 mL) was vigorously
mixed with an aqueous solution containing the gold precursor
(0.128 mmol, in 4 mL of deionized water) and tetraoctilammo-
nium bromide (0.152 mmol) in 9 mL of toluene. After adding
the reducing agent NaBH4 (1.271 mmol) the mixture was al-
lowed to react for 3 h at 25◦C. The solid product AuNPs-SFL
was recovered and purified; elemental analysis(%): C 39.97,
H 5.18, S 5.50. UV-Vis(CHCl3), λmax (nm): 330, 530. X-ray
photoelectron spectroscopy (XPS) and transmission electron
microscopy (TEM) analysis reported in Ref.32 supported the
chemical structure of AuNPs-SFL herein reported. The solu-
bility of AuNPs-SFL nanoparticles has been checked: the col-
loid suspension has a concentration limit of 2 mg/mL. The so-
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Fig. 2 (a),(b),(c) Diffraction patterns measured at three different positions of the polymer film, indicating the presence (a,b) and absence (c) of
the face-on oriented P3HT domains. Diffraction patterns (a), (b) and (c) were measured at the sample positions indicated in Fig. 3(c) by a
black square, circle and triangle, correspondingly. Arrows in (a) and (b) indicate orientation of the (200) peaks. (d) Ensemble averaged radial
intensity profile〈〈I(q,ϕ)〉ϕ 〉M .

lution was not filtered prior to spin coating, therefore a forma-
tion of aggregates cannot be completely excluded. A 5 mg/ml
blend solution (P3HT:AuNPs-SFL = 10:1 by weight) in chlo-
roform was spin cast on rectangular shaped grids with a 15 nm
thick Si3N4 membranes (Dune Sciences, Inc.), with the spin-
ning speed of 800 rpm. The drying process is rather fast for
chloroform solution and typically films are dry after 60 sec-
onds spinning. The time interval between sample fabrication
and x-ray measurements was about few hours.

An x-ray dataset consisting ofM = 800 diffraction patterns
was measured. The data were corrected for background scat-
tering and polarization of incident x-rays. Typical diffraction
patterns corresponding to two different positions on the sam-
ple are shown in Figs. 2(a)-2(c). It is readily seen that the
film is inhomogeneous, i.e. it has different structure at distinct
sample positions.

3 Results and discussion

We first determine the average structure of the film and then
continue with a spatially resolved analysis of nanoscale vari-
ations of the film properties. The detailed analysis of the av-
erage structural properties was presented in our previous pa-
per47. Here we provide the main results of our analysis that
will be necessary for complete understanding of the sample
structure.

3.1 Spatially averaged structural properties

To determine the average structure of the film we first ana-
lyzed the ensemble-averaged intensity. The radial intensity
〈〈I(q,ϕ)〉ϕ〉M averaged over the full datasetM in the range of
0.6 Å−1 ≤ q≤ 2.9 Å−1 is presented in Fig. 2(d). Our diffrac-
tion data suggest that the average structure of crystallinedo-
mains can be described with a monoclinic unit cell with pa-
rametersa= 15.7 Å andb= c = 7.6 Å, similar to the model

proposed in27. One can clearly see in Fig. 2(d) the(200) and
(300) peaks atq= 0.82Å−1 andq= 1.2 Å−1, respectively∗.
These peaks are defined by the unit cell parametera of crys-
talline P3HT domains [see Fig. 1], and suggest the presence of
the face-on morphology in the sample. The strongest peak at
q = 1.65 Å−1 may contain scattering contribution from both
c− andb−planes, since thec andb lattice parameters have
very close values25. Due to the fact that crystalline domains
may have different orientations in the illuminated sample area,
this peak is often considered as(020)/(002)16. Finally, the
peak located atq= 2.68Å−1 is defined by scattering from the
(111) set of atomic planes of gold. The corresponding scatter-
ing ring at higher momentum transfer values is partially visible
on the diffraction patterns shown in Figs. 2(a)-2(c).

