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LO We present results of an x-ray study of structural propgdfesemicrystalline polymer films using nanofocused x-ragrb. We
— applied the x-ray cross-correlation analysis (XCCA) tatsrang data from blends of poly(3-hexylthiophene) (P3ldmbedded
3= with gold nanoparticles (AuNPs). Spatially resolved mafparintational distribution of crystalline domains allas to distin-
@) guish sample regions of predominant face-on morpholodi, acontinuous transition to edge-on morphology. The ayesize
U? of crystalline domains was determined to be of the order airh0As compared to pristine P3HT film, the P3HT/AuNPs blend

)

S
5

e presence of gold nanopatrticles.

- .
O 1 Introduction
(&)

is characterized by substantial ordering of crystallinmédms, which can be induced by Au nanoparticles. The inh@negus
structure of the polymer film is clearly visualized on thetsdly resolved nanoscale 2D maps obtained using XCCA. @sults
suggest that the observed changes of the polymer matrixwaétigstalline regions can be attributed to nanoconfinerretite

organized domains are addressed to be crystalline and it is
assumed that their presence strongly improves device per-

Semicrystalline conjugated polymers are promising costformancé?=15 Controlling the morphology and orientation

effective candidates for organic electronic devicdsAmong
~ 'different conjugated polymers, polythiophenes received i
(Y) .creasing attention in recent years due to their attractisen
CY) ‘for organic field-effect transistors (OFET) and solar cgH a

« plicationg®. Typical features of these polymers are mix-

F! tures of poor and well organized domatféL. Usually, well
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of the crystalline domains in polymer films is a crucial step
for the fabrication process, since it determines key ededtr
properties of the material, such as charge carrier mobility
and charge separation, and defines the overall device perfor
mance:%:16

One of the most studied polythiophenes is poly(3-
hexylthiophene) (P3HT) [see Fifl 1(c)] with crystalline-do
main sizes varying from tens to few hundreds of nanometers,
depending on preparation technig&2¥:18 In many cases
two predominant morphologies, termed edge-on and face-on,
can be observed for pristine P3&F°. They are defined by
a different orientation of crystalline domains with resiptc
the substrate. P3HT lamellae stack parallel to the sulestrat
the case of face-on domains [Fid. 1(a)], and perpendicalar i
the case of edge-on domains [Hiy. 1(b)]. The shortest distan
between P3HT layers, called it stacking distance, is equal
to b/2, whereb is a unit cell parameter [Figl 1(a),(b)]. Mixed
orientation of domains also occurs, especially in non alegea
samples. Generally, it is assumed that the edge-on oriemtat
of domains enhances OFET performance, while the face-on
orientation is favorable for photovoltaic applicatidrs:2°

P3HT films can be prepared using various methods, for ex-
ample, drop-casting, spin-coating, dip-coating or dicet!
crystallization, leading to a different degree of crystety
and preferred orientation of P3HT domaifs:2%:22 The for-
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mation of a particular morphology of the film is defined by spatially-resolved coherent x-ray scattering experimettt a
macromolecular parameters (molecular weight, regiosrgul nanofocused x-ray beam, in combination with the x-ray cross
ity, polydispersity, etc), sample growth conditions (etgm-  correlation analysis (XCCAP=42 A nanosize x-ray probe
perature, coating speed) and post-processing (e.g., lannearovides access to the local structure of a polymer film, and
ing)3:2:10:12.13,15.20-28 |t has hbeen demonstrated that thermal XCCA gives information on orientational ordering on a large
annealing of the grown films results in better crystallirsityd  length scales. XCCA is a newly developed technique for struc
improved charge carrier mobilitj:14:20:2%.29 tural characterization of partially ordered samgfeé’. Our
approach provides information which is complementary to re
sults of conventional small angle x-ray scattering (SAXB) o
grazing incidence x-ray diffraction (GIXD) experimeftZ®.

