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In amorphous organic semiconductors, charge transport typically takes place via slow hopping processes,
but it is known that molecular aggregation can lead to enhanced exciton and charge transport through
coupling of the transition dipole moments. In this work, we investigate the optical, morphological, and
electronic properties of thin films of a merocyanine dye, which aggregates easily due to its dipolar charac-
ter. Firstly, in spin-coated thin films the degree of aggregation can be tuned by thermal annealing, leading
to strong spectral shifts alongside with Davydov splitting of >800 meV. At the same time, the mobility
increases by approximately three orders of magnitude. We combine variable angle spectroscopic ellipso-
metry and polarization-resolved transmission spectroscopy with density functional theory to demonstrate
that the aggregated molecules are oriented in an upright, standing configuration relative to the substrate
surface. This arrangement involves a co-facial orientation of the molecular pi-systems, which is advan-
tageous for lateral charge transport. Secondly, by utilizing highly oriented pyrolytic graphite as an ordered
substrate and low-rate vacuum deposition, we are able to template the growth of the merocyanine layer

Received 6th November 2024,
Accepted 3rd January 2025

DOI: 10.1039/d4q002088;j

and to substantially improve the in-plane morphological order. By combining atomic force microscopy
and photoluminescence microspectroscopy we observe large oriented domains hundreds of um2 in size,
emitting linearly polarized light, whereby maintaining the edge-on molecular arrangement. This promises
rsc.li/frontiers-organic a further significant enhancement of lateral charge carrier mobility.
measured for a merocyanine single crystal,” demonstrating the
concept of molecular dipole elimination upon centrosymmetric

Introduction

Organic semiconducting materials as active thin films in elec-
tronic devices are usually present in a polycrystalline or amor-
phous state. They mostly exhibit lower charge carrier mobili-
ties than single crystals, due to comparably low long-range
order. The highest charge carrier mobility values for organic
small molecules are usually obtained for single crystals of rod-,
or disk-like molecules such as copper-phthalocyanine (1.0 cm?
v s, tetracene (2.4 cm® V' s7'),® pentacene, or rubrene
(40 cm® v~ s71).>* Although highly dipolar molecules were long
expected to show low charge carrier mobilities associated with
increased energetic disorder, a mobility of 2.3 cm® V™" s was
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packing.®® However, the single-crystal growth process is lengthy
and less feasible for utilization in organic electronic devices com-
pared to amorphous or polycrystalline organic thin films, fabri-
cated by, e.g., spin coating or thermal evaporation, especially for
large area devices. Tremendous efforts have been undertaken
into introducing a higher degree of order in such organic thin
films to improve the charge transport performance while main-
taining a homogeneous and dense film quality. Increasing order
in organic thin films can be achieved by, e.g, templating
substrates,” "> external stimuli such as mechanical rubbing,*™*
or different liquid-phase deposition techniques which influence
molecular orientation.® ™

Additionally, it was shown that molecular aggregation of
polar dyes like dipolar merocyanines or symmetric quadrupo-
lar squaraines without ground state dipole moment can lead
to improved charge carrier mobility.">>* In these aggregates
excitons are delocalized by coupling of the transition dipole
moments (TDM) of the associated monomers.>*** This leads
to drastic changes of their optical properties compared to the
monomeric form, which allows for monitoring the aggregation

This journal is © the Partner Organisations 2025
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Fig. 1 Optical properties of merocyanine HB238 in the monomeric and aggregated state. Normalized absorbance and emission spectra (black and
green lines, respectively) of monomeric HB238 in acetone solution (a) and dispersed aggregates in a 10% acetone/90% water mixture (b). The inset

in panel a shows the chemical structure of HB238.

state by transmission or photoluminescence spectroscopy. The
two best known forms of molecular aggregates are J- and
H-aggregates.”® J-aggregates are known to show intense, red-
shifted and narrow absorption peaks relative to the monomer.
Further, photoluminescence (PL) with negligible Stokes shift
can be observed. By contrast, H-aggregates usually show a
broad, blue-shifted, and vibronically rich absorption spectrum,
and the emission is strongly quenched. The differences in the
spectra of J- and H-aggregates arise from the orientations of
the TDMs of the aggregated molecules relative to each other.
In J-aggregates the TDMs are oriented in a head-to-tail fashion,
whereas in H-aggregates TDMs are oriented in parallel
dimers.>*?8

Merocyanine molecules possess large absorption coeffi-
cients which makes them interesting for applications such as
solar cells or photodiodes.'®?° Additionally, the large dipole
moment of merocyanines makes them prone to aggregation,
provided that the molecular structure is sufficiently planar and
does not prevent it. We exploit this to investigate a merocya-
nine molecule, namely HB238,° with a ground-state dipole
moment of 13.1 D (measured in 1,4-dioxane),® which aggre-
gates in a controlled way by tuning the experimental con-
ditions. We use these aggregates as a model system to investi-
gate the interdependence of morphological, optical, and
charge transport properties. We fabricate and characterize
spin-coated thin films on oxide surfaces, and we are able to
show that the charge carrier mobility is significantly improved
upon aggregation. By preparing thermally evaporated thin
films on highly oriented pyrolytic graphite (HOPG) we enhance
the structural order even further. We observe large, direction-
ally oriented domains of hundreds of um? in size.

