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Organic semiconductors offer a flexibility in band gap tuning through different
molecular lengths and have shown to be promising candidates for high-per-
formance electronic devices. While electronic properties have been extensively
studied in many publications, the topic of thin film structure and molecular
packing is still quite neglected. In this work, the thin film crystal structure of
[6]phenacene (Fulminene) and [7]phenacene deposited on silicon substrates
using the OMBD method as well as further studies with potassium deposi-
tion on [6]phenacene are investigated. Ex-situ X-ray and optical methods are
employed to obtain an insight into the crystal structure and optical properties.
The orientation of the molecules and the unit cell structure is calculated from
the measured reciprocal space maps. Additionally, the influence of a possible
interfacial doping mechanism by deposition of potassium on top of [6]phen-
acene is investigated. Thin films of [6]phenacene show a high crystallinity with
a standing-up configuration and a similar molecular structure and symmetry
compared to [4]phenacene. [7]phenacene features two different apparently
thickness-dependent polymorphs (H and L) with a structure similar to [5]phen-
acene. These results reveal that odd/even parity, that is, even or odd number
of benzene rings, directly influences the phenacene thin film structure.

alternative to their already established
inorganic counterparts. A plethora of
highly desirable properties such as optical
transparency,"?l mechanical flexibility,"3*
stretchability,*# and inexpensive low-tem-
perature large-area fabrication® encour-
ages a rigorous search for new organic
semiconducting materials with favorable
electronic properties. Typical charge car-
rier mobilities u of field-effect transistors
(FETS) based on organic thin films do not
yet reach the values of high-performance
inorganic devices. Nonetheless, some
organic materials can exhibit charge car-
rier mobilities of up to 40 cm? V! s7!
and rival the performance of amorphous
silicon FETs.I! Acenes—and pentacene as
their most famous representative—show
their application potential in organic elec-
tronic devices thanks to their excellent
semiconducting properties.” 2l Unfortu-
nately, sensitivity to moisture as well as

1. Introduction

Optoelectronic devices based on organic molecules with
an extended core of fused benzene rings are an attractive
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gradual degradation of these materials

under ambient conditions greatly limits
their usefulness as active layers in organic devices. Thin films
based on phenacenes are a promising and air-stable alternative
for a wide-gap device applications. Remarkably, phenacenes can
also exhibit a superconductivity.3-1!

The first application of phenacene in organic electronics was
the fabrication of a transistor based on picene.'* Similar to penta-
cene, picene consists of five fused benzene rings, but in a zigzag
configuration (Figure 1). However, phenacenes show much better
stability when exposed to ambient air.'®"! It was demonstrated
that after oxygen exposure of a picene thin film, the density of
shallow charge carrier traps is noticeably lower.”] The presence of
fewer charge carrier traps then translates to a significantly higher
charge carrier mobility. Field-effect mobilities of 3.2 cm? V1 g7
and on/off ratios above 10° were reported for picene thin film
transistors, showing the potential of phenacene molecules in
organic electronics.¥l The outstanding semiconducting proper-
ties of picene thin films have triggered an increased interest in
phenacene-based electronic devices. Phenacenes with a higher
number of fused benzene rings were employed in organic FETs
to further exploit their larger charge carrier mobilities.'>-

The electronic properties of the organic semiconductor
material as well as the thin film structure of the active layer

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202002193&domain=pdf&date_stamp=2021-03-05

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

[4]Phenacene (Chrysene)

[5]Phenacene (Picene)

[6]Phenacene (Fulminene)

[7]Phenacene

g
J

Figure 1. Overview of the phenacene molecules with different chain
length.

greatly influence the performance of an electronic device.
While the electronic properties have been extensively studied
for all synthesized members of the phenacene family, there are
still only a few publications being dedicated to the topic of their
thin film structure and molecular packing.*? Since in organic
thin films the charge carrier transport is based on the hopping
mechanism, the relative orientation of neighboring molecules
is essential.?>?%1 A detailed characterization of the molecular
packing in phenacene thin films is therefore necessary to
understand and possibly tune their electronic properties.

