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ABSTRACT. Crystalline organic semiconducting thin films from the benchmark molecule  

C8-BTBT-C8 were obtained via physical vapor deposition and various solution-based 

methods. Utilizing atomic force microscopy and X-ray spectromicroscopy, we illustrate the 

influence of the underlying growth mechanism and determine the highly preparation-dependent 

orientation of the thiophene backbone. We observe a continuous trend for crystalline C8-

BTBT-C8 thin film domains to extend into the mm²-range at near-equilibrium growth 

conditions. For such well-defined systems, electron diffraction tomography allows to precisely 

determine the unit cell directly after film deposition and to reveal an 8° molecular tilt angle 

with respect to the surface normal. This finding is in almost perfect accordance with the values 

derived from NEXAFS linear dichroism. Within this work, we shine light on both success and 

challenges connected to the realization of potent, thiophene-based semiconducting films 

paving the way towards cm²-sized ultrathin organic crystals and their application in organic 

circuitry. 

1. INTRODUCTION. Over the last three decades there has been great scientific interest in 

small-molecule organic semiconductors (OSCs) particularly due to the possibility of low-cost, 

large-area production and their compatibility with flexible support materials.1-3 Nowadays, 

OSC thin films are commonly used as active layers in organic electronic devices such as light-

emitting diodes,4 organic solar cells,5 and organic field-effect transistors (OFETs).6-7 The 

performance of these devices is decisively influenced by the structural and morphological 

properties of the organic film. In particular, grain boundaries with interfacial disorder are 

detrimental to charge transport leading to trap states and ultimately, reducing or limiting the 

charge carrier mobility.8-11 

Conventionally, the semiconducting layers are fabricated by physical vapor deposition 

(thermal evaporation or Knudsen cells). Vacuum sublimation has proven to be advantageous 

with respect to process control as deposition rate, substrate temperature and nominal film 
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thickness can be monitored by quartz crystal microbalances (QCM) in situ.12 However, the 

subsiding, nucleation-based growth mechanism is known to be kinetically limited by (i) the 

intrinsic sticking coefficient of the molecule to the mostly inorganic substrate and (ii) its 

temperature-dependent diffusion length.13-15 Accordingly, research focus within the past 20 

years has shifted towards alternative techniques such as spin-coating,16-20 blade coating,21 and 

dip-coating22-24 that rely on more gradual structure formation in solution.25 Promoting 

molecular self-assembly in liquid surroundings,17, 26 the low-cost fabrication conditions favor 

well-defined, 2-dimensional (2D) networks of a variety of organic semiconducting compounds. 

As a result, device parameters (i.e., charge-carrier mobility, drain current, on/off ratio, trap 

state density) of thus realized OFETs commonly outperform their PVD-processed counterparts 

by orders in magnitude.16, 27-29 However, all aforementioned techniques depend on a non-

equilibrium process as film formation is limited by the rapidly evaporating solvent and 

subsequent crystallization on a solid support.30 Continuous improvement and the pursuit of 

novel preparation techniques close to the thermodynamic equilibrium is therefore a matter of 

great significance. 

 

Figure 1. Structural formula of our model substance C8-BTBT-C8. 

For the present study, we compare vacuum- and solution-processed specimens of the p-type 

semiconductor dioctylbenzothienobenzothiophene (C8-BTBT-C8, Figure 1). This compound 

has already proven to be capable of remarkably high charge-carrier mobilities in various OFET 

architectures.16, 31-32 Its status as a benchmark molecule in organic circuitry makes it an ideal 

candidate to study and illustrate the influence of growth mechanism on the C8-BTBT-C8 

microstructure in great detail. In particular, we illustrate and quantify the advantageous effects 

of film formation taking place under near-equilibrium growth conditions. Being an 
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underappreciated aspect in previous studies33, we employ a variety of complementary 

techniques to investigate and compare key structural properties of solvent-processed C8-

BTBT-C8 to samples prepared by vacuum sublimation. We demonstrate the superior 

crystallinity and domain extension of solution-processed ultrathin films using atomic force 

microscopy (AFM), selected-area electron diffraction (SAED) and X-ray spectromicroscopy 

(C-NEXAFS, STXM). We highlight thin-film preparation at the liquid-liquid interface as a yet-

to-establish, and highly promising technique towards single-domain layer growth. Our work 

presents valuable insights and guidance yielding the exact C8-BTBT-C8 unit cell structure 

derived from electron diffraction tomography (EDT). 