Results & discussion

The investigated merocyanine molecule with the trivial name
HB238° (chemical structure shown in the inset in Fig. 1a) is

This journal is © the Partner Organisations 2025

present in the monomeric (ie., non-aggregated) form in
acetone solution (¢ = 10~ M). Calculation of the single mole-
cule vibronic absorption spectrum and Huang-Rhys para-
meters, as carried out at the DFT/TDDFT level of theory (see
Experimental techniques and methods), well resembles the
experimental UV-Vis data, supporting that HB238 is present as
non-aggregated monomeric species in solution (see Fig. S17).
A typical mirror-image of absorption and emission in the
monomeric form is observed. When water is added, dramatic
changes in the absorbance and photoluminescence spectra are
observed (see Fig. 1a and b). We attribute these observations
to the formation of HB238 aggregates resulting from the inso-
lubility of HB238 in water. Upon aggregation, two distinct
peaks arise in the absorption spectrum. One of the peaks is
blue- [H-band: 2.47 eV, FWHM = 126 meV (1014 cm ‘)] and
the other one is red-shifted [J-band: 1.67 eV, FWHM = 49 meV
(398 cm™")] compared to the monomer absorption feature. A
very weak absorption band reminiscent of the monomer tran-
sition can still be seen around 1.9 eV in the aggregate spec-
trum. Additionally, we observe a narrow emission peak [1.65
eV, FWHM = 40 meV (322 cm™")] which is almost resonant to
the red-shifted absorption peak of the J-band.

These findings correlate well with an aggregated state, in
which the molecular TDMs are aligned to each other with an
oblique angle, a model already proposed by Kasha et al. in
1965.”* The lower and higher lying states, resulting from the
sum and difference of the oblique-angled TDMs, respectively,
reveal the resulting exciton band bottom and top, giving rise
to Davydov splitting (DS).*® Unlike pure J- or H-aggregates,
both states gain oscillator strength. Emission, however, is only
observed from the lowest state, i.e., the J-state, due to the fast
internal non-radiative conversion. The observed DS is large
(ca. 0.86 eV) in comparison with values reported for other
organic compounds,’’® ranging between approximately 0.14
eV for pentacene® to 0.65 eV for squaraines.®® It demonstrates
an unusually strong interaction between the molecules in our
case with DS values similar to reports for oligo-phenylene-viny-
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lenes and oligothiophenes.?® This interpretation is supported
by the fact that the H-transition displays a spectrally narrow
absorption peak without significant vibronic features, which is
only observed for very strong coupling, when there is little
spectral overlap between the monomer and H-band absorption
(compare Fig. 1a and b, respectively).”®

We now turn to spin-coated HB238 thin films necessary for
device application. Spin coating on float glass substrates leads
to thin films which show broad absorbance spectra. The
spectra can be significantly altered by thermally annealing the
samples.’® To investigate in detail the annealing-dependent
optical properties, spin-coated thin films were annealed for
ten minutes at different temperatures in the range of 50 °C to
160 °C. An additional unannealed [referred to as “as fabricated
(a.f.)”] sample was prepared. For every annealing temperature a
separate sample was fabricated. The spin-coated thin films
further show pronounced uniaxial anisotropy which is dis-
cussed further below in the main text in more detail. All
spectra were thus measured at an angle of incidence (AOI) of
45° and with p-polarized light, to address the ordinary and
extra-ordinary optical components with equal electric field
strengths. The results are shown in Fig. 2. The samples can be
ordered into three regimes I, II, and III according to the
annealing temperature. For clarity only a single absorbance
spectrum for each regime is shown in Fig. 2a (all absorbance
spectra are shown in Fig. S177).

For regime I (low annealing temperatures; a.f. and 50 °C), a
broad absorption band without clear peaks is observed. At
intermediate temperatures (80 °C-110 °C), regime II, the
spectra display the characteristic J-transition peak at ca. 1.65
eV. Additionally, the H-transition is observed as a spectral
shoulder at around 2.50 eV. However, the spectra also show
broad features, mainly at around 2.25 eV, which overlap with
the H-transition absorption peak. Annealing at 120 °C or
higher (here: up to 160 °C) leads to regime III. The absorbance
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spectra are dominated by distinct J- and H-transition peaks.
The samples of regime III are thus in a similar aggregation
state as the dispersed aggregates presented in Fig. 1b. This is
further supported by 26 XRD measurements of both samples
(see Fig. S31). From Fig. 2a it can be observed that, from
regime I to III, the lowest energy vibronic peak at approxi-
mately 1.8 eV red shifts and finally results in the observed
J-transition peak. Likewise, the higher energy vibronic tran-
sitions blue shift to finally evolve in the distinct H-transition
peak. This evolution is indicated by the black arrows in
Fig. 2a. A similar behavior has been described by Spano, and
associated to increasing coupling strength.>® We thus attribute
the observed changes in the absorbance spectra during the
transitions between the regimes to increased intermolecular
coupling. The spectral reorganization and thus coupling
strength do not change gradually with annealing temperature,
but stepwise between the three regimes. We attribute this
finding to thermodynamic boundaries which are overcome,
leading to molecular reorganization between 50 °C and 80 °C
(I to II) and between 110 °C and 120 °C (II to IH). This is
further supported by 260 XRD measurements of the thin films
shown in Fig. S4.7 In regime I there is no measurable diffrac-
tion peak, in regime II a diffraction peak of low intensity is
observed, and from regime II to regime III the intensity of the
peak suddenly increases by an order of magnitude. The peak
intensity saturates in regime III in accordance with the unal-
tered spectral properties in regime III (see Fig. S177).

