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ABSTRACT: Anthradithiophene (ADT) and its functionalized derivatives
have proven to be attractive for high-performance electronic devices based
on small-molecule organic semiconductors. In this manuscript we
investigate the structural and optical properties of thin films of difluoro- AT, b
anthradithiophene (diF-ADT), an ADT derivative, grown by organic JWV\]’ Ye...
molecular beam deposition (OMBD). By grazing incidence X-ray diffraction out-of-plane -« in-plane
and reciprocal space maps, we show that diF-ADT crystallizes in a thin film fm
structure similar to the single crystal unit cell. In addition, we investigate the | Substrate |

growth characteristics with atomic force microscopy (AFM) and show an
increase of surface mound sizes with elevated substrate temperature. Optical absorption measurements reveal a clear vibronic
progression in both solution and thin film spectra along with a distinct optical anisotropy related to the molecular orientation in

thin films.

I. INTRODUCTION

Thin films based on small-molecule organic semiconductors
continue to attract attention as key building blocks of
optoelectronic devices, among them organic light-emitting
diodes (OLEDs), organic field-effect transistors (OFETs) and
organic photovoltaics (OPV). Their ease of processability and
chemical tunability makes them predestined for application in
disposable and inexpensive large-area electronics.' ™

In organic crystals, typically the transfer integrals coupling
molecules are smaller in comparison to inorganic solids, which
results in relatively small charge carrier mobilities.'” However,
there have been reports of charge-carrier mobilites as high as
1-10 cm® V™' 57!, which allows organic materials to compete
with amorphous silicon.""™'® In order to achieve such a high
performance in large-area devices organic materials, under-
standing and control of the thin film growth process is of
crucial importance.'” ™%’

Anthradithiophene (ADT) and its functionalized derivatives
have proven to be attractive for high-performance electronic
devices.”® ™ In particular the functionalization by partial
fluorination exhibited accelerated crystallization and improved
stability toward photooxidation.”*™*® For solution process-
ability, side groups can be attached to anthradithiophene
backbones. Among the most studied soluble ADT derivatives
are TES-ADT and diF-TES-ADT, which show enhanced charge
transport properties.12’35’37_39
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Among the many preparation methods available for thin film
preparation, two main methods are typically used: thermal
deposition in vacuum and deposition from solution. Not all
compounds can be equally well deposited with both methods.
Deposition from solution requires relatively high solubility of
the compound, for which solubility-enhancing side groups can
be attached. On the other hand for thermal deposition the
compound has to be thermally stable. Although both deposition
methods have their advantages and peculiarities, deposition
from vacuum usually allows for better control of the deposition
process by balancing the deposition rate with the thermal
diffusion on the substrate.

For vacuum-deposited organic thin films there is an
increasing number of studies with a quantitative analysis of
growth processes.'”**™* These studies are based on a
theoretical description of growth mechanisms of atomic
systems using a set of scaling exponents which relates the
surface roughness and the lateral length scales to the film
thickness™~** and which greatly improved the understanding
of growth processes in general.

This paper is dedicated to the structural and optical
characterization of difluoro-anthradithiophene (diF-ADT), an
ADT derivative with promising characteristics for optoelec-
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Figure 1. (a) XRR and (b) GIXD scans of 30 nm diF-ADT films grown at 300 and 330 K substrate temperature on a silicon substrate covered with a
native oxide layer. Angle of incidence for GIXD was a = 0.12° (4 = 0.103 nm).

tronic applications. It is organized as follows: Section IILA
presents X-ray scattering data providing information on the
structure of diF-ADT in thin films. In Section IILB surface
morphology images and the height—height correlation of films
of increasing thickness are analyzed by scaling laws. Optical
absorption spectra comparing monomers in solution to
condensed thin films are presented in Section IIL.C.