The average characteristics of orientational order in the
film were determined in Ref.47, where enhanced orientational
order of P3HT domains was reported. We would like to
note, that similar analysis of diffraction data measured from
pristine P3HT films prepared by the same fabrication pro-
tocol did not reveal any orientational order in the system
(see section 1.1 in the ESI†). This brings us to the conclu-
sion that in P3HT/AuNPs blends orientational order of crys-
talline domains is induced by Au nanoparticles. This obser-
vation is supported by recent experiments, where improved
crystallinity and orientational order were reported for various
P3HT blends31,53. In the present case, a possible origin of ori-
entational order is the effect of the pending C12H25 aliphatic
groups on the fluorene spacer of AuNPs, that induces non co-
valent interaction with the P3HT polymer chains. This self
assembly mechanism occurs in analogy to long-chain alka-
nethiols adsorbed onto gold surfaces.

The results of the ensemble-averaged XCCA47 are defined
by average nanoscalestructural properties of the sample due
to the nano-sized x-ray probe applied in the experiment. At

∗The(100) reflection was covered by the beamstop.
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the same time, the diffraction patterns shown in Figs. 2(a) and
2(b) clearly indicate structural variations in different parts of
the sample. The major difference between these diffraction
patterns is determined by the(200) and(300) peaks present
in low q-region, that can be attributed to the face-on orienta-
tion of P3HT domains [Fig. 2(a),(b)]. Both peaks are absent
in Fig. 2(c) where only the(020)/(002) scattering ring can
be observed, that is characteristic for the edge-on orientation.
Therefore, it is important to characterize the structure ofthe
polymer film at each separate position defined by the x-ray
probe.

3.2 Spatially resolved structural properties

To determine spatially resolved nanoscale information about
the structure of the film we analyzed diffraction patterns mea-
sured at different spatial positions of the sample. The mea-
sured intensity distributionI(q) on a diffraction pattern can be
considered in a polar coordinate system, where the momen-
tum transfer vectorq = (q,ϕ) is defined by the radialq and
angularϕ components. The scattered intensityI(q,ϕ) can be
expanded into angular Fourier series as

I(q,ϕ) = I0(q)+2
∞

∑
n=1

|In(q)|cos(nϕ +ψn), (1)

whereIn(q) are, in general, complex Fourier components of
intensityI(q,ϕ) with the amplitudes|In(q)| and phasesψn. To
analyze local orientational distribution of domains we directly
applied Eq. (1) and determined the phasesψ2 of the dominant
second order Fourier componentsI2(q). This Fourier compo-
nent has the largest contribution in the spectrum and its phase
determines local orientation of P3HT domains in the film47.

We determined the distribution of orientations of crystalline
P3HT domains across the sample using two-dimensional (2D)
vector fields shown in Figs. 3(a) and 3(b). Each vector in
these figures is defined by the amplitude and phase of the
Fourier componentI2(q), determined at the positions of the
(200) [Fig. 3(a)] and(020)/(002) [Fig. 3(b)] peaks, respec-
tively. Figs. 3(d) and 3(e) represent all available orienta-
tions shown in Figs. 3(a) and 3(b) in the form of angular dia-
grams. The distribution of the magnitudes and orientationsof
the vectors in Figs. 3(a) and 3(b) shows that the film is not
uniform. As it follows from Figs. 3(d) and 3(e), all phases

are distributed in the angular range of 101◦ ≤ ψ(200)
2 ≤ 164◦

in Fig. 3(a), and in the range of 12◦ ≤ ψ(020)/(002)
2 ≤ 90◦ in

Fig. 3(b). A comparison of vector orientations in Figs. 3(a)
and 3(b) allows us to divide the sample area into two major
regions [see Fig. 3(c)] according to the value of the phase dif-

ference∆ψ2 = ψ(200)
2 −ψ(020)/(002)

2 calculated at each spatial
position.

The first region [red points in Fig. 3(c)] is characterized bya
strong correlation between the vector orientations in Figs. 3(a)

and 3(b), and the phase difference in the range of angles
80◦ ≤ ∆ψ2 ≤ 90◦. This suggests a presence of a certain prefer-
ential P3HT morphology in this region, that preserves angular
orientation of the(200) and(020)/(002) peaks with respect
to each other at each particular position. Since our samples
were prepared in the same way as in Ref.20, where the face-
on oriented domains were mainly observed, we conclude that
the face-on morphology is preferential in this region. In this
case, the main contribution to the peak atq= 1.65Å−1 is de-
fined by thec-planes [i.e., by the(002) peak]. As one can see
in Fig. 3(c), two separated areas of the sample are character-
ized with dominating face-on morphology but different orien-
tations, indicated with two arrows in Fig. 3(d). Quite naturally
these regions coincide with the areas in Fig. 3(a) where the
magnitudes|I2(q200)| are large since the face-on morphology
in the given scattering geometry is primarily associated with a
(200) peak.