To further quantify the degree of aggregation, we estimate
the number of coherently coupled molecules (N.) of each
sample using the absorbance spectra. The parameter Ncop
describes the number of molecules over which, on average, the
exciton is delocalized, and is thus not typically equal to aggre-
gate, or crystal domain dimensions. To estimate this number
from absorbance spectra, we utilize a method introduced by
Knoester and Bakalis,®” which was developed for linear
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Fig. 2 Annealing-induced aggregation of HB238. (a) Absorbance spectra illustrating the three different regimes (see main text) measured at 45° AOI
using p-polarized light for the as fabricated sample (I, black), after annealing at 100 °C (Il, red), and after annealing at 120 °C (lll, blue). Black arrows
are guides to the eye emphasizing spectral shifts. (b) Estimated number of coherently coupled molecules as a function of annealing temperature.
The three different regimes can be distinguished and are highlighted with the same color as in (a).
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J-aggregates. In the method it is assumed that the spectral
width of the J-peak [as half-width at half-maximum (HWHM)]
corresponds to the energetic difference between the lowest
(J-state) and the second lowest state of the exciton-band. With
this assumption, the peak-width can be directly related to the
number of coherently coupled molecules. For HB238-aggre-
gates the mathematical description of a linear J-aggregate’s
exciton band is insufficient. As shown in, e.g., Fig. 1, HB238-
aggregates display two distinct peaks in the absorbance spec-
trum, split asymmetrically around the monomer-absorption,
with the H-transition absorption peak shifted further. These
spectral features can be described using the exciton band
description of two-dimensional, square herringbone aggre-
gates developed by Spano.®®

Using the model of ref. 38, the number of coherently
coupled molecules N, can be related to the spectral width of
the J- and H-transition and expressed as

2

Neoh = i (1)
o cos—l( HWHM, + 1) ’
—2(Jo — 2/1)

for the J-transition and as

T
HWHMy

cos™! (M + 1) ’ @

for the H-transition. Here J, and J; are the nearest and the
next-nearest neighbor coupling constants, respectively, and
HWHMy g is the half-width at half maximum of the J(H)-tran-
sition absorption peak. The HWHM values correspond to the
splitting between the two lowest (J-transition; eqn (1)), or the
two highest (H-transition; eqn (2)) exciton-states. This assump-
tion is only valid, if the oscillator strength is mainly located in
the exciton-band bottom and top, respectively. Eisfeld and
Briggs showed, that this is the situation if the spectral overlap
between the aggregate- and monomer-absorption peaks is neg-
ligible.”® This condition, which is unusual for H-transition
absorption peaks, is fulfilled by HB238 aggregates as shown in
Fig. 1. The HWHM values are directly obtained from the
measured spectra (see Experimental techniques and methods
for details of the peak fitting procedure, and Fig. S21} for visu-
alization of the fits). The nearest neighbor coupling J, is as
well directly obtained from the aggregate absorbance spectra
from the Davydov splitting.?® The next-nearest neighbor coup-
ling J; is obtained using the equality of eqn (1) and (2).

The advantage of this procedure is that all parameters are
obtained from the same spectrum. It is not necessary to
compare aggregate to monomer spectra which always includes
uncertainties, due to the immeasurable, at least directly,
liquid-to-crystal shift. The procedure yields an average number
of coherently coupled molecules in a two-dimensional square
aggregate. It has to be noted, however, that the described pro-
cedure includes some uncertainties. The HB238 aggregates

Neoh =

This journal is © the Partner Organisations 2025
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might not be perfectly square. The AOI has a slight influence
on the absorption peak-widths. Here all measurements were
performed at an AOI of 45° with p-polarized light. The fitting
of J- and H-transition absorption peaks of the samples
annealed at 80 °C, 100 °C, and 110 °C is complicated by spec-
trally overlapping transitions. The obtained fits are still reason-
able, evidenced by the fitted spectra shown in Fig. S21.7 The
estimated N, of the spin-coated films are shown in Fig. 2b as
a function of annealing temperature. Due to the above dis-
cussed reasons these values should be taken as an effective,
relative measure for the exciton delocalization, instead of
absolute values.