In this study, we report the unit cell size and symmetry of
[6]phenacene and [7]phenacene in thin films prepared by
organic molecular beam deposition (OMBD)2¢-28] including
the derived configuration of the molecules inside the unit
cells. It is important to note that while all phenacenes have a
similar molecular structure, their molecular symmetry differs
between molecules with an odd and even number of fused
benzene rings in the conjugated core. We compare our results
for the [6]phenacene and [7]phenacene thin film structure with
the already established structure of phenacenes with a shorter
conjugated core in order to highlight observed trends, namely
a dependence of the unit cell size and the molecular packing
motif on the molecular symmetry.

To gain further knowledge about device aspects, we also
investigate the impact of potassium deposition on the prop-
erties of phenacene thin films. Recently, phenacenes have
shown to be a promising material also for potassium-ion bat-
teries.l?”! Dopant-induced superconductivity at low tempera-
tures was also observed.3"1%] It was demonstrated that interface
doping can be used to enhance the charge carrier transport
without influencing the thin film structure,% whereas other
doping methods like bulk doping have proved to be an attrac-
tive method to change the electronic or microscopic structure
of thin films.?"3 Our results for potassium deposition on [6]
phenacene showed changes in structure and morphology which
are important for further device aspects.

2. Results

2.1. Data Analysis

2.1.1. Unit Cell Determination

The unit cell parameters of phenacene thin films were deter-

mined from the positions of Bragg reflections in the meas-
ured reciprocal space maps. Integrated line-cuts were used to
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extract the Bragg peak positions and intensities. For the initial
estimation of unit cell structure we used the parameters of the
already known structure of shorter chain phenacene with the
same parity. Manual optimization of the ¢ unit cell parameter
was needed to index all visible Bragg reflections. Subsequent
fine optimization of the unit cell structure was done using
the genetic algorithm (GA) optimization method based on the
GIXSGUI packagel®’! for MATLAB. The positions (g, and g,
of the well-defined Bragg peaks were fitted and used as input
data for the automated GA optimization. The summation of the
distances between experimentally observed and theoretically
calculated Bragg peak positions was employed as the fitness
function. The optimization was stopped when the GA fitness
function met predefined stopping criteria. For our calculations,
the stopping criteria were defined as i) the fitness function
reaching a value of less than 5 x 107 A™ or ii) the average rela-
tive change of the fitness function over the last ten consecutive
generations being smaller than 1 x 10 A™ (also known as the
stall generations).

2.1.2. Molecular Orientation

The GA was also used to determine the molecular orienta-
tion inside the unit cell. A starting point for optimization was
made by positioning a given number of phenacene molecules
inside a unit cell with previously determined unit cell param-
eters. The initial position and orientation of the molecules
was chosen such that there is no overlap between neighboring
molecules and the volume of the unit cell was fully occupied.
To start the optimization, unit cell parameters, a table of fitted
Bragg peak intensities as well as the molecule structure and
an initial orientation guess were needed. During the optimiza-
tion, all molecules inside of the unit cell were randomly rotated
and shifted as a rigid object in predefined range, resulting in a
number of configurations with slightly different positions and
molecular orientations. Translational and rotational freedom of
each molecule during the optimization was generous enough
to achieve all possible configurations and only limited the
ability of molecules to switch positions. The assumption of
rigid objects is expected to lead to reasonable results consid-
ering the relative stiffness of phenacenes compared to small
organic molecules such as oligothiophenes and alkenes. For
each such configuration, X-ray peak intensities were calcu-
lated based on the atomic scattering factors. The fitness values
were assigned to each molecular configuration based on how
close the calculated X-ray intensities were to experimentally
acquired ones. Because of the grazing-incidence conditions
of the measurement, experimentally determined X-ray peak
intensities were corrected using Lorentz-polarization as well
as sample symmetry correction. Configurations with the best
fitness values were then used as starting points for the next
iteration. The overlap of neighboring molecules was calculated
for each configuration based on the van-der-Waals radii of the
atoms. Configurations with overlap larger than 10% were not
used in the next iteration of a calculation. After the fitness
values for the best individual orientation reached the stop-
ping criteria, the calculation of the molecular orientation was
automatically stopped.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Table 1. Calculated crystal structure data.