This paper is organized as follows. In the next section we
provide a short theoretical basis for the XCCA technique ap-
plied for data analysis. The description of the experimenta
setup, sample preparation and measurement scheme are pre-
sented in the third section of the paper. In the fourth sactio
results of the data analysis are presented, where the a&verag
and spatially resolved structural properties of the filmcme-
sidered separately. The conclusions section completgsathe

per.
2 Theory

&)\s O‘O N\ ) We consider co_her_ent x-ray_sc_attering from a p_ar_tially or-

CHY(CH,),sCHy” CH,(CH,), CH, dered polymer film in transmission geometry, as it is shown

in Fig.[2(a). For each diffraction pattern the measurecdhinte
sity distributionl (q) can be considered in a polar coordinate
system, where the momentum transfer veqter (g, ¢) is de-

(d

Fig. 1 Two types of predominant orientation of semicrystalline fined by the radiad| and angulatp components. The scattered
P3HT domains with respect to a substrate, the face-on (a) and intensityl (g, ¢) can be expanded into angular Fourier series
edge-on (b) orientations. (c) Repeating unit of the P3HTmelr as

chain. (d) Gold nanopatrticles stabilized with fluorene dgives

(AuNPs-SFL). (q ¢ + 2 Z || |COS(I’]¢ + wn) (1)

Together with pristine P3HT, its blends of various compo- whereln(q) are, in general, complex Fourier components of

sitions emerge as another important class of hybrid materin€NSity 1(d, ¢) with the amplitudesin(q)| and phasesjn.
als with attractive structural and electronic propedfg@:3t  In can be shown thalo(q)| = (1(q,))y for n= 0, where
In this work we analyzed structural variations of the P3HT (1(d,)), = 1/(2m) [Z™1(q,¢)d¢ denotes the angular aver-
host matrix upon small addition of gold nanoparticles stabi age of the scattered intensity around the ring of a ragfds
lized with fluorene derivatives (AUNPs-SFL) [see Hi§y. 1(d)] The relation _,(q) = 17(q) was used in Eq[{1) due to the fact
Such systems have been extensively investig&tétiand are  that measured intensities are always real quantities.
considered to be attractive for optoelectronic applicatidue XCCA enables direct determination of the Fourier com-
to their optical absorption and emission properties, atagel ponentsly(q) from a set of diffraction patterns measured at
solubility35=37, different positions on the sam@&*!. The two-point cross-

It is important to characterize the structure of tiretcon-  correlation function (CCFE"I(g,A) can be defined 48
jugated P3HT network on the nanoscale, since charge trans- N ) )
port and charge separation are governed by the nanoscale C"(q,p) = <I'(q,¢)|1(q,¢+A)>¢, 2)
morphology of a polymer fil42338  Various techniques,
such as x-ray, electron or neutron scattering, atomic fotiee  whereA is the angular coordinate, ant{g, ) and (g, ¢)
croscopy and transmission electron microscopy, are used tfodicate intensities measured on thth and j-th diffraction
experimentally characterize the sample morphology on difpatterns, respectively. We would like to note, that in E}jti2
ferent length scalést?2%:30 To study structural variations in CCFC"I(g,A) can be determined on two different diffraction
semicrystalline P3HT films on the nanoscale we performegatterngi + j), or individual diffraction patterdi = j). In the
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Fig. 2 (a) Geometry of the scattering experiment showing the fiogusB mirrors, sample, and 2D detector. (b),(c),(d) Difftian patterns
measured at three different positions of the polymer filrdidating the presence (b,c) and absence (d) of the faceiemted P3HT domains.
Diffraction patterns (b) and (c) were measured at the sapyséions indicated in Figl4(c) by a black square and cirmberespondingly.
Arrows drawn from the center of the diffraction patternsdhjl (c) indicate orientation of the (200) peaks.

