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Growth of pentacene on α-Al2O3(0001) studied by in situ optical spectroscopy
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The growth of pentacene thin films on a sapphire α-Al2O3(0001) surface was investigated in situ using
differential reflectance spectroscopy (DRS). Two different film structures are observed depending on the substrate
temperature. If pentacene is deposited at room temperature, a wetting layer consisting of flat-lying molecules is
formed after which upright-standing molecular layers with a herringbone structure start to grow. At low substrate
temperature of 100 K, the long molecular axis of the pentacene molecules remains parallel to the surface plane
throughout the entire growth regime up to rather large thicknesses. Heating thin films deposited at 100 K to room
temperature causes the pentacene molecules beyond the wetting layer to stand up and assemble into a herringbone
structure. Another interesting observation is the dewetting of the first flat-lying monolayer upon exposure to air,
leading to the condensation of islands consisting of upright-standing molecules. Our results emphasize the
interplay between growth kinetics and thermodynamics and its influence on the molecular orientation in organic
thin films.
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I. INTRODUCTION

The orientation of the molecules within organic thin
films and at their interfaces with contacts is crucial for the
performance of organic optoelectronic devices [1–4]. Because
most of the organic molecules are highly anisotropic, their
orientation will control the charge transport in the films as
well as the direction and polarization of light absorption
and emission [4,5]. Furthermore, the molecular arrangement
at the interface strongly influences the subsequent thin film
growth. In particular, whether a flat-lying monolayer (a wetting
layer of molecules lying flat on the surface) is initially
formed and how this wetting layer evolves during the further
growth or upon exposure to air are issues relevant for the
growth mechanism, stability, and other physical properties
of the corresponding organic thin films [6–8]. For organic
field-effect transistors (OFETs) where the transport channel is
only a few monolayers thick, the orientation of the molecular
layer buried at the interface with the gate dielectric becomes
particularly important [9,10]. Great efforts have been devoted
to investigate the molecular arrangement at the interfaces with
dielectric substrates in order to understand the key factors
which control the molecular orientation [6,7,11–20]. It has
been demonstrated that the orientation of organic molecules
depends strongly on the substrate, surface pretreatment, and
the growth conditions [6,7]. On the other hand, the growth of
organic thin films and its stability rely on the molecular self-
organization driven by the interplay between thermodynamics
and kinetics on the surface [12–15,19]. In order to control
and manipulate the orientation of the molecules in organic
thin films, it is thus essential to establish a fundamental
understanding of the interface formation concerning both
kinetic and energetic aspects.

Optical spectroscopy provides a powerful probe to monitor
the adsorption of organic molecules and the growth of organic
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thin films [8,19,21–23]. The strong optical absorption of π

conjugated molecules allows the study of nucleation and
growth with submonolayer sensitivity. The polarization state
and the spectral line shape related to the intramolecular
electronic transitions reveal the molecular orientation and
molecular conformation, whereas the spectral shift and the
appearance of collective excitations provide detailed infor-
mation regarding molecule-molecule and molecule-substrate
interactions [19,20,24].

Pentacene has attracted notable attention as an active ma-
terial for OFETs due to its high carrier mobility [9,10,25,26].
The orientation of the pentacene molecules on the SiO2 gate
dielectric has been investigated thoroughly [4,10,26]. It has
been predicted that a flat lying pentacene molecule has to
overcome a kinetic barrier to be incorporated into an upright-
standing molecular layer. However, on both amorphous SiO2

layers formed on silicon wafers as well as on single crystal
quartz substrates, pentacene molecules exhibit exclusively
upright orientation already in the first monolayer in direct
contact with the substrate surfaces [6,7,14,27].

In the current study, we have chosen pentacene on sapphire,
namely α-Al2O3(0001), as a model system to investigate the
details of the growth of π -conjugated molecules on crys-
talline insulating substrates. The combination of its favorable
chemical and physical properties make sapphire a preferred
material for high performance optoelectronic devices. Al2O3

thin films are also widely used as advanced dielectric layers in
the electronic devices based on organic semiconductors [28].
To this end, differential reflectance spectroscopy (DRS) [24],
a technique that is extremely sensitive to the adsorption and
interaction of organic molecules on surfaces, has been used to
monitor the growth in situ and in real time. We will demonstrate
that the details of the growth process can be unraveled based
on the evolution of the optical reflectance during growth.
In particular, by studying the dependence of the molecular
orientation on the substrate temperature, we will explore the
kinetic and thermodynamic aspects of the pentacene thin film
growth on α-Al2O3(0001).
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II. EXPERIMENT