With the described procedure, it is not possible to properly
estimate N, for the samples of regime I due to the absence
of pronounced J- and H-aggregate peaks (see Fig. 2a). We do
however observe a slight anisotropic optical absorption behav-
ior of these samples, which suggests that the thin films are not
(entirely) composed of uncoupled monomers. Due to the high
dipole moment of HB238 we assume the presence of a mixture
of monomers and small molecular aggregates for the samples
of regime I. For visualization, we set N o, = 2 for the samples
of regime I. In regime II the samples exhibit N, values of
around 15 slightly increasing with increasing temperature.
Suddenly, in regime III at an annealing temperature of 120 °C,
Ncon drastically increases to a value of ca. 30 where it stays
approximately constant for higher annealing temperatures. We
additionally measured the XRD diffraction patterns of all
samples (see Fig. S41). We observe only one significant diffrac-
tion peak at 20 = 5.0°, demonstrating that in all films in
regime II and III a similar crystal structure is present and the
dependence of its integrated intensity on the annealing temp-
erature is in good agreement with the obtained N_,p,. In regime
I no significant diffraction peaks were measured, suggesting
amorphous films. The samples in regime II mark the start of
crystallization, slowly progressing with increasing annealing
temperature within regime II, evidenced by the appearance of
slowly growing diffraction peaks. Finally, the integrated diffrac-
tion peak intensity increases drastically during the transition
from regime II to III, as a threshold annealing temperature for
molecular reorganization is reached somewhere between
110 °C and 120 °C.

We conclude, that an N, of ca. 30 represents a saturation
value for spin-coated thin films of HB238, determined by an
average crystal defect density and disorder. In comparison,
Ncon Was calculated with the above-described procedure to be
22 for the dispersed aggregates shown in Fig. 1. The lower Np,
for dispersed aggregates might be explained with the instan-
taneous (kinetic) formation upon addition of water and an
accompanied probability for packing defects.

We also tried annealing at higher temperatures. Starting
from an annealing temperature of 170 °C, we observe pro-
nounced depletion zones in the thin film morphology (dewet-
ting), which become larger and more frequent at higher
annealing temperatures (see Fig. S8c-f and S9a, bf).
Concomitantly, the corresponding absorbance spectra show a
noticeable high-energy spectral shoulder of the J-transition

Org. Chem. Front, 2025, 12,1086-1098 | 1089
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absorption peak (see Fig. S15 and S16af), which complicates
the analysis of N, Finally, at 200 °C the material melted,
leaving only mono- and few-layer islands on the surface (see
Fig. S9c and dt). Because of these reasons the comparability
with the results shown in Fig. 2 is not given and annealing
temperatures higher than 160 °C are not further discussed
here.

We further investigated the anisotropic optical properties of
the fully annealed films (regime III). Fig. 3a shows the absor-
bance spectra of a spin-coated and annealed thin film
recorded at different angles of incidence (6) for p- and s-polar-
ized light. For increasing angle of incidence, the spectra for p-
and s-polarized illumination differ significantly from each
other. The H-band absorption at 2.54 €V increases for increas-
ing angle of incidence only for p-polarized excitation, whereas
it is virtually absent at normal incidence for p- and generally
for s-polarized excitation. At normal incidence the spectra for
p- and s-polarized illumination are identical, as expected. The
H-band absorption is thus only excited by an electric field that
has an out-of-plane component with respect to the substrate
(see sketch in Fig. 3c). These results imply the presence of uni-
axial anisotropy and reveal a molecular orientation in out-of-
plane direction (z-direction) extended over the entire thin film.
We confirmed this finding by variable angle spectroscopic
ellipsometry (VASE). Since standard spectroscopic ellipsometry

View Article Online

Organic Chemistry Frontiers

in reflection is inherently limited in its sensitivity to the extra-
ordinary components, we included transmission data (inten-
sity as well as ellipsometry) and performed a multi-sample
batch analysis.****** From this we obtained a uniaxial aniso-
tropic complex refractive index consisting of ordinary (in-
plane) and extra-ordinary (out-of-plane) components. These
complex refractive indices [n (refractive index) and k (exctinc-
tion coefficient)] are shown in Fig. 3b.

The data in Fig. 3 shows that the J-TDM is oriented in the
substrate plane (xy-plane). These findings match our expec-
tation for aggregates with oblique angled monomer’s TDMs in
which the J- and H-band are polarized perpendicular to each
other.?*?%*! The lack of anisotropy in the substrate plane
results from the random in-plane orientation of the crystallites
(aggregates), since the macroscopic beam size in our experi-
ments averages over many of them. The described morphology
can also be observed in AFM images (see Fig. S6fF).

Note that the measured H-transition in the absorbance
spectra is blue-shifted by ca. 0.15 eV compared to the peak of
the extraordinary extinction coefficient of the H-transition as
determined by VASE. The absorbance is calculated from the
measured transmission T as the negative decadic logarithm,
—log(T). Transmission T contains contributions from absorp-
tion A and reflection R, T =1 — A — R, assuming that there is
no scattering.*> The wavelength dependence of the trans-
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Fig. 3 Anisotropic optical behavior of spin-coated and annealed (120 °C, 10 min) HB238 thin films on glass substrates. (a) Absorbance spectra at
different angles of incidence (0°-60° in 15° steps) for s- (left) and p-(right) polarized light. (b) Uniaxial anisotropic complex refractive index n (real
part, refractive index, left) and k (imaginary part, extinction coefficient, right) determined by variable angle spectroscopic ellipsometry (VASE). (c)
Scheme describing the electric field vectors of incident s- and p-polarized light relative to the substrate (xy-plane).
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mission displayed as absorbance therefore does not resemble
the extinction coefficient in a simple manner. A similar
phenomenon was found in a study of self-organized oligothio-
phene films where absorbance peaks were calculated for tran-
sitions with different TDM orientations.** There, it was found
that absorbance peaks of transitions with out-of-plane TDMs
are blue shifted compared to the peak in the complex refractive
index used for the calculation. Absorbance peaks of transitions
with in-plane TDMs did not show this shift. We assume that
these considerations apply to our findings as well.