latter case EqL{2) reduces to the well-known QCHq,A) It has been demonstratfdthat in the case of a system of

often used in the literatuf8:4?, identical particles with a substantial orientational ardbe
The CCFC'i(g,A) can be analyzed using a Fourier seriesFourier component€r'(q) calculated for different realiza-

decomposition similar to Eq.}1) tions of such a system qualitatively resemble a spectrum cor

responding to a single particle. This enables spatiallylves!
analysis of the diffraction data measured at each individua
position of the sampﬂle. In the case of a disordered system the
Fourier componentS;’ (q) fluctuate from position to position
whereCr! (q) are the complex Fourier components of the CCF,0n the sampl®-**and averaging over a large numbérof

with the corresponding amplltud&n (q)| and phaseg,. It realizations of the system can be applied to get a statistica
can be showfP=4347that G (q) = 1i¥(q) - 14(q), where the result, "

Fourier components of intensity(q) andl4 (q) are defined for (CHl(q))m = 1/M Zq]J (), (5)
thei-th andj-th diffraction patterns, respectively. Particularly,

in the case of = j the Fourier component;'(q) are real

CHl(q,8) =Cg +22|cn a)[cosnA+an), (3)

(@ = 0), with where the averaging &’ (q) is performed oveM pairs of
Cﬁ;i( ) = |IL(q)|2, (4) diffraction patterns with # j, or M diffraction patterns in the
case ofi = j. It can be shown thaiCr’(q))m — 0 forn #0
forn=£0, andCO )= (I'(q, ¢)>2 forn= (see section 1.1 in the E) for a completely disordered sys-
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tem without any angular correlation between diffractiot pa 20
terns measured at different positions on the sanipi j).
Nonzero values ofCy’ (q))w indicate the presence of back-
ground contributions in the scattered signal.

The experimentally determined spectru@;' (q))y may
contain both, sample and background scattering contobsti
To remove background contribution frof@y' (q))m the fol-
lowing difference spectruff can be used for analysis,

(020)/(002) (a)

15¢

10}
Au (111)

{1(g.©))¢)m, (arb. units)

5

(Cn(@))m = (C5'(a))m — (Cr' (@))m. (6)
Such difference spectrum facilitates identification of Feiu 0 1‘0 1‘5 2‘0 2‘5
components that are caused only by the sample structure. ' ' A ' '

q,

_ 0.30 :

3 Experimental —n=1 (b)
0.25) — n=2 ]

The coherent x-ray scattering experiment was performed at Z;g

the nanoprobe endstation GIN#Kinstalled at the coherence
beamline P10 of the PETRA Il facility at DESY in Ham-
burg. The scattering geometry of the experiment is shown =
in Fig.[2(a). The incident photon energy was chosen to be §o.lof
13 keV and a 2D detector was positioned in transmission ge-
ometry at 195 mm distance from the sample and protected by = 0.05} J

a beamstop of 34 mm in diameter. The scattering data were 0.00 AN /\ ‘ ‘
recorded on a hybrid-pixel detector Pilatus 1M from Dectris . 1.5 2.0 2.5

with 981x 1043 pixels and a pixel size of 122172um?. g, (A™

The sample was mounted on a goniometer, and a film
was aligned with its surface perpendicular to the directionFig. 3(a) Ensemble averaged radial intensity(a,¢))¢)m- (b)
of the incident beam. The beam with a flux of about 5 Difference Fourier component€n(q))m as a function ofy. Only
1010 photongsec was focused on the sample with Kirkpatrick- the Fourier components of the orders- 1,2,4 and 6 are shown.
Baez (KB) mirrors to a spot of about 26800 nnt (FWHM).

The sample was scanned in they plane perpendicularto the o o .

incident beam direction. The sample area 0f200 um? was that_th_e film is mhomo_geneous, i.e. it has different strreetu
scanned on the 2040 raster grid with a um step size in both  at distinct sample positions.

directions and the total number bf = 800 positions. Cryo-
genic cooling of the film with liquid nitrogen was used during
measurements to reduce radiation damage. The exposure ti
was chosen to be.® sec per image to perform measurement
in a nondestructive regime.

