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ABSTRACT: We investigate the inﬂuence of light on the growth process and resulting phase
coexistence of the organic semiconductor α-sexithiophene (6T). We demonstrate that 6T thin
ﬁlms deposited on potassium chloride (KCl) in dark environments exhibit a bimodal growth,
with phase coexistence of both low-temperature (LT) and high-temperature (HT) polymorphs.
In contrast, ﬁlms grown under illumination with 532 nm light at 1.5 W/cm2 exhibit an increased
purity of the LT phase, while the HT phase growth is slowed down by about a factor of 4. To
understand the mechanism behind this optical control, we use in situ X-ray diﬀraction, atomic
force microscopy, optical absorption measurements, as well as ﬁrst-principles calculations for the
optical absorption spectra of the HT and LT phase. We deduce that the phase puriﬁcation is due
to optical heating of the molecular ﬁlm and lower cohesive energy of the HT phase compared to
the LT phase, so that nucleation and growth of the HT phase are signiﬁcantly reduced by light.
On the basis of these ﬁndings, we suggest using light as a control parameter in organic molecular beam deposition to grow thin
ﬁlms of enhanced phase purity.

■

INTRODUCTION
The ability to control crystallization in organic thin ﬁlms has
recently been addressed as one of the current challenges for
high-performance organic devices.1 Since molecular packing
and thin ﬁlm morphology are crucial for the electrical
performance of devices such as transistors,2 there is an ongoing
need to ﬁnd ways to inﬂuence the structural parameters of
organic thin ﬁlms. In many cases the presence of two or more
phases in organic ﬁlms creates structural defects or disorder,
thereby impeding charge transport.3 Several strategies to access
diﬀerent growth regimes and to inﬂuence the crystal structure,
such as changing substrate temperature, evaporation rate, or
supersonic thin ﬁlm growth,4 have been pursued. It has also
been shown that molecular and substrate symmetries as well as
surface corrugations strongly inﬂuence the crystalline structure.5,6
A particularly simple control parameter for molecular growth
is light, because it does not interfere with the growth
environment. Moreover, it can be applied locally and in a
controlled way. It is known that some organic molecules
polymerize under photoexcitation, and thereby the molecular
building blocks are changed, e.g., in C60 ﬁlms7 under intense
illumination of 20 W/cm2 or in monolayers of sexithiophene
under strong UV irradiation.8 The electronic properties, such as
the surface potential, can also be changed through illumination
during growth, as shown by Sugi et al.9 The morphology of thin
ﬁlms can be altered as demonstrated by Balzer and Rubahn,10
who showed that laser illumination leads to a local formation of
nanostructures due to increased substrate temperature or
© 2015 American Chemical Society

photoinduced electrical charging, as presented by Chen et al.
for pentacene monolayers.11 Furthermore, it has been shown
that molecules can align with respect to the polarization
direction of light when illuminated during growth.12 In
conclusion, there is a high potential for light as a control
parameter in organic thin ﬁlm growth through a variety of
interaction mechanisms. However, so far, no direct inﬂuence of
light on the molecular crystal structure has been reported.
α-Sexithiophene (6T) is a well-studied organic semiconductor often used in thin ﬁlm transistors13 as well as in
organic photovoltaics.14,15 6T thin ﬁlms are crystalline but
exhibit bimodal growth of both low-temperature16 (LT) and
high-temperature17 (HT) phases (see Figure 1a). Both phases
also occur in single crystals when grown from melt (HTphase)18 or by sublimation (LT-phase).13 For thin ﬁlms of 6T
and the structurally similar quaterthiophene (4T), a number of
studies report on the occurrence of the HT-phase as well as
further crystal polymorphs.4,19−24 In 6T bulk crystals the HTphase is predicted to be more stable than the LT phase.25 The
tilt angle ϕ of the long molecular axis and the small basal plane
of the unit cell varies for the two structures ϕLT = 65.9° and
ϕHT = 56.3°.26 This diﬀerent molecular tilt angle results in a
diﬀerent lattice spacing of 22.35 Å for the LT and 20.67 Å for
the HT phase in the direction normal to the substrate surface
(Figure 1a).13 Thin ﬁlms of 6T grown on potassium chloride
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COMPUTATIONAL METHODS