2. EXPERIMENTAL SECTION. C8-BTBT-C8 (≥ 99%, HPLC) was purchased from 

Sigma-Aldrich and used as received. Silicon substrates (p-doped) with a thermally grown, 100-

nm-thick silicon oxide layer were provided by Si-Mat (Munich, Germany). For the sake of 

comparability and regarding potential wettability issues during solution-processing, we did not 

consider additional substrate modification, e.g., using octadecyltrichlorosilane (OTS) or 

hexadecyl-trimethoxysilane (HDMS). Despite well-reported benefits to the semiconductor-

dielectric interface, we expect considerable limitations regarding the film transfer process from 

the supporting water surface onto a hydrophobic substrate and subsequently, undesired 

artefacts within the delicate, ultrathin specimens. Silicon nitride substrates with a membrane 

thickness of 100 nm for STXM measurements were purchased from Silson Ltd. (United 

Kingdom). Optical microscopy images were recorded in reflection using a Leica DM 4000M 

microscope equipped with a Leica DFC320 CCD camera. Film topography and corresponding 

height profiles were measured in non-contact mode using a JPK NanoWizard 4 AFM. 

NEXAFS spectra were recorded at the HE-SGM beamline at BESSY II storage ring at the 

Helmholtz-Zentrum for Materials and Energy (HZB Berlin, Germany). STXM micrographs 

were taken at the PolLux beamline at the Swiss Light Source (SLS, Villigen, Switzerland).34-
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35 For electron diffraction tomography (EDT), samples were floated onto water and then 

carefully transferred onto thin carbon-supported membranes of 200 mesh Cu-based TEM grids 

and mounted in the Fishione cryo-tomo holder. Experiments were performed on a double Cs-

corrected ThermoFisher Scientific Titan Themis3 300 TEM operated at 300 kV. Diffraction 

data was acquired at liquid nitrogen temperature with the stage continuous tilting typically from 

-70 to +70 degrees over a period of a few tens of seconds. We have evaluated the critical dose 

of beam-induced structural degradation to be about 2 e-/Å2 at room temperature and about 10 e-

/Å2 at liquid nitrogen temperature. Structural degradation seems to be dominated by radiolysis 

and thus, higher-energy primary beam (300 kV) is advantageous over lower ones (e.g. 80 kV). 

For EDT experiments at liquid nitrogen temperature, total electron fluence of less than 2 e-/Å2 

has been applied and no structural degradation was identified. The EDT data was processed 

using PETS2 software. Charge-transport characteristics of fabricated OFETs were recorded at 

a Keithley SCS 4200 parameter analyzer under atmospheric conditions.   

Functional organic layers deposited via thermal evaporation were prepared using a home-

built vacuum chamber. Deposition of C8-BTBT-C8 onto the heated substrate (T = 333 K) was 

executed at a working pressure of 10-7 mbar with a deposition rate of 0.1 Ås-1 and monitored 

via QCM (Figure 2a) until a nominal thickness of 15 nm was reached. Drop-casted films were 

fabricated using an air-tight box (Figure 2b). In consideration of solvents with a high vapor 

pressure, the atmosphere within the setup was allowed to saturate with solvent vapor for five 

minutes prior to adding the OSC solution droplet. The chamber was connected to adjustable 

nitrogen gas supply in order to control the solvent vapor concentration and thus evaporation 