A series of merocyanine molecules with identical r-systems,
but different aliphatic side-chains, including HB238, was investi-
gated recently by means of optical spectroscopy regarding their
different aggregation behaviors.'® There, only normal incidence
measurements were performed, thus lacking the observation of
HB238 H-transition absorption peaks. Instead, photo-
luminescence excitation measurements were performed, yielding
information about the coupled nature of H- and J-transition for
some of the investigated merocyanine aggregates.

Here, we prove the coupled nature of J- and H-bands by per-
forming photoluminescence excitation measurements on the
spin-coated and annealed films. A 0.8 NA objective was used
for the measurement giving rise to AOIs of up to approximately
53°, making it possible to excite the H-transition. We found
that the emission from the J-band was observed by exciting the
H-band (see Fig. S2t), suggesting that our films consist of
oblique-angled aggregates.

To gain further insights into the interdependence of struc-
tural and optical properties of HB238 spin-coated films, we
computed via first-principles plane-wave based methods (see
details in Experimental techniques and methods) the absorp-
tion spectrum of a HB238 single crystal. The crystals grown in
water/acetone dispersion (Fig. 1) were too small for the deter-
mination of the single crystal structure to be used in the first
principle calculations. HB238 shows pronounced polymorph-
ism, depending on the crystal growth conditions.'>**** Single
crystals grown from mesitylene solution** represent the pro-
perties of the aggregates investigated in this study. Therefore,
we assume a similar crystal structure amongst the thin films
and this single crystal (see Fig. S3 and ESIT part I for details).

Fig. 4a displays the comparison between the experimental
polarization-resolved absorbance spectra of spin-coated and
annealed (120 °C) thin films at 45° angle of incidence, and the
calculated polarization-resolved absorption spectra of the
single crystal obtained from mesitylene solution. The good
agreement between the experimental and calculated spectra
supports our assumption that the crystal structure of the
single crystal grown from mesitylene solution is identical to
the one in the thin films. By analyzing the induced charge-
density,*®*” namely the variation of the electron density upon
an applied electric field, we can derive the spatial distribution
of the exciton bands. The J-band at approximately 1.65 eV
energy is related to a delocalized exciton whose induced
charge density is polarized along the Cartesian y-axis (i.e., the
b crystallographic axis). The identified H-band at approxi-
mately 2.5 eV energy, on the other hand, corresponds to a delo-
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calized exciton along the Cartesian z-axis (i.e., the a crystallo-
graphic axis). The calculation shows an additional band
around 1.9 eV for light polarized along the Cartesian z-axis.
The induced charge density of this band corresponds to a loca-
lized exciton. This band is not observed in the thin film experi-
ments. A reason for this could be related to the level of theory
used here, which can lead to an overestimation of the intensity
of some bands. Interestingly, this band can be observed in the
absorption spectrum of dispersed aggregates (see Fig. 1b). Due
to its energetic position (compare with Fig. 1a) and localized
nature, we attribute this band to non-aggregated monomers.

Given the good agreement between experimental and calcu-
lated absorption spectra, we can discuss the molecular organ-
ization of HB238 molecules in the spin-coated and annealed
thin films relative to the substrate surface. Our calculated
results can be linked to the molecular orientation inside the
single crystal structure by regarding the intuitive molecular
exciton model of Kasha et al.>* The monoclinic HB238 single
crystal structure shows a shifted, anti-parallel packing between
merocyanines whose backbones, and thus TDMs (see Fig. 4b)
are oriented with an oblique angle relative to each other (black
and light-green arrows in Fig. 4e). For oblique angled TDMs,
the TDMs for J- and H-transitions can be constructed by the
vector sum and difference of the TDMs of the individual mole-
cules, respectively, and are inevitably oriented perpendicular
to each other, which is schematically depicted in Fig. 4c for
only two molecular TDMs for simplicity. Indeed, in our calcu-
lation, the J-band is polarized along the y Cartesian axis,
coinciding with the b crystallographic axis, and the H-band is
polarized along the z Cartesian axis, coinciding with the a crys-
tallographic axis. We conclude the bc crystallographic plane is
almost parallel to the substrate plane (xy). In this way the
resulting orientation of the molecules relative to the substrate
leads to a J- and H-transition oriented parallel, and perpen-
dicular to the substrate plane, respectively, which agrees well
with the measured ordinary and extraordinary complex refrac-
tive indices of the spin-coated and fully annealed films (see
Fig. 3b).