The optical absorption spectra of LT and HT have been computed
from ﬁrst-principles in the framework of density-functional and manybody perturbation theory (MBPT). All calculations have been
performed with the exciting code,32 a full-potential, all-electron
package, based on the linearized augmented plane wave method.
The macroscopic dielectric function has been obtained by solving the
Bethe−Salpeter equation (BSE).33 This represents the most accurate
ab initio methodology to describe optical excitations in solids. The
electron−hole interaction is explicitly treated, and therefore excitonic
eﬀects are quantitatively described. Additional details about the
methodology and its implementation in exciting can be found in ref
34. In order to investigate the role of absorption strength in
suppressing the HT phase growth upon laser irradiation, we compute
the optical absorption spectra for both HT and LT phase as the HT
absorption is not accessible experimentally. The characterization of the
samples shows that crystalline islands extend for about 500 nm in the
lateral direction and roughly 10 monolayers (∼22 nm) in the normal
direction with respect to the substrate (for samples grown at 60 °C
substrate temperature, see Figure 2a). As such, they can be modeled to

Figure 1. (a) Low-temperature (LT) and high-temperature (HT)
phase of 6T. The unit cell of LT (HT) consists of four (two)
molecules. The molecular tilt angle ϕ is shown for both structures. (b)
Deposition geometry used in the experiment. Compared to conventional organic molecular beam deposition setups a 532 nm laser is
added to illuminate the sample during growth.

(KCl) are known to be crystalline, and consist of upright
standing and ﬂat lying molecules, where upright standing
molecules often nucleate at lying down molecules in so-called
ledge directed epitaxy.27,28 The diﬀerent molecular orientations
and crystal structures are characterized by speciﬁc spectroscopic
signatures in UV−vis emission, depending on the intermolecular and molecule−substrate interactions, as shown in refs 29
and 30 for coverages of a few monolayers.
In this paper we show that laser illumination of 6T during
growth leads to thin ﬁlms with higher phase purity compared to
those grown in the dark, suggesting that light can be used as a
new control parameter to inﬂuence the molecular crystal
structure in organic thin ﬁlm growth. We ﬁnd that illumination
during growth suppresses the formation of HT crystallites by
about a factor of 4 and increases LT phase purity, thereby
improving the quality of the thin ﬁlm.

■

EXPERIMENTAL METHODS

We used a portable deposition chamber equipped with a beryllium
window for in situ X-ray measurements to grow the samples. We grew
6T ﬁlms by thermal evaporation in an organic molecular beam
deposition (OMBD) vacuum chamber at a base pressure of 7 × 10−7
mbar. A laser beam (continuous wave, 532 nm, 1.5 W/cm2 on the
sample) enters the vacuum chamber perpendicular to the substrate
surface (Figure 1b). A telescope expands the laser beam to a full width
half-maximum (fwhm) of 14 mm, so that the 10 × 10 mm2 substrate is
homogeneously illuminated. The cleaved KCl substrates were heated
up to 420 °C in a vacuum to reduce surface contamination prior to the
deposition. All ﬁlms were grown with molecular deposition rates
between 1 and 1.5 Å/min to a thickness of (150 ± 20) Å. The ﬁlm
thickness was monitored with a quartz crystal microbalance during
growth.
The grown thin ﬁlms were analyzed by means of X-ray diﬀraction in
a θ-2θ geometry, in which the out-of-plane scattering vector
qz = (4π/λ) sin θ is varied to study the out-of-plane lattice constant.
Laboratory measurements were carried out with a rotating anode X-ray
source using Cu−Kα radiation (wavelength 1.54 Å). Real time
measurements were performed at the surface diﬀraction end station of
the MS beamline at the Swiss Light Source (Paul Scherrer Institute,
Switzerland) using a photon counting Pilatus 100k detector.31 For
these measurements a wavelength of 0.77 Å was used.
The AFM micrographs were recorded with a Bruker Multimode 8
instrument driven in a peak force tapping mode (ScanAsyst). UV/vis
absorption data were collected with a Lambda 950 spectrometer
(PerkinElmer).