rate during the experiment. A moderate amount of OSC solution (5 - 30 µl) was placed at the 

top end of a slightly inclined (3.5°≤ substrate tilt ≤ 14°) 2x1 cm² substrate. The box was locked, 

and the droplet allowed running down the substrate, which led to thin-film precipitation. This 

method provides film-forming conditions in the trailing edge of the droplet that are similar to 
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blade-coating.36 For films prepared at the liquid-liquid interface, beakers were cleaned by 

sonication in acetone and isopropanol for 15 minutes subsequently and rinsed thoroughly with 

deionized water afterwards. 15 ml of Millipore water were then given into the beaker and OSC 

solution (50 – 400 µl) was added dropwise to form a floating lens on the water surface. Beakers 

were stored at 280 K until the solvent had evaporated. Resulting thin films were transferred 

from the water surface onto silicon wafers using a custom-built vertical lifting system at a 

constant speed of approximately 0.5 mm/s (Figure 2c). 

 

Figure 2. Fabrication processes for C8-BTBT-C8 thin films, (a) thermal evaporation in vacuo, 

(b) drop-casting within a solvent-saturated atmosphere on an inclined substrate, (c) thin-film 

preparation at the liquid-liquid interface. 

30 nm thick gold source and drain contacts for OFETs were evaporated using a conventional 

shadow mask containing various transistor geometries W/L (300/20 µm, 450/30 µm, 

600/40 µm) at a working pressure of 10-6 mbar and with a deposition rate of 0.3 Ås-1. Extracted 

charge-carrier characteristics are summarized in Table 1. The authors would like to point out 

that in all respects, solvent-prepared films exhibit better performance compared to vacuum-

processed BTBT films. Parameters do not yet compare with benchmark architectures reported 

in literature (µ = 43 cm²/Vs, IOn/IOff > 107)16, 37 due to imperfect device engineering in our case. 
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Table 1: IV parameters for manufactured top-contact bottom-gate OFET structures including 

maximum and average hole mobilities, on/off-ratios, average trap state densities and threshold 

voltages (see S1 for further information). Average values are deduced from a minimum of five 

individual devices. 

 

3. RESULTS AND DISCUSSION. It is common knowledge that the substrate surface has 

significant impact on the early stages of organic film growth from PVD in vacuum. 

Competitive interactions are decisive for the growth modes, i.e., stronger intermolecular 

interactions will favor island growth while substrate-related influences (interfacial interactions) 

affect diffusion lengths and thus initial nucleation density,38 but also the molecular 

configuration.39 Therefore, judgement of the characteristic growth behavior can hardly take 

place using an interacting support, such as highly oriented pyrolytic graphite (HOPG) or metal 

surfaces, and an inert substrate is preferred. Hence, thermally evaporated C8-BTBT-C8 thin 

films with a nominal thickness of 15 nm on thermally grown SiO2 will be considered as 

reference samples from here on. 

3.1 THERMAL EVAPORATION. Figure 3a shows the thin-film morphology of 

evaporated C8-BTBT-C8/SiO2 probed by non-contact AFM. We observe rather dense island 

structures with an average step height of 3.73 nm (from 30 single measurements) 

Preparation µ��� µ��� ��	
�	���max ��	
�	���avg (������) −(���)��� 

 
cm²/Vs  cm-2/eV-1 V 

Vacuum dep. 1.46 1.36 4.6 x 105 3.2 x 105 1.1 x 1013 14.4 

Drop-cast. 3.59 2.05 9.6 x 106 6.7 x 106 7.1 x 1012 16.5 

Liq.-liq. 2.89 1.49 2.3 x 106 1.0 x 106 7.0 x 1012 17.7 



 8

corresponding to the molecular long c-axis32, 40 within the upmost layers. This suggests that the 

C8-BTBT-C8 molecules tend to adopt an upright conformation. Clearly, nucleation is a 

common occurrence as multiple small-area molecular clusters form on top of non-closed 

subjacent layers. Hence, we consider C8-BTBT-C8 to follow the Volmer-Weber growth mode 

upon in vacuo deposition on SiO2 with the molecule-molecule interaction being stronger than 

the molecule-substrate interaction. 