The second region of the film [blue points in Fig. 3(c)]
is characterized with a larger spread of the phase difference,
50◦ ≤∆ψ2 ≤ 80◦. One can see in Figs. 3(a) and 3(b), that both
vector fields are characterized with a smooth change of the
magnitudes and orientations of the vectors. At the same time,
distribution of the magnitudes of the vectors in Fig. 3(b) is
more uniform than in Fig. 3(a). It is about 50% of the vectors
in Fig. 3(a) have magnitudes smaller than 1/3 of the largest
vector, while less than 5% of the vectors in Fig. 3(b) satisfy
similar condition. This all suggests that in the second region
a mixed orientation of domains is observed, and a continuous
transition from the face-on towards the edge-on morphology
is achieved by rotation of the face-on domains around thec-
axis [see Fig. 1]. It is important to note, that such a conclusion
can be drawn only from a simultaneous analysis of both vec-
tor fields [Fig. 3(a) and Fig. 3(b)] associated with two peaks,
while separate analysis of each peak does not reflect a real
distribution of domain types.

A smooth distribution of the phases and magnitudes of
the Fourier componentsI2(q) across the sample shown in
Figs. 3(a) and 3(b) indicates a substantial orientational order
in the polymer film and suggests applicability of the spatially
resolved XCCA to such a system. As a step further, we ap-
plied the cross-correlation function (CCF)C(q,∆) to individ-
ual diffraction patterns to access hidden structural features of
the film with an increased accuracy (see section 1.2 in the
ESI†). Within this approach, the two-point CCFC(q,∆) can
be determined for each diffraction pattern as40,41

C(q,∆) = 〈I(q,ϕ)I(q,ϕ +∆)〉ϕ , (2)

where∆ is the angular coordinate, andI(q,ϕ) is the measured
intensity. The CCFC(q,∆) can be analyzed using a Fourier
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Fig. 3 Spatial distribution of orientations of crystalline P3HT domains across the film, determined by the phasesψ(200)
2 andψ(020)/(002)

2 of
the Fourier componentsI2(q200) (a) andI2(q020/002) (b), respectively. Each vector in the plotted vector fields corresponds to a certain position
on the sample, with the vector length proportional to the modulus of the respective Fourier component. Black lines are plotted to guide the
eye. (c) Two sample areas with predominant face-on (red points) and mixed (blue points) orientation of crystalline domains. A black square,
circle and triangle in (c) indicate sample positions where diffraction patterns shown in Figs. 2(a-c) were measured. Angular distribution of all
observed orientations in the vector fields (a) and (b) is shown in polar coordinates in (d) and (e), respectively. Arrows in (d) specify two major
in-plane orientations of the face-on domains in the sample.

series decomposition similar to Eq. (1),

C(q,∆) =C0(q)+2
∞

∑
n=1

Cn(q)cos(n∆), (3)

whereCn(q) are the Fourier components of the CCF, which are
directly related to the Fourier components of intensityIn(q)
as40–43, Cn(q) = |In(q)|2 for n 6= 0, andC0(q)≡ 〈I(q,ϕ)〉2

ϕ for
n= 0.

The Fourier components of intensity were determined using
the relation|In(q)|=

√

Cn(q). In Fig. 4 the magnitudes|In(q)|
of the Fourier components of the ordersn = 0 andn = 2 are
presented as a function ofq for two diffraction patterns mea-
sured at different sample positions with the predominant face-
on morphology. One can see that theq-dependence of|I2(q)|
provides additional structural details that can not be directly

observed in the angular averaged profile|I0(q)| ≡ 〈I(q,ϕ)〉ϕ ,
that is usually analyzed in scattering experiments. For exam-
ple, the peak indexed as(102) on the |I2(q)| profile can be
clearly separated from the(002) peak in Fig. 4(c), and is not
visible in Fig. 4(d), indicating slightly different orientation of
the face-on domains at these positions. This cannot be eas-
ily identified from the|I0(q)| profiles shown in Figs. 4(a) and
4(b).

