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proménnych, pak lze vyfesSit i takovou krystalovou
strukturu, ktera ma 36 nevodikovych atomt v asymetrické
casti bunky a 45! stupiii volnosti (Rukiah et al., 2004).

Altomare A., Cuocci C., Giacovazzo C., Moliterni A.,
Rizzi R., Corriero N., Falcicchio A. (2013). J. App!.
Cryst. 46, 1231-1235.

Baerlocher Ch., McCusker L. B., Palatinus L. (2007). Z.
Kristallogr. 222(2), 47-53.

Cerny R., Favre-Nicolin V. (2007). Z. Kristallogr. 222
105-113.

Habermehl S., Morschel P., Eisenbrandt P., Hammer S.M.,
Schmidt M.U. (2014). Acta Cryst. B70, 347-359.

Session VIII, Thursday, June 25

L35

Oszlanyi, G. & Suto, A. (2004). Acta Cryst. A60, 134-141.

Rukiah M., Lefebvre J., Hernandez O., van Beekc W.,
Serpelloni M. (2004). J. Appl. Cryst. 37, 766-772.

Rivera A., Rohlicek J., Sadat-Bernal J., Rios-Motta J.,
Dusek M. (2014). Z. Kristallogr. 229(4), 319-327.

Sisak D., Baerlocher Ch., McCusker L.B., Yoshinari T.,
Seebach D. (2014) J. Appl. Crystallogr. 47, 1569-1576.

Shankland K., Spillman M.J., Kabova E.A, Edgeleya D.S.,
Shankland N. (2013). Acta Cryst. C69, 1251-1259.

Shankland K, Markvardsen A.J., Rowlatt C., Shankland N.,
David W.LF. (2010). J. Appl. Cryst. 43, 401-406.

DIVERSITY AND SYSTEMATICS OF STRUCTURES OF BINARY MIXTURES OF
ORGANIC SEMICONDUCTORS

J. Novak', A. Hinderhofer’, K. Broch?, A. Gerlach?, A. Aufderheide’, R. Banerjee?,

J. DieterleZ, C. Frank?

3

. S. Kowarik®, F. Schreiber’

"CEITEC Masaryk University, Group of Functional Properties of Nanostructures, Kotlafska 2, bldg. 9,
CZ-611 37 Brno, Czech Republic

%Inst. Fiir Angewandte Physik, Eberhard Karls Universitét Tiibingen, Auf der Morgenstelle 10,
D-72076 Tiabingen, Germany

*Institut fiir Physik, Humboldt-Universitat zu Berlin, Newtonstr. 15, D-12489 Berlin, Germany
frank.schreiber@uni-tuebingen.de

In the past decades, organic semiconductors (OSC) have
attracted interest of researchers for their possible applica-
tions in organic field effect transistors, organic photovol-
taic (OPV), and organic light emitting diodes (OLEDs) [1,
2]. In many of these applications, several molecular com-
ponents, typically donor-acceptor (D/A) combinations, are
needed and their mixing behaviour plays a key role for the
performance of the devices. As an example, in OPV de-
vices, the size of the D/A domains for partially mixing
OSCs has to be comparable to the effective charge carrier
diffusion length for the effective charge carriers separation
and their withdrawal towards electrodes. Recent research
on OSCs mixing, stimulated by the device related impor-
tance of the topic, has also shown some new and unex-
pected results at the fundamental level.

The presentation will review recent findings in the field
of OSCs mixing behaviour. We will focus on blends of
small OSCs molecules in thin films prepared by co-evapo-
ration on weakly interacting silicon substrates. At the very
beginning, we shorty introduce some most studied OSCs
and highlight the importance of the OSCs blends for device
applications. Thereafter, we will mention the process of
OSM thin film growth via organic molecular beam deposi-
tion and the X-ray scattering techniques employed in the
structural studies on them, including X-ray specular reflec-
tivity and grazing incidence X-ray diffraction [3].

The main part of the presentation will deal with crystal
structure of binary mixtures of OSCs and how it is influ-
enced by molecular interactions. Some structures of OSC
blends find direct counterparts in the well explored ele-

mental systems, such as binary alloys, while other mixing
scenarios are completely new and surprising. Similar to the
elemental systems, phase separation , statistical mixing of
molecular components, and formation of a new molecular
compound phase, respectively, are observed for OSC mix-
tures [4]. However, in contrast to the elemental blends, not
only interaction between molecular components of mix-
tures determines the realized mixing scenario but also the
steric, i.e. shape, compatibility of the molecules plays an
important role [4, 5]. Additionally, anisotropy of the shape
and of the interaction potential of the OSC molecules can
lead to an ordering anisotropy, where the mixed system
shows periodicity only along a certain preferential
direction [6].
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Advances in focusing of X-rays during past years have al-
lowed tremendous increase in spatial resolution of scatter-
ing techniques. In this work we show that scanning
sub-micrometer diffraction using focused synchrotron ra-
diation can unravel the three-dimensional structure of
epitaxial crystals containing a periodic multiple quantum
wells underneath their faceted surface.