 

Figure 3. AFM images with corresponding height profiles (top) of C8-BTBT-C8 thin films 

fabricated via (a) thermal evaporation, (b) drop-casting and (c) liquid-liquid processing. 

Respective STXM micrographs were recorded at resonant energies, i.e., 285.5 eV (thermal 

evaporation, Figure. 3d), 285.1 eV (drop-casting, Figure. 3e) and 284.8 eV (liquid-liquid, 

Figure. 3f), and thickness-corrected afterwards. Hence, all emerging contrast is based on 

varying molecular orientation within the sample (see S3 for further information). 
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It has been reported earlier that independently growing islands coalesce in the early stage of 

film growth.41 Indeed, molecular-orientation contrast in STXM (Figure 3d) reveals that the 

microstructure is dominated by azimuthally rotated domains with numerous internal grain 

boundaries due to excessive nucleation and limited molecular diffusion. This results in an 

inhomogeneous, polycrystalline microstructure and consequently, the performance of such 

thermally evaporated films in an electronic device is decisively limited (see Table 1 and S1-1 

for further information) as charge transport ideally occurs through single-crystalline junctions 

at the C8-BTBT-C8/SiO2 interface. It is noted that the nucleation density during growth process 

can be lowered by the careful adjustment of process parameters such as substrate temperature 

and deposition rate. Still, the intrinsic, diffusion-limited mechanism promotes film formation 

at non-equilibrium conditions and thereby produces a well-defined 2D extended homogeneous 

film. 

3.2 DROP-CASTING. In a first step away from nucleation-dominated film growth in vacuo, 

we realized few-layer systems of C8-BTBT-C8 via a modified drop-casting approach 

according to Figure 2b. Films with an overall thickness around 30 nm precipitate readily from 

a 0.3 mg/ml chloroform solution. Their morphology is defined by 2D-extended organic thin-

film sheets with an average step height of 3.27 nm (from 30 single measurements). In addition, 

regularly occurring agglomerates with a lateral extension of 1-2 µm and an average step height 

of 3.17 nm are observed via AFM (Figure 3b). Hence, both structural motifs exhibit step 

heights in the range of the C8-BTBT-C8 molecular long axis. In general, larger substrate tilt 

angles during preparation are favorable as the solution contact line recedes faster towards the 

lower end of the substrate. Molecules are thus given a smaller amount of time to precipitate 

yielding thinner and more homogeneous structures (Figure S4). 

Clear improvements as compared to vacuum-processed films are confirmed as the 

dimensions of the underlying domains excel their evaporated counterparts by several tens of 
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micrometers. Expectedly, the mobility of the dissolved molecules is higher leading to favorable 

intermolecular interaction during the growth process with precipitation on top of existing layers 

becoming a less likely process. This is confirmed by STXM images (Figure 3e) as 

homogeneous arrays with clear, crystalline edges are observed illustrating the inherently 

different growth mechanism. The true expanse of these well-defined structures can only be 

assumed as they exceed the scan range. The influence of structural imperfections of the 

underlying substrate is decisively lower as compared to evaporated thin films. Hence, such 

layered structures provide a vastly superior structure and improved crystallinity in terms of 

long-range molecular order and internal homogeneity with fewer domain defects. 

However, drop-casting, as conducted within this approach, still depicts a non-equilibrium 

process. While the time provided for molecular self-assembly (determined by the evaporation 

of the used solvent) increases as compared to vacuum-deposited structures, film formation is 

still ‘quenched’ by the rather rapidly receding contact line. Upon complete solvent evaporation, 

we expect this to lead to agglomerates, which are sporadically observed on top of the extended, 

smooth structures in AFM micrographs (Figure 3b). Accordingly, isolated bright spots can also 

be found in the corresponding STXM image representing a varying molecular orientation 

within these sections. 