Il. EXPERIMENTAL SECTION

Thin films of diF-ADT were grown in an organic molecular
beam deposition (OMBD)*"~* chamber under high vacuum
conditions (base pressure = 2 X 107° mbar). Prior to film
growth the silicon substrates (Si(100) wafers covered with a
native oxide layer) and glass substrates were cleaned in an
ultrasonic bath with acetone and isopropyl alcohol and
afterward heated to 500 K for degassing. During film growth
the substrate temperature was either kept at 300 or 330 K. The
growth rates were 0.5 and 3.0 A/min monitored with an SQM-
160 quartz crystal microbalance (Inficon, Switzerland).

After film growth surface morphology images were obtained
by atomic force microscopy (AFM) using a NanoWizard II
(JPK Instruments, Germany) in tapping mode. X-ray
reflectivity (XRR), grazing incidence X-ray diffraction
(GIXD) and reciprocal space maps were done either at
beamline ID10 (ESRF, France) or at the X04SA beamline
(SLS, Switzerland). All X-ray scattering experiments were
performed under vacuum.

Optical absorption in the UV—vis range was measured with a
Cary 50 spectrophotometer (Varian Inc, USA) on glass
substrates under normal incidence. Thin films on both silicon
and glass substrates were used for variable angle spectroscopic
ellipsometry (VASE) measurements using an M-2000 ellips-
ometer (J.A. Woollam Co., USA).

lll. RESULTS AND DISCUSSION

lll.A. X-ray Scattering. High-resolution X-ray scattering
experiments were performed in order to determine the crystal
structure of diF-ADT in thin films. XRR (Figure 1a) and GIXD
(Figure 1b) data provide information on the out-of-plane lattice
spacing and the in-plane structure, respectively. In Figure 1 we
observe pronounced Bragg reflections in both the in-plane and
in the out-of-plane direction showing that diF-ADT thin films
are highly crystalline. From the position of the Bragg reflection
series in XRR we derive an out-of-plane lattice spacing of dyy =
1.51 nm. This length is not too different from the length of the
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long axis of the diF-ADT molecule, which is 1.44 nm,
suggesting that the molecules grow in a standing-up
configuration on silicon substrates.

The small intensity of the (002) Bragg peak is likely induced
by the unusual electron density p distribution of the diF-ADT
molecule, where p is larger at the ends of the molecule than in
the center. The asymmetry of the higher order Bragg reflections
indicates that there might be slightly different lattice plane
spacings for the molecular layers near the substrate associated
with slightly different molecular tilt angles. This may cause
interference effects that result in the uncommon shape of the
first Bragg reflection.

In order to quantify the unit cell parameters, a reciprocal
space map of a diF-ADT film was recorded (Figure 2). The
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Figure 2. Reciprocal space map of a 50 nm diF-ADT thin film grown
at 330 K on a silicon substrate covered with a native oxide layer. The
g-map is assembled from 36 single pictures that were taken with a
Pilatus 300k area detector. Calculated Bragg peak positions from the
unit cell in Table 1 are indicated by black crosses.

three pronounced rod-like reflections can be assigned to the
(111), (02l) and (12[) directions. To determine the thin film
unit cell we used the single crystal unit cell parameters as
starting point and adjusted them iteratively in order to obtain
the best fit to the reflections in Figure 2. The calculated peak
positions were corrected for the refractive index of the thin
film.>" The unit cell parameters with the best match to the
experimental data are shown in Table 1 together with the unit
cell parameters from the single crystal. All unit cell lengths are
slightly increased, where the relative increase is strongest in the
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Table 1. Comparison of the Unit Cell Parameters of the Single Crystal (SC) and the Thin Film

a (A) b (A) ¢ (A)
SC (90 K)** 5.8573 7.4715
thin film (300 K) 5.89 7.61 30.04

29.9378

a (deg) B (deg) v (deg) vol (&%)
90 91.878 90 1309.46
90 92.4 90 1345.5

b-axis. Furthermore, the monoclinic angle f is increased by
about 0.55°. Correspondingly, the unit cell volume is increased.
We note that the single crystal and thin film unit cells were
determined at different T (90 and 300 K), which might partially
explain the observed differences. However, the resulting
volumetric thermal expansion coefficient of ay, = 130 X 10~
K~! would be much higher than for comparable compounds,”’
if the unit cell change was a pure temperature effect.