Figure 2. (a) AFM micrograph showing the surface morphology of a
6T ﬁlm on KCl grown in the dark at Tsub = 60 °C. Standing molecules
form terraces with monomolecular step height and some “needle-like”
structures (white) are formed by ﬂat lying molecules. (b) θ/2θ scan of
a 6T ﬁlm as shown in panel a.
good approximation as bulk structures. For computational feasibility,
the LT structure has been considered in a reduced unit cell including
only two inequivalent molecules. A ground-state calculation within the
local-density approximation (LDA)35 for the exchange-correlation
potential has been performed, as a starting point for the solution of the
BSE. A k-point mesh of 4 × 6 × 2 and 2 × 4 × 6, respectively, has been
used for the sampling of the Brillouin zone in the HT and LT phase.
One hundred empty states, corresponding to an energy cutoﬀ of about
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9 eV above the Fermi energy, have been included to set up the
screened Coulomb interaction. Transitions between a set of 20 valence
and 20 conduction bands, corresponding to 2.6 eV below the valence
band maximum and 2.3 eV above the conduction band minimum, have
been taken into account for the solution of the BSE. A rigid shift of
1.37 eV has been applied to the optical spectra of both phases, in order
to mimic the quasiparticle correction to the gap.

■

RESULTS
To get an overview of the postgrowth 6T ﬁlm morphology,
Figure 2a shows an AFM scan of a 150 nm thick 6T ﬁlm on
KCl grown without laser illumination at Tsub = 60 °C. Islands of
upright standing molecules with terraces of monomolecular
step height of (22 ± 2) Å are clearly visible, as well as some
“needle-like” structures consisting of ﬂat lying molecules are
seen, in agreement with previous AFM results by Schwabegger
et al.27 The step height diﬀerence between HT and LT phases
cannot be resolved in our AFM image because it diﬀers by only
2 Å. A corresponding X-ray θ/2θ scan is shown in Figure 2b,
exhibiting multiple Bragg reﬂections due to upright standing
molecules. Interestingly, these Bragg reﬂections are split into
pairs, indicating a polymorphous growth behavior of the
upright standing molecules in both LT and HT crystal
structures. Note that in the LT structure the long unit cell
axis is deﬁned as “a”, whereas in the HT structure it is
“c”.16−18,36 For the LT structure, the {100} plane forms the
contact plane with the substrate resulting in (h00) labels for
corresponding Bragg reﬂections, whereas for the HT phase the
{001} plane forms the contact plane to the substrate resulting
in (00l) labels for Bragg reﬂections of the HT phase. The
higher-order Bragg reﬂections suggest high structural order of
the crystalline islands. At higher qz the (4̅11) and (020) Bragg
reﬂections, which correspond to ﬂat lying molecules, and the
(200) KCl substrate reﬂection, are visible (see Supporting
Information for details).
In Figure 3a we compare the Bragg reﬂections of ﬁlms grown
in the dark and under illumination, with otherwise identical
growth conditions. The blue curve corresponds to a ﬁlm grown
at Tsub = 60 °C without illumination, while the red curve
corresponds to a sample exposed to 532 nm laser illumination
during thin ﬁlm growth. Interestingly, the HT polymorph is
signiﬁcantly suppressed. In other words, illumination with 532
nm laser light increases the LT phase purity of the thin ﬁlm. In
order to deﬁne a quantitative measure for the increased ﬁlm
purity, we use the quantitative phase analysis formalism within
the Rietveld method (see Supporting Information).37,38 From
this we deduce under the given constraints the relation

