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The intrinsic charge transport properties in organic crystals as plane Bragg peak, one GI-CTR scan is performed as follows: The
calculated by numerical methods depend strongly on the molecularincident X-ray beam is kept at a grazing angie= 0.15 on the
packing and arrangement in the crystdiPentacene, showing one  sample near the critical angle for total external refleciignThe
of the highest charge carrier mobilities among organic semiconduc- detector azimuth angkis set tod’, an in-plane Bragg peak position
tors26is known to crystallize in at least four polymorphs, which  of interest. A scan is performed by measuring the diffracted intensity
can be distinguished by their layer periodiéityo:, Only two while increasing the altitude angjeand simultaneously adjusting
polymorphs grow as single crystals, and their crystal structure hasd by
been solved?® The substrate-induced 15.4 A polymorph is the most
relevant for organic thin-film transistor (OTFT) applications; _[2 cos@’) cosgy) + cos(y) — 1
however, its crystal structure has remained incompfeté as it 9 = arcsi 2 cosf/) cos()
only grows as a fiber structured thin film. Here we extend the crystal '

truncation rod X-ray scattering technique to fiber structured thin  This keeps the lateral momentum transfgrconstant while the
films. We determine the complete crystal structure of this poly- perpendicular momentum transtgiis varied (Figure 1a). A highly
morph grown on various substrates and find that the molecular collimated scintillating point detector is used for data collection,
arrangement within the unit cell is substrate dependent. resulting in a Bragg signal with a signal-to-noise ratio~ef0?,
Pentacene crystallizes in a layered structure with a herringbone Background intensity is measured with an offsetA@f = 1° and
arrangement and grows at room temperature in the so-called “thin-js subtracted.
film” phase on amorphous silicon dioxitléa-SiQ,). Since X-ray Solving the crystal structure is achieved in a two-step procedure.
reflectivity measurements only showed (00I) reflections associated First, the unit cell parameters are solved from those Bragg peak
with a spacing ooy = 15.4 A, the crystallites are supposed to  positions (i, d,) which can be assigned unambiguously to a Miller
form a fiber structure with theia—b plane oriented parallel to the  index.
substrate surface and the fiber axes parallel to the substrate formal  After the unit cell parameters are determined, the molecular
(Figure S1). The thin-film phase is a substrate-induced polymorph, arrangement within the unit cell is inferred from the measured
as it is only observed near the substrate for film thicknesses of up intensity distributions of all measured data poik(tgy,d,). Techni-
to 50 nm at 300 K:*Hence, sample preparation for X-ray powder cally, this is realized by simulating the sum of all individual
diffraction failed because insufficient sample could be proddced, intensitiesm superimposing due to the fiber structure (Figure 1b).
and more importantly, it remains unclear if the thin-film phase can For the simulation of the scattered GI-CTR intensitgky,d,), we
be removed from the substrate without changing its structure. The use the semi-kinematical approximation:
reciprocal unit cell parametess*, b*, and y* were obtained by
electron diffraction experiments using electron transparent substrates 5 B ey
such as thin copper grids coated with carBétSubsequent grazing 1(Gyy0l,) = C+(AgNAN) z e ™F(q,) —
incidence X-ray diffraction (GIXD) measurements on a-SiO m g —1 )
substrates revealed the in-plane unit cell parametgbsaand their
respective anglg.®13 To solve the complete crystal structure, or  where A, represents the incident intensitg; includes beam
the complete set of unit cell parameters and the molecular amplitude correction factoé$,B is the B-factor of the Debye
arrangement within the unit cell, a large reciprocal space section Waller factor,NaN, are the number of unit cells of a crystallite in
of Bragg peaks along with their intensities has to be measured anda andb direction,N_ is the film thickness in unit cells, andis the
analyzed. Such a measurement has to overcome the inherently weakurface roughness, which describes the observed surface morphol-
signal-to-noise ratio from the thin-film crystallites. Furthermore, a ogy of a pentacene thin-film crystallite.
complex numerical analysis has to be developed to analyze the The structure factoF(gy) is calculated from a unit cell con-
diffraction data of crystallites forming a fiber structure. Here we sisting of two pentacene molecules arranged in a herringbone
will employ a grazing incidence crystal truncation rod (GI-CTR)  structure. The positions of the molecules are fixed with their center
geometry to cover the relevant section of reciprocal space for a of mass at the unit-cell coordinates (0, 0, 0) for molecule A and
substrate-supported thin film. Details of the experimental setup are (¥, 1/,, 0) for molecule B. The structure of the pentacene molecule
given in the Supporting Information. was taken from the 14.1 A crystal structdrand the Cromer
Here, we first focus on how to collect the relevant data set for Mann scattering factor coefficients were used. The three angular
pentacene thin films on technologically relevant substrates such asdegrees of freedom of each molecule were fitted independently.

1)

Ne(i*Gm€—0) _ 1 2

a-SiQ, octadecyltrichlorosilane-treated a-Si@TS), and Topa¥’ The angle between the two molecular planes is called the her-
As a first step, the in-plane Bragg peak positions are determined ringbone anglédns, as illustrated in Figure 2a. The tilt angle of
by a GIXD measurement as described elsewheFor each in- the long molecular axis (LMA, Figure 2b) with respect to the
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To conclude, we showed that the molecular orientation in the
unit cell differs among different substrates while the unit cell
dimensions of the 15.4 A pentacene polymorph are identical. This
indicates that substrate effects have to be included if one aims to
understand the molecular structure of the thin-film phéisedetail.

The crystal structures reported here (atomic coordinates are given
in the Supporting Information as cif files) provide a basis to apply
techniques such as density functional methods to investigate intrinsic
charge transport propertiekand optical properties of organic thin-
film devices on a molecular level. In previous studies, it was

Qxy=1.343 A-1
G1L L)

log(l) a.u.

EL observed that different substrates vary the charge carrier mobility
= Gxy=2.267 A-1 .
s 2,41, 1) in OTFTs?° The substrate-dependent crystal structures observed
—measured G-CTR here could be one reason for this variation. This topic may lead
——simulated G-CTR . . . L
G . % 3 ultimately to a controlled fine-tuning of intrinsic charge transport
4. properties.

Figure 1. (a) GI-CTR geometry. Note that the sample does not move during ~ The experimental approach to determine the crystal structure

a measurement. Here, the point detector is replaced by an image plate fOfdeveIoped here can be easily applied to a wide range of organic
better illustration. (b) Simulation of the= k = +1 GI-CTR contributions thin-film systems used in organic electronic devices.

and their superposition (dotted line). (c) Observed and best fit plots of GI-
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Figure 2. Three-dimensional view of 15.4 A pentacene thin-film polymorph
on SiQ. (a) Top view: the herringbone angle between the two red molecule
planes is illustrated in green. (b) Side view: the LMA is illustrated as a References
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