alA) b[A] c[A) Bl
[4]phenacene? 8.4 6.2 22.8 96.5
[6]phenacene 8.4 6.2 32 98
[5]phenacene® 8.48 6.15 13.52 90.5
[7]phenacene®) 8.4381(8) 6.1766(6) 17.829(2) 93.19(1)
[7]phenacene L 8.51 6.15 18.34 93.06
[7]phenacene H 8.24 6.22 36.64 89.64

Ataken from ref. [36]; P'taken from ref. [37]; Yonly powder XRD data from ref. [38].

2.2. Experimental Results

We compared our results (Table 1 and Figure 2) for the [6]
phenacene and [7]phenacene structure with the already pub-
lished structure of [4]phenacene (chrysene) and [5]phenacene
(picene), respectively. The data for the already known structures
was taken from the Cambridge Crystallographic Data Centre
(CCDC) database.l* Furthermore, the structure of phenacenes
with the same parity is compared. All members of phenacene
family have a similar molecular structure consisting of fused
benzene rings in a zigzag pattern of variable length. However,
the molecular symmetry of phenacenes differs depending on
the numbers of these rings. Phenacenes with an odd number
of fused benzene rings belong to the C,, symmetry group,
whereas phenacene with an even number of benzene rings

[7]-Phenacene
L-Polymorph

b

[6]-Phenacene

Figure 2. Unit cell orientation of [6] and the [7]phenacene (L-polymorph).
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belong to the C,, group.*® Results of the [6]phenacene and [7]
phenacene thin film structure and the influence of molecular
symmetry on the molecular packing will be discussed in the
following section.

2.2.1. [6]phenacene

The structure of a 20 nm [6]phenacene thin film depos-
ited onto a Si/SiO, substrate by OMBD was determined
by GIWAXS measurements. The reciprocal space map
(Figure 3a) shows several pronounced Bragg reflections
resulting from a well-ordered thin film structure. Series of
001 reflections along a g, rod, partially hidden by a “missing
wedge”3¥ arise from the ordered stacking of molecules in a
direction perpendicular to the substrate surface. The number
of Bragg reflections with non-zero h and k Miller indices
suggests a good ordering of thin film even in the plane. A
high degree of ordering in both in-plane and out-of-plane
directions is required to achieve a good charge carrier trans-
port in organic FETs. From the positions of the Bragg reflec-
tions in the reciprocal space map we were able to determine
the unit cell parameters. [6]Phenacene molecules nucleate in
a monoclinic structure with unit cell parameters a=84 A,
b=6.2 A, c=32 A, and 8= 98° (see the Table 1). The long
¢ axis of the unit cell is oriented almost perpendicular to the
substrate surface, implying a standing-up configuration of
molecules in a thin film. This configuration, where mole-
cules are oriented with their long molecular axis almost per-
pendicular to the substrate surface, is commonly observed
in cases where the molecule-substrate interactions are weak
compared to molecule-molecule interactions.

The positions of the Bragg reflections, that correspond to the
calculated unit cell structure, are marked in the reciprocal space
map (Figure 3a) as black crosses. There is a good agreement
between measured and calculated positions, confirming the
determined unit cell structure. When we compare our results
with the already published structure of [4]phenacene,?® we
observe almost identical a and b unit cell parameters, that is, a
very similar packaging projected onto this plane. The difference
in the ¢ parameter and angle f can be explained by the [6]phen-
acene molecule having two extra benzene rings and therefore a
longer conjugated core.