As an example we use 8 micron high SiGe crystals (Ge
content 90%) grown by low-energy plasma enhanced
chemical vapor deposition (LEPECVD) on a regular array
of Si pillars etched deep into the Si substrate. The SiGe
crystals are monolitically formed by self limited lateral
growth [1] into the shape of high, 3D faceted towers as a
buffer for final growth of multilayer on top, see Figure 1.
These SiGe microcrystals are further conformal overgrown
by a periodical Ge/SiGe multiple quantum well (MQW)
structure [2], see scheme in Figure 2. This allows amplifi-
cation of the truncution rod diffraction from every part of
the surface. For a nanodiffraction experiment the neigh-
bouring crystals were isolated in order to detect the signal
only from one individual crystal [3].

The X-ray nanodiffraction experiment was performed
at the IDO1 beamline of the European Synchrotron Radia-
tion facility (ESRF) in Grenoble. The beam was focused
down to 500 nm using a Fresnel zone plate (FZP) and
scanned over the sample by a piezo stage, see Figure 2. By
mapping reciprocal space using 2D pixel detector, three-di-
mensional reciprocal space maps (RSMs) were constructed

Figure 1. SEM image of epitaxial grown 8 um high Ge crystals
grown on 8 um high Si pillars, see Ref. [4].

x-ray beam

detector

MQw

aalial

piezo | |

stage
Figure 2. Schematic sketch of scattering geometry with inci-
dent beam K, and exit beam K defining the scattering vector Q,
see Ref. [4].

for each (x,y) position of the x-ray beam on the sample.
Since the microcrystal surface with facets, see Figure 3a,
was covered by MQW, the diffracted intensity was aligned
into MQW satellites in reciprocal space ordered along four
truncation rods each perpendicular to irradiated surface,
see Figures 3d,e,f. A cut through isointensity plot of 3D
RSM is shown in Figure 3c.

If we limit the detected intensity only to selected MQW
satellite peaks, the diffraction signal is sensitive only to
particular surface corresponding to selected facet. Thus us-
ing this scanning diffraction technique, we can map shape
of individual facets. In Figure 3b, the (x,y) mesh of total in-
tensity collected around all SL-1 peaks is plot and it clearly
shows the shape of {113} crystal facets on top. If only
peaks from one truncation rod are selected, the mesh will
image only the one corresponding facet. This type of imag-
ing in Figure 3b well correlates with the SEM image in Fig-
ure 3a, observed from the same viewing angle as the
incidence angle of X-ray beam.

Using this method we could determine also the MQW
properties on top of each individual crystal facet depending
on the beam position [4]. From the diffraction peak shape
we could map the very high crystalline quality of the struc-
ture as well. The presence of the MQW allows the recon-
struction of the crystal shape without the need of any
structural model.

We acknowledge the staff of IDO1 beamline at ESRF’; the
FIRST Center for Micro- and Nanoscience of ETH Ziirich
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Figure 3. Perspective SEM micrograph view of 8 um tall Ge crystal with significant crystallographic facets, A (113),
B (-1-13), C (-113), D (1-13). (a). The intensity mesh from all SL-1 peaks shows the complete shape of crystal surface
covered by diffracting MQW structure (b). 3D isolevel plot of the scattered intensity cut in the middle shows all four
ABCD truncation rods (c). Examples of (Qx,Qz) 3D RSM projections around SiGe (115) reciprocal lattice point re-
corded at facet A (113) (d) and B (-1-13) (f). The projection of 3D RSM into (Qy,Qz) plane shows truncation rods from