The sample was spin-cast from a blend of P3HT (molec
ular weight 449 kg/mol; PDI 1.22) with gold nanoparticles.
Gold nanoparticles of 2 3 nm in size stabilized with fluorene
derivatives (AuNPs-SFL) have been prepared and charactes1 Spatially averaged structural properties
ized in analogy to recent repof&*®=52 A 5 mg/ml blend
solution (P3HT:AuNPs-SFL = 10:1 by weight) in chloroform To determine the average structure of the film we first ana-
was spin cast on rectangular shaped grids with a 15 nm thiclyzed the ensemble-averaged intensity. The radial inensi
SisN4 membranes (Dune Sciences, Inc.). « ((;1, ?))g)m averrilged over the full dataddtin the range of

An x-ray dataset consisting M = 800 diffraction patterns 0.6 A1 < q< 2.9A 1 is presented in Fig3(a). Our diffrac-
was measured. The data were corrected for background scdien data suggest that the average structure of crystaliine
tering and polarization of incident x-rays. Typical snagsh mains can be described with a monoclinic unit cell with pa-
diffraction patterns corresponding to two different pasis ~ rametersa = 157 Aandb = c= 7.6 A, similar to the model
on the sample are shown in Fig$. 2[b)-2(d). It is readily seemproposed iR’. One can clearly see in Figl 3(a) tt200) and

(arb. units)
(=)
[\S]
S

0.15¢

r#e Results and discussion

SWe first determine the average structure of the film and then
continue with spatially resolved analysis of nanoscaléavar
tions of the film properties.
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(300) peaks aty = 0.82A-1 andq= 1.2 A~1, respectivelfl.  probe.

These peaks are defined by the unit cell paranetdrcrys-

talline P3HT domains [see Fill 1], and suggest the presencg2  Spatially resolved structural properties

of the face-on morphology in the sample. The strongest peak ) ] ) .

atq= 1.65A-1 may contain scattering contribution from both 10 determine spatially resolved nanoscale informatioruabo

very close value®. Due to the fact that crystalline domains corresponding Fourier spectra of intensjtfq) at each spatial

may have different orientations in the illuminated sampéma ~ POsition of the sample. To analyze local orientationardist

this peak is often considered &820)/(002). Finally, the ~ tion of domains we dlregtly applied Ed.](1) and Qetermlned

peak located af = 2.68 A1 is defined by scattering from the the phaseg, of the dominant second order Fourier compo-

(111) set of atomic planes of gold. The corresponding scatterD€ntsl2(q). This Fourier component has the largest contri-

on the diffraction patterns shown in Fi§s. 2[B)-2(d). tation of P3HT domains in the film. We determine the dis-
To determine the average characteristics of orientational tribution of orientations of crystalline P3HT domains &30

der of P3HT domains, the Fourier speo@ﬁ’%i (9))m (see sec- the sample using two-dimensional (2D) vector fields shown in

tion 1.1 in the ESN) and(Cl;) (q))w, as well as their difference Figs.[4(a) andl4(b). Each vector in these figures is defined by
~ the amplitude and phase of the Fourier compohgny, deter-

mined at the positions of th€00) [Fig.[d(a)] and020)/(002)
[Fig.[d(b)] peaks, respectively. Fids. 4(d) ahdl 4(e) repnes
all available orientations shown in Fids. 4(a) and 4(b) ie th
form of angular diagrams.

The distribution of the magnitudes and orientations of the

(Cn(9))m (Eq.[B8) were calculated and averaged over the full
dataseM [see Fig[B(b)]. Only Fourier components of the or-
dersn=1,2,4 and 6 have large contribution to the full spec-
trum (the others have negligible values). Theependence of
(Cn(q))m has three local maxima located at the sanel-

ues as th¢200), (300) and(020)/(002) peaks on the average - L :
intensity curvel(1 (g, 8))o ) [Fig. B(a)]. The presence of har- vectors in Figs_¥(a) and] 4(b) shows that the film is not uni-

monics higher tham = 2 (up ton = 6) indicates enhanced form. - As it follows from Figs [3#(d) andLl4(e), all phases