Figure 2 shows the molecular packing of [6]phenacene
inside the unit cell. A comparison of measured Bragg peak
intensities with calculated intensities using the determined
molecular packing shows good agreement (Figure 3b). Each
unit cell contains four molecules packed in a herringbone
motif. Herringbone packing is characteristic for its tilted
edge-to-face configuration. In the case of [6]phenacene thin
films, neighboring molecules are rotated by 63° with respect
to each other. This configuration then mediates a 2D charge
carrier transport with large field-effect mobility in organic
FETs.13

With the asymmetric molecular structure of the phenacene
monomer, it is expected that pronounced anisotropy is observed
in uniaxially oriented films. In this context, we studied the
optical anisotropy of [6]phenacene thin films, which is caused
by its well-oriented structure. Variable angle spectroscopic

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Reciprocal space map of [6]phenacene: a) GIWAXS pattern and calculated Bragg peak comparison, b) comparison of measured and calcu-
lated peak intensities. The area of each circle corresponds to the peak intensity.

ellipsometry (VASE) shows, that the strength of the optical
transitions above 3.3 eV strongly depends on the polarization
state of incoming light. Figure 4 shows the in-plane and out-
of-plane components of extinction coefficients. The fits of the
ellipsometric angle y(E) can be found in S1, Supporting Infor-
mation. The dominant k, component indicates that the transi-
tion dipole moment is oriented perpendicular to the substrate
surface, that is, in the direction of the long molecular axis of [6]
phenacene molecule.

2.2.2. [7]phenacene

The reciprocal space map of a 20 nm thin film of [7]phen-
acene in Figure 5a shows fewer Bragg reflections than [6]
phenacene. While a series of Bragg reflections in the g,
direction suggests a well-ordered structure in direction per-
pendicular to the substrate, the degree of in-plane ordering
is relatively low. The Bragg reflections are broader com-
pared to the [6]phenacene film, hinting to an overall less
organized structure.

The evaluation of unit cell parameters from the reciprocal
space map reveals two sets of Bragg peaks belonging to two

25

— ki (in-plane)
—— k, (out-of-plane)

Extinction coefficient k
- - N
o 3 o
1 1 1

o
(]
1

0.0
15 20 25 3.0 35 40 45 50

Energy [eV]

Figure 4. Variable angle spectroscopic ellipsometry of [6]phenacene thin
film.
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distinct crystallographic structures. While the in-plane struc-
ture is relatively similar for both structures, one polymorph,
from now on denoted as the H-polymorph, has its peaks at
slightly larger g, values than the L-polymorph. Overlapping
Bragg reflections, resulting from such a similar structure, at
least partially explain the observed peak broadening. Table 1
shows the unit cell parameters of both polymorphs. Both
observed structures are monoclinic with a very similar unit
cell parameters a and b, whereas the angle f is different for
the two polymorphs. Interestingly, the unit cell parameters ¢
are doubled for the H-polymorph, effectively also doubling the
volume and therefore the number of molecules per a unit cell.
Black and red crosses in Figure 5a indicate the theoretically
calculated positions of the experimentally observed Bragg
reflections resulting from the H- and L-polymorph, respec-
tively. From their positions, we are able to determine the
orientation of the unit cell with respect to the substrate. As
expected, both polymorphs grow in a standing-up configura-
tion on Si/SiO, substrates.

We find that the [7]phenacene structure is similar to the
already published structure of [5S]phenacene,?”! which has
the same parity. The unit cell parameters are comparable to
our L-polymorph, the only differences being the length ¢ and
angle f. Similarly to [6]phenacene, this is caused by the mole-
cular length variation of [5] and [7]phenacene. However, the
observed H-polymorph structure is clearly different. A sim-
ilar observation of two distinct polymorphs for [5]phenacene
was reported in Ref. [40]. For [5]phenacene, the polymorph
distribution is thickness dependent, where the initial layers
close to the substrate nucleate in the H-polymorph, followed
by L-polymorph growth after =8 nm. A similar observa-
tion was made by our group by investigating the thickness
dependent appearance of 6-T polymorphs.*l In our case, we
observe the same growth behavior for [7]phenacene thin film
growth. A possible explanation for the coexistence of two
distinct polymorphs was proposed by Hayakawa et al.l*?l To
reduce the large surface energy of the SiO, interface, a high-
density packing of [7]phenacene molecules induces a stress
on a given unit cell. The observed stress is compressive and
in the in-plane direction, causing a small shift of the Bragg
reflection in g, for the H-polymorph. After a sufficient strain