The experiments were carried out in a UHV chamber
with a base pressure of 1×10−10 mbar. The α-Al2O3(0001)
substrate used in our experiments has a rough backside which
suppresses interference fringes in the optical reflection. The
α-Al2O3(0001) substrate was mounted on a sample plate made
of Ta, which can be heated up to 900 K by electron beam
bombardment from the backside and cooled down to 100 K
with a continuous flow liquid nitrogen cryostat. Before the
deposition, the α-Al2O3(0001) substrate was heated to 900 K
in order to desorb the residual adsorbates on the surface.
During the deposition of pentacene the substrate temperature
was fixed at either room temperature or 100 K. Moreover,
the sample could be subsequently heated with constant
heating rates using a high-accuracy temperature controller
(Eurotherm). Pentacene molecules were evaporated from a
thoroughly degassed Knudsen cell. The evolution of the optical
properties was monitored in situ using a home built differential
reflectance spectrometer. The DR spectra were recorded in a
normal incidence configuration, using a super quiet Xe lamp
(Hamamatsu) as light source and a QE65000 spectrometer
(Ocean Optics) as detector. With an integration interval of a few
seconds, a spectrum with high signal-to-noise ratio and high
energy resolution can be obtained. The differential reflectance
spectra are calculated using the following equation:

�R

R
= R(d) − R(0)

R(0)
, (1)

where R(0) and R(d) denote the reflectance of the bare surface
and the one covered by an adlayer with a nominal thickness d.
The so obtained DR signal �R/R thus represents the change
of the optical reflectivity relative to the bare substrate as a
function of the nominal film thickness d. The morphology
of the pentacene thin films were characterized ex situ using
atomic force microscopy (AFM, Dimension 3100, Brucker).

III. RESULTS AND DISCUSSION

A. Pentacene thin film growth at room temperature

We deposited the pentacene films at a rate of about
0.022 ML per minute on the sapphire substrate at room
temperature. Here we define the unit ML as one monolayer of
upright standing pentacene with a surface molecular density
of the thin film phase which is approximately 4.48 nm−2

[26,29]. In order to obtain a detailed understanding of the
evolution of the molecular orientation at different stages of
the growth, let us have a closer look on the changes of
the DR spectrum at the very beginning of the deposition
(Fig. 1). At the initial stage of the growth up to a nominal
coverage of 0.1 ML, the features c and d, which are due to the
HOMO-LUMO (highest occupied molecular orbital-lowest
unoccupied molecular orbital) electronic transition and its
first vibronic replica, respectively [5,8,30], rise linearly with
pentacene coverage. However, the most pronounced peak
appears at 4.2 eV and its amplitude is proportional to the
pentacene coverage, too. Furthermore, the energetic position
of this feature is very close to the electronic transition from
HOMO to LUMO+2 of isolated pentacene molecules in a
Kr matrix [31]. Therefore, we attribute the peak e to the
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FIG. 1. DR spectra recorded during the deposition of pentacene
on the bare α-Al2O3(0001) surface at room temperature. The lower
panel shows the evolution of the DR spectrum up to the completion of
the dilute flat-lying phase which is equivalent to a nominal thickness
of 0.1 ML of up-right standing molecules. The upper panel presents
the DR spectra recorded during the further growth of the pentacene
thin film up to a nominal thickness of 1.1 ML which corresponds
to the completion of the first up-right standing layer in addition to
the dilute phase containing flat-lying pentacene molecules. For clarity,
subsequent spectra in the lower and upper panels are shifted vertically
by 0.001 and 0.01, respectively.