orientational order of P3HT domains. The nonzero value oft@ distributed in the angular range of 164 4" < 164’
the first order Fourier component can be attributed to uncomin Fig.[4(a), and in the range of 1 wéozo)/(ooz) <90 in
pensated background contribution. Fig.[4(b). A comparison of vector orientations in Figk. 4(a)
We would like to note, that analysis of diffraction data mea-and[4(b) allows us to partition the sample area into two major
sured from pristine P3HT films prepared by the same fabricaregions [see Fid.l4(c)] according to the value of the phafse di
tion protocol does not reveal orientational order in theays  ferencenys, = i — {0?9/(%%? calculated at each spatial
For pristine P3HT films all Fourier components of the dif- position.
ference spectréCn(q))m have negligible values. This brings  The first region [red points in Fidl 4(c)] is characterized
us to the conclusion that in P3HT/AuNPs blends orientationawith a strong correlation between the vector orientations i
order of crystalline domains is induced by Au nanoparticlesFigs.[4(a) and]4(b), and the phase difference in the range of
This observation is supported by recent experiments, whergngles 80 < Ay, < 90°. This suggests a presence of a certain
improved crystallinity and orientational order were repdr  preferential P3HT morphology in this region, that pressrve
for various P3HT blend&:23, angular orientation of thé200) and(020)/(002) peaks with
The difference spectrum shown in Fg. 3(b) is determinedrespect to each other at each particular position. Since our
by average nanoscalstructural properties of the sample due samples were prepared in the same way as irRafhere the
to the nano-sized x-ray probe applied in the experiment. Aface-on oriented domains were mainly observed, we conclude
the same time, the diffraction patterns shown in Figs. 2(0) a that the face-on morphology is preferential in this regitm.
[2(c) clearly indicate structural variations in differeratrs of  this case, the main contribution to the peakjat 1.65A 1 is
the sample. The major difference between these diffractioniefined by thee-planes [i.e., by th€002) peak]. As one can
patterns is determined by th{@€00) and (300) peaks present see in Fig[#(c), two separated areas of the sample are char-
in low g-region, that can be attributed to the face-on orienta-acterized with dominating face-on morphology but differen
tion of P3HT domains [Fid.12(b),(c)]. Both peaks are abseniorientations, indicated with two arrows in Fig. 4(d). Qurits-
in Fig.[d(d) where only th€020)/(002) scattering ring can urally these regions coincide with the areas in Eig. 4(a)rehe
be observed, that is characteristic for the edge-on otienta  the magnitudef(gz00)| are large since the face-on morphol-
Therefore, it is important to characterize the structuréhef  ogy in the given scattering geometry is primarily assodiate
polymer film at each separate position defined by the x-rawith a (200) peak.
The second region of the film [blue points in Fig. 4(c)]
* The (100) reflection was covered by the beamstop. is characterized with a larger spread of the phase diffesenc

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1110 |5
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Fig. 4 Spatial distribution of orientations of crystalline P3H@ndains across the film, determined by the phapégg@ and wéozo)/ (002) ¢

the Fourier components(dzo0) () andlz(qozo/ooz) (b), respectively. Each vector in the plotted vector fields@sponds to a certain position
on the sample, with the vector length proportional to the uhaglof the respective Fourier component. Black lines avttgud to guide the
eye. (c) Two sample areas with predominant face-on (redpoamd mixed (blue points) orientation of crystalline damsaBlack square and
circle in (c) indicate two sample positions chosen for asialin Fig[$. Angular distribution of all observed oriemtass in the vector fields (a)
and (b) is shown in polar coordinates in (d) and (e), respelgti Arrows in (d) specify two major in-plane orientatioofthe face-on domains
in the sample.

50° <Ay, < 80°. One can see in Figsl. 4(a) abd 4(b), that boththe Fourier componentk(q) across the sample shown in
vector fields are characterized with a smooth change of th€&igs.[4(a) anfl4(b) indicates a substantial orientationdeéio
magnitudes and orientations of the vectors. At the same timén the polymer film and confirms applicability of the spatyall
distribution of the magnitudes of the vectors in Hig. 4(b) isresolved XCCA to such a system. As a step further, we ap-
more uniform than in Fig.J4(a). It is about 50% of the vectorsplied the CCFC'(g,A) to individual diffraction patterns to