Figure 3. (a) Postgrowth θ/2θ scans of 6T ﬁlms on KCl grown in the
dark (blue) and under illumination (red). The time-resolved scattering
intensity for the (600)LT/(003)HT and (800)LT/(004)HT reﬂection
pairs is shown for ﬁlms grown in (b) the dark and (c) illuminated
environment. (d) Square root of the Bragg reﬂection intensities with
and without illumination.

substrate temperature during growth and also on variations in
microscopic substrate quality, such as variations in KCl step
edge density on cleaved surfaces.
To study the early stage nucleation behavior of HT and LT
polymorphs and to ﬁnd out whether both nucleate simultaneously or one phase appears after a critical thickness, we
monitored the thin ﬁlm growth process by means of timeresolved in situ X-ray measurements during growth. In Figure
3b,c we present the Bragg intensity of the (600)LT/(003)HT and
(800)LT/(004)HT reﬂections, which increases as a function of
ﬁlm thickness (that is growth time × molecular ﬂux). Figure 3b
shows the thin ﬁlm growth in a dark environment with fairly
strong reﬂections of the HT structure. In contrast, in the ﬁlm
grown under illumination (Figure 3c) the HT reﬂections are
barely visible. In Figure 3d we present the integrated intensities
of the (600)LT and (003)HT Bragg reﬂections, which increase
linearly with the thickness of the emerging ﬁlm. Both with and
without laser illumination, at the start, there is no delay in HT
phase formation and both phases crystallize simultaneously.
However, the growth rate of the HT phase is reduced by a time
independent factor via laser illumination.

I(hkl)HT Z LTVLT F(2hkl)HT
mHT
=
mLT
I(hkl)LT Z HTVHT F(2hkl)LT

with mHT/mLT being the mass ratio between two coexisting
crystal phases HT and LT in the sample, I the measured
reﬂection intensity, Z the number of 6T molecules per unit cell,
and V the respective unit cell volume. We calculated the
structure factors, which describe the strength of the Bragg
reﬂections, to be F(600)LT = 51.8 and F(003)HT = 24.6.39 For the
ﬁlms shown in Figure 3a, this leads to a mass ratio of (mHT/
mLT)dark = 0.077 and (mHT/mLT)illum = 0.27 respectively; thus
the growth of the HT phase is suppressed by a factor of 3.5.
Using this quantitative measure we consistently ﬁnd a reduction
of the HT phase content by a factor of 3−5 for more than 20
samples grown in this study, with the exact factor depending on
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signiﬁcantly lower temperature (190 °C) than the reﬂections of
the LT structure (235 °C, both for ﬂat lying and upright
standing molecules). The lower thermal stability of the HT
phase in our samples is an important factor in explaining why
the HT phase is suppressed by light.
A further contribution to the suppression of the HT phase
could be diﬀering optical absorption of the two phases. In order
to better understand whether the two phases absorb 532 nm
light diﬀerently, e.g., through diﬀerent absorption coeﬃcients
or spectral shifts, we performed ab initio calculations of the
optical absorption spectra of HT and LT, in the framework of
MBPT. The results are shown in Figure 5. We computed the

After demonstrating the impact of laser illumination on
phase purity, we show here that this eﬀect is not simply caused
by laser-induced heating of the substrate, but by interaction of
the laser light with the molecular ﬁlm. The use of an optically
transparent substrate allows us to exclude signiﬁcant absorption
of light in the substrate. We estimate the uncertainty in the
substrate temperature measurement at the sample holder to be
in the range of ±5 °C with and without laser illumination. To
exclude an inﬂuence of this small temperature uncertainty, in
Figure 4a we compare ﬁlms grown in a range of 60 K with and