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Reciprocal space map of [7]phenacene: a) GIWAXS pattern and calculated Bragg peak comparison, b) comparison of measured and calculated
peak intensities of the L-polymorph. The area of each circle corresponds to the peak intensity.

relaxation with an increase of film thickness, the formation
of the L-polymorph is energetically favored. Such transitions
have also been observed by us for diindenoperylene (DIP)
films and should be considered a general feature of organic
thin film growth.*

We only calculated the molecular packing of the [7]phenacene
L-polymorph, as there are not enough clearly visible Bragg
reflections for the H-polymorph to be fitted properly. Some of
the visible peaks overlap for the two polymorphs and the overall
number of observed reflections is much lower than for [6]phen-
acene. Nonetheless, we provide at least an approximation of the
molecular packing based on few peaks with sufficient inten-
sity. Figure 2 shows the molecular packing of the [7]phenacene
L-polymorph. Each unit cell contains two [7]phenacene mole-
cules in an edge-to-core configuration, creating a herringbone
motif.

2.2.3. Comparison

Comparison of both molecules shows that [6]phenacene has a
higher crystallinity than [7]phenacene which is usually favorable
for the charge carrier transport.*#*! To achieve a better crystal-
linity or to change other device aspects, various methods like
doping*! or post-growth annealing!”’! can be considered. Both
methods have been applied in the potassium deposition sec-
tion. Nevertheless, both molecules exhibit a standing-up con-
figuration and show similarities in the unit cell compared to
[4]phenacene and [5]phenacene.

Although the unit cell parameters are similar in some cases,
the comparison of [5] and [7]phenacene shows huge differences
when looking at defect densities and domain sizes. Table 2

Table 2. Comparison of coherently scattering island sizes.

d [nm]
(110) (200) (210) (020)
[S]phenacene 46.5 18.0 321 10.9
[6]phenacene 19.8 5.0 14.8 83
[7]phenacene 16.3 5.7 9.6 3.8

Adv. Optical Mater. 2021, 9, 2002193 2002193 (5 of 9)

shows a comparison of the coherently scattering island sizes
d for [5], [6], and [7/]phenacene. While [S]phenacene exhibits
sizes of d = 10-46 nm, the sizes strongly decrease for the longer
phenacenes with values of d = 4-16 nm for [7]phenacene.

The topography obtained from AFM images shows pro-
nounced differences (see S2-S4, Supporting Information).
While [S]phenacene forms large structures with sharp edges,
[6] and [7]Jphenacene form much smaller islands with wed-
ding cake terraces.] Both compounds also form a closed
film at low thicknesses, whereas [5]phenacene exhibits strong
3D growth initially, followed by domain coalescing at higher
thicknesses.’%

2.2.4. Potassium Deposition

The impact of potassium deposition (we will use the short term
potassium-covered) on thin films of [6]phenacene was inves-
tigated using various methods and techniques. Below we will
give a short overview of our main findings. Figure 6 shows a
10 nm thin film of [6]phenacene grown at 1 A min™. Figure 6a
shows the pure film with the already known wedding cake
structure. Figure 6b shows the film that has undergone several
minutes of potassium deposition which corresponds to a small
amount of potassium. To show the differences the right image
was enlarged and the potassium can be seen as small dots that
are mostly arranged at the cusps and step edges of the wed-
ding cakes. But it is yet not known if the potassium stays on
the top (A/B mixture where B was deposited after A) or partly
diffuses into of the film, leading to a A:B mixture (layer of
A and B deposited simultaneously).

To investigate the impact of potassium evaporation on the
film roughness and crystallinity, X-ray reflectivity (XRR) was
performed. The XRR scan in Figure 7a shows that the doped
film has a higher roughness than the pure film as can be seen
from the attenuated Kiessig oscillations, which are a typical
indicator of interference effects of the whole film thickness.l!l
The roughness o was found using the Parratt formalism to be
(0 =15.5 A) for the pure film and ¢ =18.8 A for the potas-
sium-covered film. Figure 7a also shows a small decrease in the
Bragg peak and Laue-oscillation intensities which can be an
indication for a lower out-of-plane crystallinity.>?