both facets C (-113) and D (1-13) (e), see Ref. [4].
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PRI OBRAZOVE ANALYZE MIKROFOTOGRAFIi Il
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Fourierova transformace (FT) je jednim z nastroji, ktery
lze vyuzit v obrazové analyze mikrofotografii (IMA),
neboli pfi ,,pfevodu obrazkt na ¢isla“. Tento piispévek
navazuje na nase dvé predchozi prace, prezentované na
kolokviich krystalografické spole¢nosti [1, 2]. V prvni
praci [1] jsme predstavili programovy balik MDFT (sadu
skriptli pro programovaci jazyk Perl [3]), ktery dokazal
prevadét mikrofotografie na difrakéni obrazy (tj. pocitat
dvourozmérnou diskrétni FT z vybranych ¢asti obrazu) a
nasledn¢ z difrak¢nich obrazii pocitat radialni profily (.
intenzitu jako funkci vzdalenosti od stfedu difrakéniho
obrazu), coz bylo mozno vyuzit pro uréovani periodickych
vzdalenosti v polymernich systémech [4]. Ve druhé ze
zminénych praci [2] jsme puvodni programovy balik
MDFEFT zjednodusili (kratsi a prehledngjsi skripty v jazyce
Python [5]), podstatné zrychlili (vyuziti moduld pro
rychlou préci s rozsahlymi poli, které jsou soucasti vybra-
rozsifili o dalsi funkce (uzivatelsky definovatelnd norma-
lizace, definovatelné vyhlazovani dat, azimutalni profily).

Nyni pfedstavujeme finalizovanou verzi baliku MDFT.
jazyce Python, které lze snadno a rychle modifikovat a
aplikovat na libovolnou mikrofotografii. Oproti ptedchozi
verzi obsahuji skripty fadu drobnych vylepSeni. Navic jsou
v nich struéné textové popisky usnadnujici uzivatelské
upravy. V neposledni fad¢ ma balik MDFT také zlepSenou
napovédu a priklady na www [7].

Python-skripty z baliku MDFT [7] pouzivame zpravid-
ImagelJ [8], ktery ma grafické uzivatelské rozhrani a je
pfimo specializovan na praci s mikrofotografiemi. Kombi-
nace téchto dvou programl umoznuje nasledujici vyuziti
FT pfi obrazové analyze: (i) vypocet jednorozmérné dis-
krétni FT (1D-DFFT) z vybranych ¢arovych profilii na
mikrofotografiich, (ii) vypocet dvojrozmérné diskrétni FT
(2D-DFFT) z vybranych oblasti nebo celych mikro-
fotografii, (iii) prevod 2D-DFFT na jednorozmérné
radialni profily, (iv) pfevod 2D-DFFT na jednorozmérné
azimutalni profily a (v) vyuziti 2D-DFFT k filtrovani, coz
v praxi zahrnuje zejména odstrannovani ndhodného Sumu,

Intensity [ |

o 20 40 60 80 100
r [ Lpixel]

(c) 2D-DFFT image | (d) 1D-radial profile

(f) Binary image

0.6} peradicity = 5.8 nm
plenan) = 22 pioed i

Intensity | |

n 0 &0 60 &0 100
r [ 1ipixel]

(g) 2D-DFFT image | (h) 1D-radial profile

Obrazek 1. Ukéazka, co dokaze soucasna verze programu MDFT [7]. Zde se jedna o analyzu schopnosti samouspofadani nanocastic
stiibra (AgNP; a—d) a zlata (AuNP; e-h). TEM mikrofotografie (a, ¢) byly pomoci programu ImageJ [8] pfevedeny na binarni obrazy (b,
). Pomoci skriptt z baliku MDFT byla vypoctena dvojrozmérna Fourierova transformace (c, g) a vysledné 2D-DFFT obrazy byly
prepocteny na 1D radialni profily (d, h). Symetrie difrakénich obrazi (c, g) jasné prokazala niz§i miru samouspofadani a orientace u
bimodalnich AgNP ve srovnani s monodisperznimi AuNP. Z pikid na radialnich profilech bylo navic mozno vypocitat primérnou
vzdalenost mezi ¢asticemi (6,8 nm; obr. h), tedy veli¢inu, jejiz pfimé méfeni je dosti pracné.
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odstranovani periodického Sumu a vyrovnani nerovnomer-
ného pozadi na mikrofotografiich. Body (i—iv) souvisi
s popisem a kvantifikaci periodického usporadani. Zde
existuje analogie mezi 2D-DFFT obrazy mikrofotografii a
difraktogramy z XRD ¢i ND. Na rozdil od XRD/ND se ale
v ptipadé IMA zpravidla nejedna o atomarni strukturu, ale
o periodické usporadani na mikroskopické urovni (stovky
mikrometrt az jednotky nanometrt1). Bod (v) nema ptimou
analogii s XRD/ND a je specificky pro IMA.