The supramolecular orientation presented in Fig. 4d and e
suggests high charge carrier mobilities in the plane of the sub-
strate direction, due to the nearly perfect edge-on orientation
of the molecules with respect to the substrate.”® In order to
quantify the influence of aggregate formation on lateral charge
carrier mobility, organic field effect transistors (OFETs) were
fabricated by spin coating and annealing HB238 thin films
(see details in Experimental techniques and methods). The
gate dielectric is silicon-dioxide, i.e., chemically identical to
the float glass and fused silica substrates used for the spectro-
scopic experiments shown in Fig. 2 and 3. The aggregation be-
havior of HB238 on the OFET and float glass substrates was
confirmed independently by 26 XRD (Fig. S3a and S4) and
AFM measurements (Fig. S5-S91) and found to be essentially
identical. Further, reflectance spectra of the OFET-samples
were also measured for every annealing temperature at 50° AOI
with p-polarized light, revealing a similar optically anisotropic
behavior as for the studies on glass substrates (see Fig. S187).
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Fig. 4 Calculated HB238 single crystal absorption spectrum (computed energies shifted by 0.4 eV) in comparison with experiment. (a)
Experimental absorbance of a spin-coated and annealed (120 °C) thin film for p- (black) and s-polarized (red) light at an angle of incidence of 45°
(top) and calculated polarized absorption spectra for HB238 single crystal (bottom). Yellow line — spectrum for light polarized along the Cartesian
x-axis (i.e., similar to c crystallographic axis), red line — spectrum for light polarized along the Cartesian y-axis (i.e., b crystallographic axis), blue line
— spectrum for light polarized along the Cartesian z-axis (i.e., a crystallographic axis). (b) HB238 molecular structure along with the calculated TDM
(0B97X-D/6-311G**, represented by black arrows). (c) Schematic representation of the perpendicular orientation of the TDM sum (red arrow) and
difference (blue arrow) of two oblique angled TDMs (black and light blue). The concept is adopted from ref. 24. (d) Two representations of the single
crystal unit cell showing the molecular packing. (e) Orientation of molecular TDMs (black and light blue arrows), and resulting J- and H-response
(red and blue double arrows) relative to the substrate. In first approximation the substrate plane (see text and Fig. 3) closely coincides with the bc
plane of the unit cell, leading to an overall out-of-plane (perpendicular) orientation for the H-band TDM and an in-plane orientation for the J-band
TDM, i.e., edge-on orientation of the molecules.

The samples used for the charge transport studies were
annealed identically with the spectroscopy experiments on
glass substrates. For every annealing temperature a separate
sample was fabricated. The hole mobility was extracted from
measurements of the drain-current in the linear regime for all
samples and in the saturation regime for samples annealed at
120 °C or higher. The transistors did not show saturated drain
currents for lower annealing temperatures (see Fig. S19 and
S20%). The hole mobilities are shown in Fig. 5a as a function

1092 | Org. Chem. Front, 2025, 12, 1086-1098

of the annealing temperature. As in the spectroscopic investi-
gations, the samples can be ordered in the same three regimes
I-III. To visualize the correlation of aggregate formation and
charge carrier transport, the hole mobility (Fig. 5a) is shown as
a function of Ny, (Fig. 2b) in Fig. 5b.

As shown in Fig. 5a, the charge carrier mobility increases
by more than three orders of magnitude as a consequence of
the annealing-induced aggregation.”**> The unannealed
sample and the sample annealed at 50 °C exhibit low mobili-
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The dashed grey arrow is a guide to the eye.

ties of approximately 107 cm® V™' s™* (regime I). Upon anneal-
ing at 80 °C, 100 °C, or 110 °C the mobility increases by ca.
one order of magnitude (regime II). Finally, annealing the
samples at 120 °C or higher leads to a drastic increase of
charge carrier mobility by more than three orders of magni-
tude in total, up to approximately 107> ecm® V™' s7' in the
linear and even 10~ cm® V™! s7! in the saturation regime and
remains approximately constant for higher annealing tempera-
tures (regime III).

As observed in Fig. 5b the measured hole mobility and Ncop
appear to be strongly correlated. Both increase significantly
during the transitions between the regimes, only gradually
within regime II, and remain practically constant in regime III.
The increasing hole mobility with increasing N, can be
attributed to a higher degree of crystallization with higher
annealing temperature, as also evident from the XRD data
(Fig. $47). In crystalline domains charge transport proceeds via
band or polaron transport,*® as opposed to the much slower
hopping transport in amorphous domains. We attribute the
saturation of both, N.,, and hole mobility in regime III to a
constant defect density for spin-coated thin films of HB238
after the threshold annealing temperature is reached (tran-
sition from regime II to III). This explanation is rationalized,
by the fact that defects represent a localization site for exci-
tons. At the same time, defects lead to either trap states or
potential wells at which charge transport is hindered and
might proceed by hopping.

The combined spectroscopic, XRD, and charge transport
data proves that in regime III the spin-coated HB238 thin films
entirely consist of nearly perfect edge-on oriented molecules
(out-of-plane anisotropy), which significantly increases charge
carrier mobility in a FET geometry. However, the crystallite
orientation within the substrate plane is random (in-plane iso-
tropy; see Fig. S6-S871). In a computational study on the exactly

This journal is © the Partner Organisations 2025

same crystal structure, it was found, that the most efficient
transport pathway for holes is along the b crystallographic
axis,**** which interestingly coincides with the orientation of
the TDM of the J-transition, schematically shown in Fig. 4.
This coincidence allows the determination of the direction of
most efficient hole transport by polarization-resolved micro-
spectroscopic methods.