Figure 5. (a) Onset of the experimental LT absorption spectra close to
the photoexcitation energy; (b) BSE calculation of the absorption
coeﬃcient α for an electric ﬁeld lying on the substrate surface plane of
LT and HT. The solid green line indicates the laser frequency ωLaser
(2.33 eV), while the gray dashed line at 2.8 eV is the computed
fundamental gap for both structures. The peaks A and B are bound
excitons. A Lorentzian broadening of 25 meV is applied to the
computed spectra.

absorption coeﬃcient α at normal incidence, with the electric
ﬁeld parallel to the substrate contact planes of the unit cells (b−
c plane for LT and a−b plane for HT structure; see also Figure
1a). The computed peak positions of the LT polymorph agree
with the experiment (see Figure 5). The HT spectrum is only
theoretically accessible, as no pure HT ﬁlms could be grown.
Comparing the theoretical HT and LT spectra, we ﬁnd that the
two phases have very similar optical absorption. The lowenergy part is characterized by two strong excitonic peaks, A
and B, which lie within the gap, Eg = 2.8 eV, for both HT and
LT. The binding energies of these excitons are Eb (A) = 0.41
eV and Eb (B) = 0.19 eV in the LT phase and Eb (A) = 0.45 eV
and Eb (B) = 0.22 eV in HT. It is important to note that exciton
A lies within 10 meV above the frequency of the green laser.
The similarity of the absorption energies of A and B in the
two phases points toward a minor role of excitonic shifts in the
selective growth of LT upon laser illumination. Although a
slight diﬀerence in the absorbance can be observed in the
spectra of Figure 5b, the height of peak A is about 20% smaller
in LT compared to HT. This feature can be associated with the
diﬀerent orientation of the molecules on the substrate, as
shown in Figure 1a. Since the optical transition giving rise to
peak A is aligned along the long molecular axis, the HT phase
with a lower tilt angle has a better alignment between the
optical transition and the electric ﬁeld direction of the laser
leading to higher absorption.

Figure 4. (a) Growth and nucleation of the HT phase in a
temperature range of over 60 K, with and without laser illumination
is suppressed more than a factor of 3−5 through illumination. (b)
Desorption of 6T thin ﬁlm in nitrogen atmosphere. Top: HT phase
desorbs around 200 °C. Bottom: LT phase desorbs around 240 °C
showing that in thin ﬁlms the LT phase is more stable.