HOMO to LUMO+2 transition of pentacene molecules. Due
to the fact that the corresponding transition dipole moment
is oriented along the long molecular axis of pentacene [32],
the formation of a pronounced peak at 4.2 eV indicates
that, during the initial stage of the growth, the pentacene
molecules are flat lying with their long axis parallel to the
α-Al2O3(0001) surface. Following the same argument, the
shoulder, which appears at about 3.6 eV, can be assigned to
the HOMO to LUMO+1 transition whose transition dipole
moment is also parallel to the long molecular axis. Actually,
the DR spectrum of the pentacene film with a nominal coverage
below 0.1 ML on the α-Al2O3(0001) surface is very similar
to the absorption spectrum of isolated pentacene molecules
in a Kr matrix regarding both the spectral line shape and the
energetic positions of the main peaks. This indicates that the
pentacene molecules in direct contact with the α-Al2O3(0001)
surface experience rather weak interactions with the substrate
and between each other. Furthermore, the complete absence
of any feature related to the Davydov components [30] at
this growth stage corroborates our interpretation. According
to our definition of the ML, a nominal coverage of 0.1 ML
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corresponds to a surface number density of ∼0.45 nm−2 for
pentacene molecules. This is indeed quite small compared to
full monolayer coverage of 0.85 nm−2 observed on Cu(110)
where the long axis of the pentacene molecules is also parallel
to the substrate surface [33,34]. Actually, a similar surface
number density (∼0.48 nm−2) is only observed for flat lying
pentacene on Au(110) [35]. Therefore, on the α-Al2O3(0001)
surface, the flat lying pentacene forms a rather dilute phase.
Above the threshold coverage of 0.1 ML, the DR spectrum
evolves in a different manner: (1) The amplitude of the peak
e stops to increase and its energetic position shifts to 4 eV.
(2) The Davydov components a and b [30] set in and their
amplitudes increase with pentacene coverage. These two ob-
servations reveal the onset of the growth of a molecular phase
containing upright standing pentacene molecules. Actually, the
absence of any further growth of peak e indicates that the long
molecular axis of the newly deposited pentacene molecules is
now aligned close to the surface normal. The red shift of peak
e can be explained by the change of the dielectric environment
of the flat lying phase due to the growth of the upright standing
pentacene layer next to it. The formation of the exciton states
evidenced by the appearance of the Davydov components a

and b confirms the formation of a herringbone structure [36]
in the upright standing pentacene layer.

Figure 2(a) shows the evolution of the DR spectra during
the growth of the first 10 upright standing monolayers. Due
to the formation of an initial wetting layer of flat-lying
pentacene molecules, there is an offset of 0.1 ML for all the
thickness indicated in Fig. 2. The evolution of the optical
properties with increasing film thickness is very similar to

the growth of pentacene on quartz(0001) [24]. The position
of the lower Davydov component a as a function of the
film thickness is plotted in Fig. 2(b). As we have shown in
our previous work on the growth of pentacene thin films on
quartz(0001) [24], the onset of the continuous red shift of
peak a is associated with the completion of the first monolayer
containing upright standing pentacene molecules. This fact
allows us to calibrate the film thickness and determine the
deposition. Furthermore, the spectral position of peak a be-
yond the first upright-standing monolayer can be fitted nicely
using:

E = Eb + �E
dML

d
, (2)

where Eb is the absorption energy of bulk pentacene, �E rep-
resents the difference between the optical absorption energies
of the first monolayer and bulk pentacene, dML and d are the
nominal thickness of a single upright standing monolayer and
the thickness of the growing thin film, respectively. The best fit
of Eq. (2) to the experimental data (open circles) is obtained for
Eb = 1.85 eV and �E = 32 meV [solid blue line in Fig. 2(b)].
Similar to the growth on quartz(0001), the characteristic
spectral shape and its dependence on the film thickness
reveals that after the completion of the first upright-standing
monolayer, the pentacene multilayers crystallize in the thin-
film phase forming (001)-oriented 3D islands consisting of
nearly upright-standing molecules. On the other hand, the
continued presence of peak e demonstrates that the flat-lying
phase remains intact even after the condensation of the upright
standing molecular layers.
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FIG. 2. (a) DR spectra recorded during subsequent pentacene deposition at room temperature for coverages beyond the completion of the
dilute phase containing flat-lying molecules. The five most pronounced peaks are marked by a, b, c, d, and e, respectively. (b) False-color
contour map of the DR spectra recorded in steps of 0.05 ML. The vertical axis indicates the total thickness of the upright-standing molecular
layers excluding the flat-lying molecules. The changing energetic position of peak a is highlighted with open circles. The best fit to Eq. (2) is
shown with the blue solid line.
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FIG. 3. DR spectra recorded during the deposition of pentacene
on the α-Al2O3(0001) surface at 110 K. The pentacene coverage was
increased in steps of about 0.01 ML up to a final thickness of around
0.23 ML.