By growing larger and in-plane oriented crystalline domains
the hole mobility can potentially be enhanced. The mor-
phology of thin films can be improved by utilization of
ordered substrates, acting as a “template” for the organic thin
films. In order to obtain larger ordered domains, HOPG is
used as a highly ordered substrate. We fabricated HB238 thin
films on HOPG by thermal vapor deposition. The morphology
and optical properties of these films were analyzed by means
of spatially correlated AFM and PL microspectroscopy. AFM-
and PL-micrographs were recorded at the same area of the
sample. Furthermore, PL-spectra were measured at different
positions within these areas. Fig. 6a and ¢ show AFM topogra-
phy images of a mono- and a multilayer HB238 thin film on
HOPG, respectively (see Experimental techniques and methods
for details). Corresponding linear height profiles, indicated by
a white bar, are plotted in panel e. The positions where linear
height profiles were extracted are highlighted by a white rec-
tangle in panel a and c, displayed enlarged in panel e. The
height profiles display approximately 2 nm steps for both the
mono- and multilayer. Comparing this with the dimensions of
the HB238 crystal structure discussed above (see panel e), we
conclude that also here the molecules are oriented edge-on as
in the spin-coated thin films in regime III. The step height is
about half of the height of the unit cell if the crystallographic
bc plane is parallel to the substrate. This corresponds to one
layer of edge-on oriented molecules. The multilayer has a
“wedding cake” like structure with stacked layers of equal
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Fig. 6 Correlated AFM and polarization-resolved PL study. (a) and (c) AFM images of a thermally evaporated HB238 mono- and multilayer on
HOPG. The black solid lines in panel (c) indicate the domain boundaries and are guides to the eye. (b) and (d) Corresponding PL micrographs at the
same position for different linear polarizations of the excitation light (indicated by white arrows). The white solid lines in panels (d) indicate the same
domain boundaries as the black solid lines in panel (c). (e) Linear height profiles measured at the positions of the white bars indicated in the close-
ups of the AFM height images on the right of panel (e). The areas of the close-ups are indicated with white squares in panels (a) and (c). The mole-
cular orientation relative to the HOPG substrate surface is shown in the inset. (f) PL spectra of HB238 mono- (red) and multilayer (black) on HOPG,
taken at positions indicated with white circles in panel b and d, compared to PL spectra of a spin-coated film on an OFET substrate annealed at

120 °C (blue).

height and a from layer-to-layer decreasing area as elucidated
in Fig. 6e. Additionally, thicker crystallites are found on the
surface of mono- and multilayer samples. The surface step
heights as well as the spectroscopic properties of those differ

1094 | Org. Chem. Front., 2025, 12, 1086-1098

from the dominating edge-on structure. Here the height pro-
files show approximately 0.5 nm steps. We therefore conclude
that the molecules in these crystallites must be arranged in a
“face-on” stacking (lying flat on the surface, see Fig. S237).
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The evaporated films on HOPG and the spin-coated and
annealed thin films on glass both with edge-on domains show
similar optical properties. Polarization-resolved reflection
spectra for different AOI (see Fig. S22+) display similar uniaxial
anisotropy. Furthermore, 20 XRD measurements confirm the
same crystal phase in dispersed aggregates, spin-coated and
annealed films, and on HOPG (see Fig. S3at). Reflection and
XRD measurements were performed over a macroscopic spot
size and therefore include the face-on -crystallites, too.
However, since the HOPG surface is covered dominantly by the
edge-on structures (as shown in Fig. 6a and c), we conclude
that the reflection spectra and XRD-scans display mainly the
properties of the edge-on structure. Finally, the PL spectra of
the evaporated thin films on HOPG and of the spin-coated and
annealed thin films on SiO, are very similar and show only the
characteristic J-transition emission at approximately 1.65 eV as
shown in Fig. 6f. These results prove that the same aggregation
type is present in all samples.

Fig. 6b and d show PL-micrographs for different linear
polarizations of the excitation light indicated with white
arrows, for the mono- and multilayer sample, respectively.
White circles indicate positions at which spectra were
recorded. The spectra are shown as solid lines in panel f. The
observed micrographs are remarkably different for different
excitation polarizations, best seen for the multilayer in panel
d. Since the a crystallographic axis is oriented almost perpen-
dicular to the substrate surface throughout the entire film
(apart from face-on crystallites) and the J-transition polariz-
ation axis coincides with the b crystallographic axis (see
Fig. 4c) we can determine the crystal unit cell orientation on
the substrate surface from the PL brightness relative to the
excitation polarization. For example, the comparably large
edge-on domain on the top right in Fig. 6d is oriented with
the b crystallographic axis roughly vertical with respect to the
image, indicated by a much brighter PL for vertical excitation
polarization. Additionally, by comparing with the AFM image,
a similarly vertical crystallite in-plane orientation is identified,
determined by the relative orientation of their long-edges,
shown in panel ¢ and in the inset in panel e. The black solid
lines in the multilayer AFM image (panel c¢) separate the
observed domains and are guides to the eye. With this infor-
mation it is further possible to determine the directions or
paths of most efficient hole mobility, since these coincide as
well with the b crystallographic axis, just by observing the AFM
or PL images.