We note that the fitting of unit cell parameters from thin film
data has several peculiarities related to the low intensity and
large width of the reflections. This makes an unambiguous
determination of the unit cell somewhat difficult. Because of the
large peak width, for example, the fitting process is not very
sensitive to small deviations in unit cell angles a and , i.e,, it is
also possible to fit this g-map using a triclinic unit cell with
angles close to 90°. Nevertheless, while determination of the
structure is not absolute, the deviations from the single crystal
unit cell are sufficient to conclude that there is likely a surface-
induced thin film polymorph.>

In contrast to other organic semiconductors, where the thin
film polymorph frequently shows a clear elongation of the unit
cell in the direction perpendicular to the surface plane with
more upright oriented molecules, for example as in
pentacene,”” we do not find a strong elongation of the c-axis
for diF-ADT. This may be due to the strong F—H
intermolecular hydrogen bonding in the diF-ADT structure,
which enhances interactions between molecules along the c-
axis.

In addition to the crystal structure determination, we
determined the coherent in-plane island size of dif-ADT-
dependent on the temperature from GIXD data (Figure 1b).
Using the full width at half-maximum (fwhm) of the Bragg
reflections we determined the coherently scattering in-plane
domain size from the Scherrer formula via Dy, = 27:0.94/
fwhm. The values of D, in Table 2 are averaged values of the
(110), (020), and (120) reflections.

Table 2. Averaged Coherently Scattering Domain Size D
of the (110), (020), and (120) Reflections”

Ty, (K) Dy (nm)
300 262 + 2.5
330 33.0 + 4.1

aDcoh” increases with increasing substrate temperature.

At elevated temperature we observe a slight increase of Dy,
which is consistent with the conventional expectation that with
higher T the nucleation density decreases due to the higher
diffusion length of the molecules.

lll.B. Atomic Force Microscopy. In order to study the
influence of the substrate temperature on the surface
morphology of diF-ADT thin films, two sample series were
prepared. Each series for temperatures 300 and 330 K,
respectively, consists of samples with nominal film thickness
ranging from 4 to SO nm. The deposition rate was kept
constant at 0.5 A/min (4 nm) and at 3 A/min (10, 30, and 50
nm), respectively.

Figure 3 shows representative AFM scans of the films. An
increase of the film thickness leads to an increase of the domain
size in both the high and low temperature series grown at 3 A/
min. We note that the 4 nm thin films were grown at a
substantially lower growth rate resulting in larger lateral
domains. A direct comparison of films with the same thickness,
but grown at different substrate temperatures, reveals that even
at a temperature elevated by only 30 K the mound size is
considerably larger. The 50 nm film at high temperature
exhibits terraced mounds of pyramidal shape, signifying that
there is preferential growth along certain crystallographic
directions. The step height of the terraces is approximately
1.5 nm, which is consistent with the lattice spacing determined
by XRR, i.e, the steps are monomolecular.

A quantitative analysis of the height—height correlation
functions (HHCF) of the AFM images can provide insight into
the growth mode™ of diF-ADT. For each sample the HHCFs
of several AFM scans were fitted by the function f(x) = 26°[1 —
exp(—(x/&)*)]. The resulting lateral correlation coefficients ¢,
which are a measure for the surface domain size, were averaged
to obtain statistically relevant information (Figure 4a). In order
to achieve an accurate evaluation of the root-mean-squared
roughness 6, o,py extracted from the HHCF were averaged
with the respective values oxpy obtained from X-ray reflectivity,
which provides a large-area averaged roughness value for each
sample.

We note that the HHCF of the SO nm (300 K) film, which
exhibits a rather broad distribution of island sizes (see AFM
data in Figure 3d), does not reveal a clearly defined point where
the linear part of the HHCF turns into the saturation part. This
might be an indication that under these specific growth
conditions not only one simple growth scenario dominates.

Within the dynamic scaling framework® one expects a
power-law dependence relating the lateral correlation length &
and the film thickness D with & ~ D'/% The dynamic exponent
1/z is a measure for the thickness dependent increase of the
correlation length &, or in simplified view describes how fast
separate islands are coalescing. A linear regression to the
plotted data points on a log—log scale is shown in Figure 4a.