B. Pentacene thin film growth at 110 K

In order to gain more insight into the growth kinetics,
pentacene was also deposited onto the α-Al2O3(0001) surface
at a lower substrate temperature of 110 K. In fact, the
growth at 110 K is quite different as compared to room
temperature. As one can see in Fig. 3, the DR spectra maintain
the line shape characteristic of the flat-lying phase at room
temperature (cf. lower panel in Fig. 1) during the entire growth
sequence: the DR amplitudes of peaks c, d, and e grow at
a constant rate during the growth without changes of the
spectral line shape. No exciton state related feature shows
up, even for coverages far beyond the saturation of the flat-
lying phase (0.1 ML) at room temperature. This observation
reveals that, at 110 K, all the pentacene molecules adsorb
in a flat-lying geometry on the surface and no herringbone
structure of upright-standing molecules is formed during
growth. Evidently, the substrate temperature influences the
growth kinetics of pentacene thin films and thus affects the
molecular orientation and crystalline arrangement. It has been
suggested that there should exist an activation barrier between
the pentacene molecule in flat-lying and up-right standing
orientation [12,37]. The limited thermal energy available to
the pentacene molecules at 110 K apparently reduces the
possibility for pentacene molecules to overcome this barrier
and condense into islands with up-right standing molecular
orientation.

Indeed, after heating the sample up to 300 K, the DR
spectrum changes drastically as one can clearly recognize
in the DR spectra recorded before and after heating [see
Fig. 4(a)]. The difference between the two spectra can be
explained by the restructuring of the pentacene molecular
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FIG. 4. (a) DR spectra of a 0.23 ML thick pentacene layer after
deposition at 110 K (thin solid line) and after subsequent heating to
300 K at a rate of 0.2 K/s (thick solid line). The five peaks marked
by a, b, c, d, and e, respectively, are defined in the same way as in
Fig. 1. The decay of peak e and the concomitant increase of peak a

are indicated by the vertical arrows. (b) Evolution of the DR signal
at 4.2 eV as a function of temperature during heating and cooling.

layer. The amplitude of peak e drops gradually during heating
[see Fig. 4(b)], indicating that an increasing fraction of the
pentacene molecules have flipped from a flat-lying to an
upright standing orientation. The simultaneous emergence of
the Davydov components a and b reveals that the reoriented
molecules condense into a molecular layer with herringbone
structure. On the other hand, it is worth noting that peak e

does not vanish completely. Closer inspection of Fig. 4(a)
reveals that the remaining intensity of peak e is very close
to that of the flat-lying phase formed at room temperature
(see Fig. 1). This observation indicates the coexistence of a
flat-lying phase with the upright standing molecular islands
on the substrate surface. Consequently, upon heating to 300 K
the pentacene molecular layer deposited at 110 K adopts the
identical structure as the one grown at room temperature. The
evolution of the DR transient at 4.2 eV [Fig. 3(b)] recorded
during heating indicates that the structural rearrangement
occurs most rapidly around 200 K (for a heating rate of
0.2 K/s).

C. Molecular reorientation upon exposure to air

In the previous sections, we have already provided evidence
for the thermally activated transition from the flat-lying to
an upright standing geometry of pentacene molecules and its
influence on the growth of pentacene thin films. In the present
section, we will show the importance of the surface free energy
on the orientation of the molecules at the interface. For this pur-
pose, an ultrathin pentacene film with a thickness of 0.04 ML
was deposited at room temperature on the α-Al2O3(0001)
surface in UHV. As we have shown in the previous section
a pentacene film with this nominal coverage corresponds to
a dilute phase of flat-lying pentacene molecules. This can be
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FIG. 5. (a) The DR spectra of a 0.04 ML thick pentacene molecular layer recorded in UHV directly after deposition (thin solid line) and in
air (thick solid line). The quenching of the peak e at 4.2 eV is indicated by the arrow. (b) The overview surface morphology of the same sample
revealed by ex situ AFM measurement in air (4 μm×8 μm). (c) The small scale AFM image (0.5 μm×1 μm) shows the details of a standing
island. The height profile recorded along the red line in the AFM image is plotted in the inset of (c).