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. AFM imaging of a) pristine and b) potassium-covered [6]phenacene thin film.

To study the impact of potassium evaporation additional
experiments were performed using [6]phenacene thin films
with a final thickness of 40 nm and a higher potassium amount.
These samples were measured at Deutsches Elektronen Syn-
chrotron (DESY in Hamburg, DE) using GIWAXS imaging
at beamline P03 during an annealing experiment. Figure 7b
shows the evolution of the 211 Bragg peak during the annealing
of the [6]phenacene film. The substrate temperature was slowly
increased from room temperature to 240 °C resulting in a
steady decrease of the ¢, value with an maximum slope around
100 to 150 °C. At 200 °C also a slight broadening of the curve
is visible indicating a lower intensity of the Bragg peak. After
240 °C the annealing was stopped and the substrate was cooled
down back to room temperature resulting again in an increase
of q,. It seems that mostly minor alignment changes due to the
heating of the substrate holder seem to be responsible for the
g, shift and there is not enough evidence that potassium has a
clear impact on the lattice plane spacing. Considering the last
data point at 1800 s after cooling down, where the g, value has
decreased by =0.02 A™, suggests a slight increase of the unit
cell parameter perpendicular to the substrate.

Optical absorption measurements performed by UV-vis
spectroscopy are shown in Figure 8a. Both films exhibit peaks
at 3.2, 3.4, and 4.2 eV and there are no differences between
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the pure and potassium-covered thin film. Therefore, it is not
possible to conclude that anionic species of [6]phenacene are
formed as a consequence of potassium deposition.

In addition, X-ray photoelectron spectroscopy (XPS) was per-
formed to gain an insight into the stoichiometry and electronic
structure of the samples. The results of the observed K 2s,
K 2p, and C 1s peaks are shown in Figure 8b. The existence
(K-covered film) and absence (pristine film) of potassium sig-
nals confirms the persistence of the deposited material on the
surface. Furthermore, we observe a small peak shift to higher
binding energies for the potassium-covered film.

3. Conclusion

A comprehensive study of the [6]phenacene and [7]phenacene thin
film structure grown by OMBD has been performed. The unit cell
structure and orientation of [6]phenacene has been determined
based on a good agreement of measured and calculated Bragg
reflections. When comparing the unit cell structure of [4] and [6]
phenacene, similarities in the parameters have been detected.
VASE was used to get an insight into the optical transitions of [6]
phenacene showing that the transition dipole moment is oriented
perpendicular to the longer axis of the molecule. The evaluation

b
0.52 (b)
cooling down
0.504 50rcC
100°C
0.48 ,* 240°C f]
b, 150°C
0.46 4
M 200°C
0.44 4
0.42 T T
0 600 1200 1800
Time [s]

Figure 7. a) X-ray reflectivity of pristine and potassium-covered 10 nm [6]phenacene thin films, b) peak position evolution during the annealing with

corresponding substrate temperatures.
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Figure 8. a) UV-vis b) XPS spectra of 20 nm pristine and doped [6]phenacene thin film.

of [7]phenacene, showed two different polymorphs which have
been also observed by Hosokai et al.*¥ for [S]phenacene. These
similarities may imply that there could be an effect of odd/even
parity which can be used to predict the thin film structure of
longer phenacenes. Therefore, an odd/even effect may have sig-
nificant implications on physical properties of phenacene thin
films, but a more detailed discussion is beyond the scope of this
paper. The unit cell structure and orientation calculation could
only be approximated for both polymorphs due to too few observ-
able peaks. The results show that the L-polymorph is quite similar
to the powder structure of [7]phenacene and the [5]phenacene thin
film structure. The structure of [6]phenacene and [7]phenacene
has been compared showing that it is mainly based on molecular
symmetry. Finally, the method of potassium deposition was tested
as an interesting method in changing structure and morphology
which is important for the electronic structure in a thin film.
Our preliminary [6]phenacene potassium deposition experiments
have shown that doping mechanisms are not trivial. The idea that
potassium is easily incorporated into the thin film crystal structure
leading to a better charge carrier transport was disproved as in our
case potassium seems to be concentrated on the top of the sample
after deposition and even by post-growth annealing it is not pos-
sible to force diffusion into the phenacene film. Further studies, as
for example in situ experiments or other substrate temperatures
during growth, would be needed to expand on these findings.