For the 300 K samples 1/z(T°%X) = 0.70 + 0.16 is similar to
that of the organic semiconductor diindenoperylene (DIP, 1/z
=0.92 =+ 0.20), which exhibits a rapid roughening behavior with
fast island coalescing.40 By contrast, at 330 K & does not change
substantially with film thickness with 1/z(T23X) = 0.14 + 0.20.
To put these values into perspective, we should expect 1/z =
0.25 for samples with wedding-cake-shaped growth morphol-
ogy generated by high step edge barriers.**

Analogous to the correlation length, the power-law depend-
ence of the root mean square (rms)-roughness on the film
thickness, 6 ~ D”, can be analyzed with a linear fit of the data
on a log—log scale (Figure 4b). For both substrate temper-
atures we find a nearly identical growth exponent of  (T3%) =
0.53 + 0.17 and 8 (T23¥) = 0.52 + 0.08. A growth exponent of
B = 0.5 would imply a terrace-like growth mode in which the
mound profiles follow a Poisson distribution. Their standard

deviation is Sgiven by the square root of the film thickness D (o
~ D1/2)‘46,5»
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Figure 3. AFM images (image size: 7 X 7 um?) of films with different thickness. The substrate temperatures during growth were 300 K (a—d) and
330 K (e—h). The 4 nm films were grown at a low rate of 0.5 A/min. The growth rate of all other samples was at a high rate of 3 A/min. The height

scale is in nm.
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Figure 4. (a) Lateral correlation length & extracted from the height—
height correlation function (HHCF) of AFM morphology images. (b)
Averaged values of the rms-roughness extracted from the HHCF and
obtained by fitting the respective XRR scans (6 = (0zpy + Oxrr)/2)-
The inset in panel b shows a typical HHCF. Data points in both
images are shown for substrate temperatures 300 K (black circles) and
330 K (red squares). The straight lines through the respective data sets
are linear regressions used to obtain the scaling coeflicients 1/z and
in panels a and b, respectively.

We can put our results into a broader context by a
comparison with other commonly used rod-like organic
molecules. For para-sexiphenyl (6P), which also grows in
terraced mounds, a growth exponent of # = 0.49 was found>
and similarly for iron phthalocyanine (FePc) 8 = 0.51 + 0.14.>°

Very different growth exponents were found for DIP*>*” (3
= 0.748 = 0.0S and f = 0.772 + 0.031), with faster roughness

evolution which can be termed as unusually rapid. Other
compounds, like pentacene®® (8 = 0.27 + 0.03) or TiOPc™ (B
= 0.27 + 0.04), have a much slower roughness evolution.

For technical reasons, the thickness range of this analysis is
limited. At much higher thicknesses the roughness evolution
behavior might change. Nevertheless the data provide a good
estimate of the roughness evolution in a commonly used and
application-relevant thickness range. At this point it is
important to note that, for rod-like organic molecules, there
might be nontrivial extensions of the scaling laws which go far
beyond the relations applied."**>*° Nevertheless an application
of the well-established scaling laws on this new compound can
be helpful for at least a coarse categorization of the growth
dynamics of diF-ADT.

lI.C. Optical Properties. Optical absorption spectra were
obtained by UV—vis and spectroscopic ellipsometry. We find
that for the present films the absorption behavior does not
strongly depend on the growth parameters, such as the
substrate temperature or the deposition rate. Figure 5a shows a
representative absorption spectrum of a 30 nm diF-ADT film
grown on a glass substrate at 300 K and for comparison the
spectrum of diF-ADT dissolved in 1,2-dichlorobenzene. The
solution spectrum shows a pronounced vibronic progression
with the 0—0 and 0—1 transitions of similar intensity. A mean
peak distance of (0.17 + 0.01) eV corresponds to the typical
spacing of vibronic excitations in aromatic compounds.