recognized in Fig. 5(a), which shows the DR spectrum of
this thin film recorded in UHV directly after deposition (thin
solid line). The positive peak at 4.2 eV evidences the flat-lying
molecular orientation and the peak amplitude confirms the
targeted coverage of ∼0.04 ML (c.f. Fig. 1). Then, the
UHV chamber was vented and the α-Al2O3(0001) covered
by flat-lying pentacene molecules was exposed to air. The DR
spectrum recorded afterwards [thick solid line in Fig. 5(a)]
reveals a quenching of the peak e at 4.2 eV. This spectral change
shows that the initially flat-lying pentacene molecules stand up
upon exposure to air. AFM measurements carried out ex situ
from this very sample confirm this interpretation. The AFM
images presented in Figs. 5(b) and 5(c) recorded right after the
exposure to air show islands with a height characteristic for up-
right standing molecules. Based on the DRS and AFM results,
we can unambiguously conclude that the originally flat-lying
pentacene molecules condense into 2D islands of upright
standing molecules upon exposure to air. This dewetting of the
flat-lying monolayer can be attributed to the adsorption of air
molecules from the atmosphere, presumably water or oxygen.
Obviously, upon contamination of the substrate the condensa-
tion of pentacene into islands of upright standing molecules
becomes energetically more favorable on the α-Al2O3(0001)
surface.

IV. CONCLUSION

In conclusion, we have shown that deposition of pentacene
onto α-Al2O3(0001) at room temperature leads to the growth
of upright standing layers with herringbone structure after
the initial formation of a dilute phase consisting of flat-

lying molecules. On the other hand, depositing pentacene
molecules onto α-Al2O3(0001) at a substrate temperature
of 100 K prevents the pentacene molecules from standing
up and the molecular orientation remains flat-lying during
the entire growth far beyond the dense monolayer of flat-
lying pentacene molecules. Most interestingly, subsequent
heating to room temperature leads to the reorientation of
the majority of the pentacene molecules and the formation
of molecular layers composed of upright standing molecules
ordered in a herringbone structure. These results provide
evidence for a kinetic barrier between the flat-lying and
upright standing molecular configuration. Furthermore, ini-
tially flat-lying molecules in the dilute phase were found to
reorient and condense into 2D islands of upright standing
molecules upon air exposure, emphasizing the influence of
the surface free energy on the molecular orientation. Our
work demonstrates that the molecular orientation on dielectric
substrates, which is decisive for the electrical and optical
properties of organic thin films, can be manipulated to a certain
extent by adjusting the kinetic and energetic parameters of the
growth.

ACKNOWLEDGMENTS

We acknowledge financial support for this work by the
Austrian Science Fund FWF (Project No. P25377-N20), the
National Natural Science Foundation of China (Project No.
11504201), 111 Project of China (Project No. B07014),
the Fundamental Research Funds of Shandong University
(Project No. 2015GN010), and the China Postdoctoral Science
Foundation (Project No. 2015M572025).

043401-5



ZHANG, FU, HOHAGE, ZEPPENFELD, AND SUN PHYSICAL REVIEW MATERIALS 1, 043401 (2017)

[1] N. Koch, ChemPhysChem 8, 1438 (2007).
[2] F. Dinelli, M. Murgia, P. Levy, M. Cavallini, F. Biscarini, and

D. M. de Leeuw, Phys. Rev. Lett. 92, 116802 (2004).
[3] O. D. Jurchescu, M. Popinciuc, B. J. van Wees, and T. T. M.

Palstra, Adv. Mater. 19, 688 (2007).
[4] A. Shehu, S. D. Quiroga, P. D’Angelo, C. Albonetti, F. Borgatti,

M. Murgia, A. Scorzoni, P. Stoliar, and F. Biscarini, Phys. Rev.
Lett. 104, 246602 (2010).

[5] D. Faltermeier, B. Gompf, M. Dressel, A. K. Tripathi, and J.
Pflaum, Phys. Rev. B 74, 125416 (2006).

[6] F. J. M. Zu Heringdorf, M. C. Reuter, and R. M. Tromp,
Nature (London) 412, 517 (2001).

[7] R. Ruiz, D. Choudhary, B. Nickel, T. Toccoli, K. C. Chang, A. C.
Mayer, P. Clancy, J. M. Blakely, R. L. Headrick, S. Iannotta,
and G. G. Malliaras, Chem. Mater. 16, 4497 (2004).