We determined the positions of the centersq0 and magni-
tudes|In(q0)| of different peaks in|I0(q)| and|I2(q)| profiles
as a function of the probe position on the sample. These
peaks were fitted with a Lorentzian function (see Fig. 4),
|In(q)|= b+s·γn · [(q−q0)

2+γ2
n ]

−1, whereb is a background
correction,s is a scaling coefficient,γn is half-width at half-
maximum (HWHM) of the peak, andq0 is a center of the peak.
Analysis of the(200) peak on the|I0(q)| profile (see section
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Fig. 4 Fourier components of intensity of the ordersn= 0 (a),(b) andn= 2 (c),(d) as a function ofq, calculated for two diffraction patterns
measured at two sample positions with face-on morphology. Curves (a) and (c) correspond to the position indicated by a black square in
Fig. 3(c), and (b) and (d) correspond to the position marked with a circle in Fig. 3(c). Black and red curves correspond to the experimental
data and results of Lorentzian fits, respectively (see text). In the case ofn= 0 a linear background contribution has been subtracted.

1.3 in the ESI†), gives the average positional correlation length
ξ = 2π/γ0 of the order of 10 nm. This value is in agreement
with a characteristic size of P3HT crystalline domains20,26.

In Fig. 5(a) a 2D map of the magnitudes|I0(q0)| of the Au
(111) peak is shown, determined from the fit of the(111) peak
on the|I0(q)| profile. As one can see, gold nanoparticles are
not uniformly distributed across the film, the regions with high
gold concentration correspond to large values of Au(111)
peak magnitude. A 2D map of the P3HT(002) peak cen-
ter positionq0 determined from the|I2(q)| profile is shown in
Fig. 5(b). One can clearly see a smooth variation of the(002)
peak position, that indicates changes of the unit cell parameter
c across the film in the range from 7.54 Å to 7.62 Å. In the
regions with higher gold concentration the(002) peak slightly
shifts to lowerq. This observation suggests that Au nanoparti-
cles could influence the structure of P3HT crystalline regions,
particularly increase thec-spacing in the P3HT backbone [see
Fig. 1].

4 Conclusions

The x-ray scattering experiment with a nanofocused beam
in combination with XCCA allowed us to reveal details of
the nanoscale structure of semicrystalline films cast from
P3HT/AuNPs blend. We explored spatially resolved and aver-
age properties of the films by 2D mapping various structural
parameters. One of the prominent results obtained in our work
is orientational distribution of crystalline domains thatallowed
us to distinguish sample regions with predominant face-on and
mixed orientation of domains. Our results suggest that a con-
tinuous transition between different morphologies is achieved
by rotation of the domains around thec-axis defined along the
P3HT backbone.

The polymer film is characterized by substantial orienta-
tional ordering of crystalline domains. As a result of our anal-
ysis we conclude that orientational order of P3HT domains
can be induced by Au nanoparticles. Spatially resolved 2D
maps show inhomogeneities in the spatial distribution of Au
nanoparticles, where the regions with a high concentration
of AuNPs coincide with regions where structural changes of
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Fig. 5 Spatially resolved 2D maps of (a) magnitude|I0(q0)| of
Au (111) peak on the|I0(q)| profile, (b) positionq0 of the P3HT
(002) peak determined on the|I2(q)| profile.

P3HT matrix are observed. The average size of crystalline
domains was determined to be of the order of 10 nm.

The obtained results demonstrate that XCCA provides valu-
able information about the structure of partially ordered ma-
terials, complementary to the conventional SAXS or GIXD
analysis. Spatially resolved analysis of the Fourier spectra of
CCFs allows to observe structural features hidden in the av-
eraged SAXS intensity, and to determine nanoscale variation
and interplay between different film parameters. It is an ir-
replaceable tool to observe local structural changes in P3HT
conjugated network induced by Au nanoparticles. As shown
here, XCCA has a significant potential to be used as sensitive
tool for nanoscale characterization of nanocomposite materi-
als. The dependence of the polymer structure on the size/shape
of nanoparticles and blend composition are among the relevant
tasks that can be studied by means of XCCA.
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