Our combined investigations reveal that the aggregation
state and molecular orientation determined for the spin-
coated and annealed films, which improved charge transport
properties by three orders of magnitude, is maintained in the
ordered films on HOPG. The grain size of the oriented
domains in the thin films on HOPG is orders of magnitude
larger (10 s-100 s of pm?, see Fig. 6a and c) than the “crystal-
lites” in spin-coated and annealed films on OFET substrates
(<1 pm?®, suggested by AFM topography in Fig. S6e-S8at),
which most likely results in significantly increased charge
carrier mobility in thin films on HOPG. Since the lateral grain
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size is increased from less than 1 pum in the spin-coated films
on amorphous substrates to more than 10 pm in the evapor-
ated films on the templating substrate HOPG itself, we assume
a likewise enhancement of lateral charge carrier mobility by
more than an order of magnitude. However, due to the electric
conductivity of HOPG it was not possible to fabricate OFETSs
from these films. The low emission intensity of the monolayer
makes it more difficult to observe this effect in the polarized
PL-scans (Fig. 6b). In addition, the physical orientation (i.e.
the orientation of the long edge) cannot be determined for the
monolayer due to the missing additional layers. However, we
find large contiguous structures of at least tens of um? in size,
limited by the substrate’s step edges (Fig. 6a).

As a comparison, an HB238 thin film multilayer was evapor-
ated on float glass using the exact same conditions as for the
multilayer on HOPG. We observe the same aggregation state as
on HOPG. However, the domains are much smaller (around
5 um?), randomly oriented and separated by pronounced grain
boundaries (see Fig. S24f for details). This proves that the
large, directionally oriented domains found on HOPG are
indeed a result of the ordered HOPG surface.

Fig. 6f shows PL-spectra from the evaporated mono- and
multilayer thin film on HOPG, compared with PL spectra from
a spin-coated and annealed (120 °C, 10 min) film on SiO,
(OFET substrate). The energetic positions of the J-band emis-
sion are similar between all samples and the slight energetic
shifts are most likely attributed to dielectric phenomena,
driven by the different energetic surroundings of the associ-
ated HB238 molecules. The molecules in the multilayer films
on HOPG and SiO, are mainly surrounded by other
HB238 molecules and thus possess a similar transition energy.
The molecules in the monolayer on HOPG are comparatively
stronger interacting with the HOPG surface and we observe
slightly blue-shifted emission. It can be recognized that the
peak-width of the HOPG-monolayer PL-spectrum is signifi-
cantly smaller (FWHM = 18 meV (145 cm™ ")) than for the other
spectra (FWHM = 35-40 meV (282-323 cm™')). We attribute
this finding to less disorder in the monolayer grown on HOPG.
It is known from theoretical considerations, that in molecular
aggregates disorder induces mixing of the bright lowest state
with higher lying states, as well as localization of excitons,
both broadening the electronic transition.’*™® It can be
assumed, that the monolayer on HOPG exhibits higher order
and thus a higher degree of exciton delocalization and poten-
tially charge carrier mobility than the other samples.

Conclusion & outlook

We have studied the aggregation of the merocyanine HB238
and its impact on charge carrier mobility. We find that the
mobility in an OFET with a spin-coated thin film of the
organic semiconductor can be significantly increased by
thermal annealing and accompanied aggregation. Beneficial
for charge carrier transport, these films adopt a preferential
out-of-plane molecular orientation and thus co-facial orien-
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tation of the molecular n-systems. To further enhance lateral
charge transport properties, the in-plane morphological order
of HB238 thin films was significantly improved by the utiliz-
ation of HOPG as substrate. Evaporation of HB238 on HOPG
led to ordered growth and we observe out-of-plane, as well as
in-plane orientation in aggregated domains of up to 100 s of
pum? in size. Especially the monolayer edge-on structure on
HOPG displays a high degree of order as evident from very
sharp PL-spectra. We expect that the lateral charge carrier
mobility of HB238 thin films on ordered HOPG substrates is
enhanced by more than an order of magnitude compared to
the films on amorphous substrates, according to the likewise
enlargement of lateral grain size. This is a promising result on
the way to high charge carrier mobility in ordered organic
aggregate thin films.

Our results show that the molecular arrangement in
organic semiconductor thin films significantly influences
device performance. The control over the molecular arrange-
ment and grain size is one of the most important goals in the
development of efficient organic electronic devices, which, as
our results show, can be achieved by choosing a suitable tem-
plating substrate. The significantly increased domain size and
order, as evidenced by the spectrally sharp PL-spectra, suggest
that suitable templates may be used to realize organic elec-
tronics devices with superior performance. The here studied
thin films further have interesting optical properties. For
example, the highly anisotropic nature of HB238 thin films
was recently applied in polarization-dependent strong light-
matter coupling.®® The anisotropy may find further appli-
cations in polarization-sensitive devices and structures.
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