[8] J. Helzel, S. Jankowski, M. El. Helou, G. Witte, and W.
Heimbrodt, Appl. Phys. Lett. 99, 211102 (2011).

[9] W. Kalb, P. Lang, M. Mottaghi, H. Aubin, G. Horowitz, and M.
Wuttig, Synth. Met. 146, 279 (2004).

[10] R. Ruiz, A. Papadimitratos, A. C. Mayer, and G. G. Malliaras,
Adv. Mater. 17, 1795 (2005).

[11] N. J. Watkins, S. Zorba, and Y. Gao, J. Appl. Phys. 96, 425
(2004).

[12] A. Al-Mahboob, Y. Fujikawa, T. Sakurai, and J. T. Sadowski,
Adv. Funct. Mater. 23, 2653 (2013).

[13] F. Schreiber, Prog. Surf. Sci. 65, 151 (2000).
[14] A. C. Mayer, A. Kazimirov, and G. G. Malliaras, Phys. Rev.

Lett. 97, 105503 (2006).
[15] D. Käfer, C. Wöll, and G. Witte, Appl. Phys. A 95, 273 (2009).
[16] D. Choudhary, P. Clancy, R. Shetty, and F. Escobedo,

Adv. Funct. Mater. 16, 1768 (2006).
[17] L. Muccioli, G. D’Avino, and C. Zannoni, Adv. Mater. 23, 4532

(2011).
[18] M. Klopotek, H. Hansen-Goos, M. Dixit, T. Schilling, F.

Schreiber, and M. Oettel, J. Chem. Phys. 146, 084903 (2017).
[19] L. D. Sun, J. Gall, G. Weidlinger, C. Y. Liu, M. Denk, and P.

Zeppenfeld, Phys. Rev. Lett. 110, 106101 (2013).

[20] U. Heinemeyer, K. Broch, A. Hinderhofer, M. Kytka, R. Scholz,
A. Gerlach, and F. Schreiber, Phys. Rev. Lett. 104, 257401
(2010).

[21] R. Forker and T. Fritz, Phys. Chem. Chem. Phys. 11, 2142
(2009).

[22] T. Kauffman, L. Van Lokeren, R. Willem, A. Hubin, and H.
Terryn, Langmuir 28, 3167 (2012).

[23] M. Campoy-Quiles, M. I. Alonso, D. D. C. Bradley, and L. J.
Richter, Adv. Funct. Mater. 24, 2116 (2014).

[24] L. Zhang, X. Fu, C. G. Hu, Y. Yao, Z. Y. Xu, X. T. Hu, M.
Hohage, P. Zeppenfeld, and L. D. Sun, Phys. Rev. B 93, 075443
(2016).

[25] J. H. Lee, S. H. Kim, G. H. Kim, S. C. Lim, H. Lee, J. Jang, and
T. Zyung, Synth. Met. 139, 445 (2003).

[26] D. Knipp, R. A. Street, A. Völkel, and J. Ho, J. Appl. Phys. 93,
347 (2003).

[27] S. E. Fritz, S. M. Martin, C. D. Frisbie, M. D. Ward, and M. F.
Toney, J. Am. Chem. Soc. 126, 4084 (2004).

[28] S. H. Lee, T. L. Tae, M. H. Ham, S. J. Lee, J. H. Park, C. Kim, P.
Biswas, and J. M. Myoung, Adv. Funct. Mater. 25, 6921 (2015).

[29] I. P. M. Bouchoms, W. A. Schoonveld, J. Vrijmoeth, and T. M.
Klapwijk, Synth. Met. 104, 175 (1999).

[30] M. L. Tiago, J. E. Northrup, and S. G. Louie, Phys. Rev. B 67,
115212 (2003).

[31] T. M. Halasinski, D. M. Hudgins, F. Salama, L. J. Allamandola,
and T. Bally, J. Phys. Chem. A 104, 7484 (2000).

[32] P. Sony and A. Shukla, Phys. Rev. B 75, 155208 (2007).
[33] S. Söhnchen, S. Lukas, and G. Witte, J. Chem. Phys. 121, 525

(2004).
[34] K. Müller, A. Kara, T. K. Kim, R. Bertschinger, A. Scheybal, J.