in Fig.[4(a) have magnitudes smaller thaf81of the largest access hidden structural features of the film with an inegas
vector, while less than 5% of the vectors in Hig. 4(b) satisfyaccuracy (see section 1.2 in the BSIn this case the Fourier
similar condition. This all suggests that in the secondaegi components of intensity were determined using the relation

a mixed orientation of domains is observed, and a continuou /i : ;
! = ; see Eq.K). In Fid.]5 the magnitu
transition from the face-on towards the edge-on morpholog)(fzz?(tﬂ)e| Fourci:gr(g())r%ponents )of the ?rder& 0 agldn ie;(g)rL

is achieved by rotation of the face-on domains aroundcthe presented as a function gffor two diffraction patterns mea-

axis [see Fid.1l]. Itis imporFantto note, that suc_:h a coriotus sured at different sample positions with the predominargfa
can be drawn only from a simultaneous analysis of both vectog | morphology. One can see that tilependence df»(q)|
fields in Figs[#(a) and14(b), while separate analysis of eaCIBrovides additional structural details that can not beatlye

peak does not reflect a real distribution of domain types. observed in the angular averaged profitga)| = (1(q, $)).
A smooth distribution of the phases and magnitudes of ’

6| Journal Name, 2010, [voll,1{10] This journal is © The Royal Society of Chemistry [year]
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Fig. 5Fourier components of intensity of the orders: 0 (a),(b) anch = 2 (c),(d) as a function afj, calculated for two diffraction patterns
measured at two sample positions with face-on morphologyves (a) and (c) correspond to the position indicated byeldsdquare in
Fig.[4(c), and (b) and (d) correspond to the position markitd avcircle in Fig[Z(c). Black and red curves corresponchtexperimental
data and results of Lorentzian fits, respectively (see.téxthe case oh = 0 a linear background contribution has been subtracted.

that is usually analyzed in scattering experiments. Fomexa cles are not uniformly distributed across the film, the ragio
ple, the peak indexed g402) on the|l»(q)| profile can be  with high gold concentration correspond to large valueswf A
clearly separated from th@®02) peak in Fig[’b(c), and is not (111) peak magnitude. A 2D map of the P3HU02) peak
visible in Fig.[B(d), indicating slightly different orieation of  center positiomy determined from thd»(q)| profile is shown
the face-on domains at these positions. This cannot betlgirec in Fig.[@(b). One can clearly see a smooth variation of the
seen from thelo(q)| profiles shown in Figs.15(a) arld 5(b).  (002) peak position, that indicates changes of the unit cell pa-
rameterc across the film in the range from54 A to 7.62 A.
In the regions with higher gold concentration 92) peak
lightly shifts to lowerq. This observation suggests that Au
nanoparticles could influence the structure of P3HT crijstal
'regions, particularly cause relaxation of ttxspacing in the
P3HT backbone [see Figl. 1].

We determined the positions of the centggsand magni-
tudes|ln(qp)| of different peaks inlo(q)| and|l»(q)| profiles
as a function of the probe position on the sample. Thes
peaks were fitted with a Lorentzian function (see Fig. 5)
In(0)] = b+5-yn-[(@—o)?+ 3] L, whereb is a background
correction,s is a scaling coefficienty, is half-width at half-
maximum (HWHM) of the peak, ang}) is a center of the peak.
Analysis of the(200) peak on thelg(q)| profile (see section 5 Conclusions
1.3in the ESY), gives the average positional correlation length
& = 21/ yp of the order of 10 nm. This value is in agreement

. R . The x-ray scattering experiment with a nanofocused beam
with a characteristic size of P3HT crystalline domaf#. y g exp

in combination with XCCA allowed us to reveal details of
In Fig.[6(a) a 2D map of the magnitudgs(qo)| of the Au  the nanoscale structure of semicrystalline films cast from

(111) peak is shown, determined from the fit of tkil1) P3HT/AuNPs blend. We explored spatially resolved and aver-

peak on thdlp(q)| profile. As one can see, gold nanoparti- age properties of the films by 2D mapping various structural
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