In contrast to the solution spectrum, where we observe the
absorption of diF-ADT monomers with random orientation, in
thin films diF-ADT is ordered in a crystalline structure with a
preferred out-of-plane alignment (so-called fiber-texture). We
observe an overall red-shift of about 0.22 eV of the whole
spectrum. There is still a pronounced vibronic progression in
the crystalline thin film with distinct peaks arising from the 0—
0, 0—1, and 0—2 transitions. An estimation of the mean
distance of the peaks yields (0.19 + 0.01) eV. The width of all
peaks is slightly increased, and the 0—0 transition exhibits a
pronounced peak splitting. This splitting of an excited state into
two Davydov components can occur if there are two or more
molecules per unit cell,®" which is the case for diF-ADT.

Due to their fiber-texture, diF-ADT thin films exhibit optical
uniaxial anisotropy. The tilt angle ¢ of the molecular plane
relative to the substrate determines the optical properties of the
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Figure 5. Extinction coefficient k determined by (a) UV-—vis
spectroscopy of the thin film and dissolved in dichlorobenzene and
by (b) variable angle spectroscopic ellipsometry of the thin film. The
intensity of the solution spectrum was normalized to the maximum
value in the thin film. (c) Sketch of the orientation of the HOMO—
LUMO transition dipole moment. Molecular planes are inclined by
angle ¢ relative to the surface, which results in an optical in-plane
component absorbing light impinging perpendicular to the film surface
and an out-of-plane component absorbing light impinging parallel to
the film surface.

in-plane component and the out-of-plane component. Since
diF-ADT grows in a nearly standing-up orientation, the
absorption we observe in UV—vis spectroscopy under normal
incidence is predominantly caused by the transition dipole
moment of the HOMO—-LUMO transition, which is directed
along the short axis of the molecule (Figure Sc).

By combining variable angle spectroscopic ellipsometry
(VASE) in reflection mode (on silicon substrates) with
transmission ellipsometry (on glass substrates), we obtain
information on both the in-plane and out-of-plane component

21015

of the dielectric function. In this way we can unambiguously
resolve the optical anisotropy.®>**

Figure Sb shows the anisotropic extinction coefficient of a
thin diF-ADT film analyzed with a multisample analysis. As
expected, the in-plane component k,, is nearly identical to the
UV—vis absorption spectrum. The intensity of the out-of-plane
component k, is very weak, confirming the nearly upright
orientation of the diF-ADT molecules on the substrate. An
estimation of the tilt angle from the intensity difference of the
0—0 transition in both components yields ¢ ~ 82° i.e., 8° off
the surface normal. This tilt angle is consistent with the thin
film unit cell determined above.

B CONCLUSION AND SUMMARY

We have studied the growth, structure and morphology of thin
films of diF-ADT dependent on the substrate temperature. We
found that diF-ADT thin films are highly crystalline and
nucleate in a thin film polymorph similar to the single crystal
structure. GIXD measurements have shown that the in-plane
coherently scattering domain size increases at an elevated
substrate temperature, which may be beneficial for transistor
preparation.

From the analysis of AFM data we identified a strong
dependence of the in-plane lateral correlation length on the
substrate temperature. Upon an elevation of temperature by 30
K the mound size is significantly increased. The well-established
concept of dynamic scaling and the analysis of scaling
exponents was applied to the morphology data.

In the examined thickness range, the surface roughness
evolution with increasing film thickness obeys the same scaling
law with a scaling exponent of f = 0.5 for both substrate
temperatures 300 and 330 K, but the absolute roughness value
is decreased at higher temperature. In particular, we observe a
growth mode which results in large wedding-cake islands with
clearly visible terraces. This upward growth mechanism is due
to the presence of a sufficiently large step edge barrier that
prevents deposited molecules from hopping down to adjacent
lower layers. This growth mode is likely enhanced due to the
strong end-to-end attraction between these molecules from
intermolecular F—H hydrogen bonding interactions as seen in
the solubilized version of diF-ADT.**

Consistent with X-ray scattering results, we observe a
characteristic shift of the HOMO—LUMO transition between
the solution and thin film spectrum, where the latter exhibit a
pronounced optical anisotropy. In the studied parameter range,
the optical absorption measurements did not reveal a strong
dependence on growth conditions.
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