Osterwalder, and T. A. Jung, Phys. Rev. B 79, 245421 (2009).
[35] Ph. Guaino, D. Carty, G. Hughes, O. McDonald, and A. A.

Cafolla, Appl. Phys. Lett. 85, 2777 (2004).
[36] D. Nabok, P. Puschnig, C. Ambrosch-Draxl, O. Werzer, R. Resel,

and D.-M. Smilgies, Phys. Rev. B 76, 235322 (2007).
[37] A. Al-Mahboob, Y. Fujikawa, J. T. Sadowski, T. Hashizume,

and T. Sakurai, Phys. Rev. B 82, 235421 (2010).

043401-6

https://doi.org/10.1002/cphc.200700177
https://doi.org/10.1002/cphc.200700177
https://doi.org/10.1002/cphc.200700177
https://doi.org/10.1002/cphc.200700177
https://doi.org/10.1103/PhysRevLett.92.116802
https://doi.org/10.1103/PhysRevLett.92.116802
https://doi.org/10.1103/PhysRevLett.92.116802
https://doi.org/10.1103/PhysRevLett.92.116802
https://doi.org/10.1002/adma.200600929
https://doi.org/10.1002/adma.200600929
https://doi.org/10.1002/adma.200600929
https://doi.org/10.1002/adma.200600929
https://doi.org/10.1103/PhysRevLett.104.246602
https://doi.org/10.1103/PhysRevLett.104.246602
https://doi.org/10.1103/PhysRevLett.104.246602
https://doi.org/10.1103/PhysRevLett.104.246602
https://doi.org/10.1103/PhysRevB.74.125416
https://doi.org/10.1103/PhysRevB.74.125416
https://doi.org/10.1103/PhysRevB.74.125416
https://doi.org/10.1103/PhysRevB.74.125416
https://doi.org/10.1038/35087532
https://doi.org/10.1038/35087532
https://doi.org/10.1038/35087532
https://doi.org/10.1038/35087532
https://doi.org/10.1021/cm049563q
https://doi.org/10.1021/cm049563q
https://doi.org/10.1021/cm049563q
https://doi.org/10.1021/cm049563q
https://doi.org/10.1063/1.3663863
https://doi.org/10.1063/1.3663863
https://doi.org/10.1063/1.3663863
https://doi.org/10.1063/1.3663863
https://doi.org/10.1016/j.synthmet.2004.08.018
https://doi.org/10.1016/j.synthmet.2004.08.018
https://doi.org/10.1016/j.synthmet.2004.08.018
https://doi.org/10.1016/j.synthmet.2004.08.018
https://doi.org/10.1002/adma.200402077
https://doi.org/10.1002/adma.200402077
https://doi.org/10.1002/adma.200402077
https://doi.org/10.1002/adma.200402077
https://doi.org/10.1063/1.1756211
https://doi.org/10.1063/1.1756211
https://doi.org/10.1063/1.1756211
https://doi.org/10.1063/1.1756211
https://doi.org/10.1002/adfm.201203427
https://doi.org/10.1002/adfm.201203427
https://doi.org/10.1002/adfm.201203427
https://doi.org/10.1002/adfm.201203427
https://doi.org/10.1016/S0079-6816(00)00024-1
https://doi.org/10.1016/S0079-6816(00)00024-1
https://doi.org/10.1016/S0079-6816(00)00024-1
https://doi.org/10.1016/S0079-6816(00)00024-1
https://doi.org/10.1103/PhysRevLett.97.105503
https://doi.org/10.1103/PhysRevLett.97.105503
https://doi.org/10.1103/PhysRevLett.97.105503
https://doi.org/10.1103/PhysRevLett.97.105503
https://doi.org/10.1007/s00339-008-5011-3
https://doi.org/10.1007/s00339-008-5011-3
https://doi.org/10.1007/s00339-008-5011-3
https://doi.org/10.1007/s00339-008-5011-3
https://doi.org/10.1002/adfm.200500148
https://doi.org/10.1002/adfm.200500148
https://doi.org/10.1002/adfm.200500148
https://doi.org/10.1002/adfm.200500148
https://doi.org/10.1002/adma.201101652
https://doi.org/10.1002/adma.201101652
https://doi.org/10.1002/adma.201101652
https://doi.org/10.1002/adma.201101652