without laser illumination by calculating the phase coexistence
ratio based on the integrated Bragg intensity of the (003)HT
and (600)LT reﬂections. We ﬁnd that this ratio between the two
phases is independent of the substrate temperature Tsub within
the range of 60 K. From this we conclude that possible
substrate temperature changes within ±5 °C due to the laser
illumination can be neglected in comparison with the 60 K
range in which the eﬀect is observed.
In a further experiment the temperature dependence of
desorption of the two polymorphs at elevated temperatures was
studied to determine which of the two phases is more stable.
To do so, we heated a previously grown 6T ﬁlm on KCl step by
step in a nitrogen atmosphere. X-ray scans at diﬀerent
temperatures allowed us to monitor and separate the
temperatures at which the reﬂections of the two crystal phases
disappear. The results are shown in Figure 4b. The reﬂections
corresponding to the HT structure start to disappear at a
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DISCUSSION
The results presented above clearly indicate a direct inﬂuence
of light on the crystallization behavior of 6T thin ﬁlms beyond
simple substrate heating. In the following we examine possible
mechanisms that can explain this eﬀect. These are excited-state
crystallization, optical absorption with subsequent local heating
of LT and HT nuclei, as well as diﬀerent cohesive energies.
Crystallization in the photoexcited state has a negligible eﬀect
in this system, because the molecules are mostly in their ground
state. Taking into account an absorption length of α = 93 nm
for 6T thin ﬁlms40 at 530 nm, there are roughly 105 absorbed
photons per molecule for the given illumination at 1.5 W/cm2
during the ∼20 min growth time of one molecular monolayer.
Because of the short exited-state lifetimes of less than 1 μs41
combined with the low laser intensities, molecules are 99.999%
of the time in the ground state under the assumption of similar
luminescence behavior of the two phases.
As shown by ﬁrst-principles calculations, the excitonic peak
A, which is the closest to the wavelength of the illuminating
laser, lies approximately at the same energy for the two phases.
Hence, the inﬂuence of light on the growth of 6T cannot be
explained by dissimilar absorption energies of peak A and thus a
diﬀerent overlap with the laser line. However, we notice that
the oscillator strength in HT is 20% higher than in LT phase,
due to the tilt of the molecules in the unit cell. Hence,
molecules in the HT phase absorb more light than in the LT
phase. Therefore, molecules in HT orientation exhibit an
increased laser-induced heating and gain additional energy.
From the desorption behavior, we ﬁnd a reduced thermal
stability of the HT compared to the LT phase for the given
sample morphology and phase mixture. The observed earlier
desorption of the HT phase as compared to the LT phase
seemingly contradicts results from bulk crystals, for which Della
Valle et al. have found that the HT structure (Eb HT = −247.38
kJ/mol) is more stable than LT (Eb LT = −245.94 kJ/mol).25
Preliminary ﬁrst-principles calculations that we are currently
carrying out conﬁrm this trend. Similar results were obtained
experimentally for the related molecule 4T by Campione et al.,
who measured 0.42 kJ/mol for the LT/HT crystal to crystal
transition for 4T in single crystals.42 However, our ﬁnding of a
higher stability of LT thin ﬁlms can potentially be rationalized
by taking into account surface energies, which play an
important role in thin ﬁlms with a large surface to volume
ratio. It is often observed that in thin ﬁlms more upright
standing molecules are stabilized at the interface, and such
surface induced phases have been observed for pentacene
(PEN), diindenoperylene (DIP), and 4T.3,43,44 The experimental observation of higher stability of LT thin ﬁlms when
compared to HT thin ﬁlms therefore could be due to lower
surface energies of the LT phase with more upright molecules.
Note that the thermodynamical stability of individual phases in
general cannot purely be related to the desorption temperature,
but is for example also inﬂuenced by desorption kinetics,45−47
island size and shape of the individual crystal grains in the
respective phase.48 Thus, the reduced desorption temperature
of the HT phase compared to the LT phase may not apply to
single crystals in the two phases and could also be speciﬁc to
the analyzed thin ﬁlm structure.
In conclusion, the combination of the lower thermal stability
of the HT phase in thin ﬁlms with stronger optical heating of
molecules, as discussed above, can explain the origin of the
observed phase puriﬁcation. Additional contributions to the

complex growth kinetics and phase coexistence could come
from nonthermal excitation of vibrational modes, photoelectronic charging, or an optical induced, direct phase
transition from the HT into the LT phase. However, a
quantiﬁcation of these contributions goes beyond the scope of
this work.

■

CONCLUSIONS
The crystallization of 6T and the phase purity in thin ﬁlms can
be inﬂuenced during growth by laser illumination of moderate
intensity (I = 1.5 W/cm2). As a leading mechanism for this
light-induced phase-puriﬁcation, we suggest a combination of a
slightly more intense optical absorption in the HT phase
together with a lower thermal stability of the HT phase. This
ﬁnding demonstrates that light can serve as an additional
control parameter in molecular crystal growth to optimize the
structural quality of molecular thin ﬁlms. Eventually, micropatterning may be considered as further application of this
eﬀect since light can be applied locally on the absorbing
molecules.
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Additional information on coexisting LT phase crystallites with
ﬂat lying molecular orientation and a short description of the
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B.; Jäggi-Spielmann, S.; Jakob, B.; Kalichava, I.; Karvinen, P.;
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