Obsahem rozsifeného abstraktu, pfednasky a dokumen-
tace programu MDFT na www [7] jsou piiklady z praxe
ilustrujici v8echny shora zminéné aplikace (tj. body i-v,
uvedené v predchozim odstavci). V prednasce uvedeme
téz vybrané publikacni vystupy [4, 9], v nichz byla FT
analyza mikrofotografii vyuzita. Z ptikladd budou patrné
dvé vyhody baliku MDFT ve srovnani s nékterymi
bilita neboli moznost ptizpusobit si sviij skript ,,na miru*
dané¢ mikrofotografii ¢i sérii mikrofotografii a (b)
automatizace neboli moznost spustit stejny skript 1 na
velmi rozsahlé série mikrofotografii.
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L38

2. M. Slouf, T. Vackova, Materials Structure, 21, (2014), 79.
3. Domovska stranka programu Perl: http://www.perl.org/.

4. M. Slouf, H. Synkova, J. Baldrian, A. Marek, J. Kovaiova,
P. Schmidt, H. Dorschner, M. Stefan, U. Gohs, J Biomed
Mater Res Part B: Appl Biomater, 85B, (2008), 240-251.

5. Domovska stranka programu Python:
https://www.python.org/.

6. Domovska stranka distribuce WinPython, obsahujici
klicové moduly pro vypocty FT:
http://winpython.github.io/.

7. Domovska stranka programu MDFT:
http://www.imc.cas.cz/vymena/morpho_data/MDFT/000in
dex.htm.

8.  Domovska stranka programu ImagelJ:
http://imagej.nih.gov/ij/.

9. L.Matgjka, M. Janata, J. Pleitil, A. Zhigunov, M. Slouf,
Polymer, 55, (2014), 126-136.

Podeékovani: tato prace vznikla diky financni podpore od
Technologické agentury Ceské republiky (projekt TE
01020118) a Grantové agentury Ceské republiky (projekt
P108/14-179218).
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Simulations of scattered intensity distributions from two
and three dimensional carbon structures of different shapes
and sizes were done using the general Debye scattering
equation [1]. The influence of the lattice defects typical for
the turbostratic structure, i.e. random fluctuations in the
parallel layer spacings, random lateral translations of gra-
phitic layers, the curvatures of layers and mutual dis-
orientations of individual parallel layers around the layers
normal direction, on the resulting simulated scattered in-
tensities were studied and discussed [2]. The micro-
structure-induced changes in the line broadening, in the
shape parameter in the Scherrer formula and in the lattice
parameters determined from the positions of the X-ray dif-
fraction lines are discussed in particular. The set of pre-
sented Scherrer parameters allows the calculation of the
cluster sizes along and normal to the basal planes from the
measured X-ray scattering. The applicability of the War-
ren-Bodenstein’s approach [3] and paracrystalline model
[4, 5] for description of scattering on turbostratic carbon
structures was proven. Intensity distributions simulated us-
ing both approaches were compared to those obtained us-
ing the general Debye scattering equation.

A computer program adopting Warren-Bodenstein’s
approach and paracrystalline model allowing fitting of
whole measured scattering powder patterns was written.
The program enables refinement of physical parameters of

turbostratic carbon materials, i.e. the mean lattice parame-
ters ay, ¢y, the mean cluster sizes parallel and perpendicular
to the graphitic planes La and Lc, their distributions as well
as the mean square atomic displacements 4u,’n and 4u,’n.
A series of high melting coal-tar synthetic pitch specimens,
annealed at different temperatures, was prepared and in-
vestigated [6]. In studied samples we observed the increase
of the clusters sizes, changes in the mean lattice parameters
ay, ¢y, and decay of disorder with increasing annealing tem-
perature.

The generalized Warren-Bodenstein’s method describ-
ing the scattering on turbostratic carbon was implemented
into the Rietveld program MStruct [7] allowing fitting of
measured scattered intensity distribution from mixtures of
crystalline materials with turbostratic carbon, refinement
of essential microstructural parameters and quantitative
phase analysis.
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Aneziris & D. Rafaja, Adv. Eng. Maters., 15, (2013) 1280.

3. B.E. Warren & P. Bodenstein, Acta. Cryst., 18, (1965),
282.

4. S. Hendricks and E. Teller, J Chem Phys, 10, (1942), 147.
5. R. Hosemann, Zeit Phys, 128, (1950), 465.
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Figure 1. Model of turbostratic carbon cluster of cylindrical shape (a). Calculated coherently scattered intensity contribu-
tion from cylindrical turbostratic carbon cluster with diameter La = 10 A; number of parallel layers varied between 1 and
15 (b). Measured and refined X-ray scattering patterns from mixture of crystalline Al,O; and turbostratic carbon (25 wt.
%) sample (c).
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