https://doi.org/10.1063/1.4976308
https://doi.org/10.1063/1.4976308
https://doi.org/10.1063/1.4976308
https://doi.org/10.1063/1.4976308
https://doi.org/10.1103/PhysRevLett.110.106101
https://doi.org/10.1103/PhysRevLett.110.106101
https://doi.org/10.1103/PhysRevLett.110.106101
https://doi.org/10.1103/PhysRevLett.110.106101
https://doi.org/10.1103/PhysRevLett.104.257401
https://doi.org/10.1103/PhysRevLett.104.257401
https://doi.org/10.1103/PhysRevLett.104.257401
https://doi.org/10.1103/PhysRevLett.104.257401
https://doi.org/10.1039/b814628d
https://doi.org/10.1039/b814628d
https://doi.org/10.1039/b814628d
https://doi.org/10.1039/b814628d
https://doi.org/10.1021/la203988m
https://doi.org/10.1021/la203988m
https://doi.org/10.1021/la203988m
https://doi.org/10.1021/la203988m
https://doi.org/10.1002/adfm.201303060
https://doi.org/10.1002/adfm.201303060
https://doi.org/10.1002/adfm.201303060
https://doi.org/10.1002/adfm.201303060
https://doi.org/10.1103/PhysRevB.93.075443
https://doi.org/10.1103/PhysRevB.93.075443
https://doi.org/10.1103/PhysRevB.93.075443
https://doi.org/10.1103/PhysRevB.93.075443
https://doi.org/10.1016/S0379-6779(03)00197-8
https://doi.org/10.1016/S0379-6779(03)00197-8
https://doi.org/10.1016/S0379-6779(03)00197-8
https://doi.org/10.1016/S0379-6779(03)00197-8
https://doi.org/10.1063/1.1525068
https://doi.org/10.1063/1.1525068
https://doi.org/10.1063/1.1525068
https://doi.org/10.1063/1.1525068
https://doi.org/10.1021/ja049726b
https://doi.org/10.1021/ja049726b
https://doi.org/10.1021/ja049726b
https://doi.org/10.1021/ja049726b
https://doi.org/10.1002/adfm.201503502
https://doi.org/10.1002/adfm.201503502
https://doi.org/10.1002/adfm.201503502
https://doi.org/10.1002/adfm.201503502
https://doi.org/10.1016/S0379-6779(99)00050-8
https://doi.org/10.1016/S0379-6779(99)00050-8
https://doi.org/10.1016/S0379-6779(99)00050-8
https://doi.org/10.1016/S0379-6779(99)00050-8
https://doi.org/10.1103/PhysRevB.67.115212
https://doi.org/10.1103/PhysRevB.67.115212
https://doi.org/10.1103/PhysRevB.67.115212
https://doi.org/10.1103/PhysRevB.67.115212
https://doi.org/10.1021/jp0011544
https://doi.org/10.1021/jp0011544
https://doi.org/10.1021/jp0011544
https://doi.org/10.1021/jp0011544
https://doi.org/10.1103/PhysRevB.75.155208
https://doi.org/10.1103/PhysRevB.75.155208
https://doi.org/10.1103/PhysRevB.75.155208
https://doi.org/10.1103/PhysRevB.75.155208
https://doi.org/10.1063/1.1760076
https://doi.org/10.1063/1.1760076
https://doi.org/10.1063/1.1760076
https://doi.org/10.1063/1.1760076
https://doi.org/10.1103/PhysRevB.79.245421
https://doi.org/10.1103/PhysRevB.79.245421
https://doi.org/10.1103/PhysRevB.79.245421
https://doi.org/10.1103/PhysRevB.79.245421
https://doi.org/10.1063/1.1786655
https://doi.org/10.1063/1.1786655
https://doi.org/10.1063/1.1786655
https://doi.org/10.1063/1.1786655
https://doi.org/10.1103/PhysRevB.76.235322
https://doi.org/10.1103/PhysRevB.76.235322
https://doi.org/10.1103/PhysRevB.76.235322
https://doi.org/10.1103/PhysRevB.76.235322
https://doi.org/10.1103/PhysRevB.82.235421
https://doi.org/10.1103/PhysRevB.82.235421
https://doi.org/10.1103/PhysRevB.82.235421
https://doi.org/10.1103/PhysRevB.82.235421