4. Experimental Section

The phenacene material (see Figure 1 for the molecular structure) was
bought from NARD Co Ltd. (Japan) with a purity of 99.9% (for Picene
and [6]phenacene) and 99% (for [7]phenacene). The molecules were
installed in a Knudsen effusion cell which was mounted on an organic
molecular beam deposition (OMBD) ultra-high vacuum (UHV) chamber
achieving a base pressure of 2 X 107" mbar.

The substrates were silicon {100} p-type wafers with a native oxide
layer of around 2 nm cut to 20 x 10 mm. They were cleaned with acetone
and isopropyl alcohol in an ultrasonic bath for around 15 min and then
mounted on the substrate holder of the OMBD UHV chamber.[’¥l The
chamber was then pumped down to high vacuum and the substrate
holder was heated up to 450 °C for around 12 h. For optical measurements
glass substrates (transparent and with a rough backside) were used

Adv. Optical Mater. 2021, 9, 2002193 2002193 (7 of 9)

which were prepared in the same way as the silicon counterpart. After
cooling down to room temperature the molecules were evaporated from
the Knudsen cell onto the substrate with a deposition rate of around
2 A min= controlled by a quartz crystal microbalance (QCM) for around
100 min to achieve an average thickness of 20 nm. After deposition and
cooling down to room temperature the samples were taken out of the
chamber and stored in vacuum for further measurements.

Post-growth grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed at beamline ID10 of the European
Synchrotron Radiation Facility (ESRF). Multiple diffraction images were
recorded with a Pilatus 300 K detector at a beam energy of 22 keV, an
incidence angle of 0.6° and a sample detector distance of 360 mm.
Afterward, the images were combined and transformed into reciprocal
space using Matlab. The results of the measurement were confirmed by
another series of in situ measurements done at DESY (P03). XRR were
measured at beamline 107 at Diamond Light Source (Didcot, GB).

Atomic force microscopy (AFM) was employed to study the film
morphology using a JPK NanoWizard Il in tapping mode. Additionally,
grazing X-ray incidence diffraction (GIXD) measurements were made
at the ESRF to examine and compare the sizes of the crystals using
the Scherrer formula. Variable angle spectroscopic ellipsometry was
acquired using a Woollam M2000 ellipsometer to gain an insight into
the optical constants.

To investigate the impact of potassium doping on the [6]phenacene
structure and morphology, potassium dispensers were bought from SAES
getters (Italy)® and were installed on a UHV feedthrough together with a
[6]phenacene Knudsen cell. The substrate and sample preparation protocol
was the same as for the pure film experiments before. After deposition
of [6]phenacene the potassium doping was performed by using the pre-
installed potassium dispenser. The feedthrough current was increased
leading to a potassium yield of 0.5 to 1.0 mg cm™ in 15 min. The growth
was controlled by using a quartz crystal microbalance (QCM). Because the
growth rate fluctuated depending on the used potassium dispenser and
growth time, the feedthrough current was adjusted leading to a potassium
deposition time of around 20 min which corresponds to a potassium mass
thicknesses in the range from 0.5 A up to several A. The potassium doped
films were additionally investigated by a Varian Cary 50 spectrometer using
UV/vis/NIR spectra acquired at a wavelength range of 200 to 1100 nm at
normal incidence. X-ray photon spectroscopy (XPS) measurements were
performed in an UHV chamber (base pressure 4 x 107mbar) using an
X-ray tube with an aluminum anode (excitation energy 1487 eV).
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