3.3 LIQUID-LIQUID INTERFACE. In order to achieve film formation in near-

equilibrium conditions and to eliminate all unfavorable substrate contributions, we focus on a 

solution-based method initially introduced by Hu et al.33 Here, intermolecular interactions such 

as π-π stacking and van-der-Waals (VdW) interactions between the building blocks of C8-

BTBT-C8 are emphasized within steady liquid surroundings leading to largely extended, 

defect-free single crystalline films. Conveniently, the water surface acts as a defect-free 

substrate during film formation and the moderately evaporating solvent provides a perfect 

environment for molecular diffusion and subsequent self-organization. It is not expected to 
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observe an intrinsic diffusion limit during the growth process, which depicts another decisive 

advantage, especially with respect to vapor growth in vacuo. 

C8-BTBT-C8 thin films were prepared at the water-solvent interface based on original 

solutions from chloroform, toluene and chloroform-toluene mixtures. It should be noted that 

two prerequisites for successful film growth at the liquid-liquid interface are that (i) the solvent 

has a lower density than water and (ii) the evaporation rate of the solvent gives the  

C8-BTBT-C8 molecules an appropriate amount of time to self-assemble. The nature of the  

(co-)solvent is also known to play a key role in film formation.33, 42-43 Especially toluene, being 

an aromatic compound and capable of pi-pi interactions, is expected to act as a mediator within 

the highly diluted solution promoting attractive intermolecular interactions between the core 

units of C8-BTBT-C8 molecules. Additionally, the vapor pressure of toluene (13.7 hPa) during 

film growth at 280 K is significantly lower than for chloroform (113.5 hPa), which benefits the 

self-assembly process in solution in mixtures of both solvents (Figure S9). 

Microscopically, we observe widespread, molecularly flat C8-BTBT-C8 domains with 

average step heights of 3.50 nm (from 30 single measurements, Figure 3c) according to the c 

extension of the molecule within the error margin of the AFM experiment.44-46 The lateral 

dimension of such continuous sheets exceeds island structures grown in vacuo to a great extent 

while exhibiting a decisively lower amount of excess material, i.e., potential nucleation centers, 

compared to drop-cast specimens (Figure 3b). Hence, non-contact AFM measurements 

confirm superior film morphology as well as favorable layered growth compared to both 

vacuum-processed and drop-casted samples. Also, corresponding STXM images (Figure 3f) 

show practically no molecular orientation contrast, meaning that such layered systems should 

possess superior crystallinity and accordingly, the overall number of domain boundaries is 

expected to be considerably lower. 
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Over time, we notice crevices corresponding to the step height of monolayers in formerly 

smooth, flat structures (Figure 4d). We explain these undesired aging effects by the local 

enrichment of solvent molecules, in this case toluene, between the C8-BTBT-C8 core units via 

attractive π-π interactions. They are expected to be capable of withstanding the gradual 

evaporation process in the highly diluted original solution at 280 K. After a given amount of 

time under atmospheric conditions, the solvent evaporates resulting in undesired voids within 

the layered microstructure. This phenomenon is also observable with the use of other common 

aromatic solvents exhibiting even lower vapor pressures, e.g., halogenated benzene derivatives. 

It is noted that such aging effects are not observed once n-alkanes such as hexane or heptane 

(liquid-liquid processing) or chloroform (drop-casting) are used, as these solvents are not 

capable of attractively interacting with the C8-BTBT-C8 core units but only to lower degree 

with the symmetrically attached octyl chains (Figure S10). This illustrates that the reproducible 

realization of single-crystalline structures requires careful optimization, especially regarding 

the manifold processing parameters such as solvent, concentration, droplet volume, 

evaporation rate and temperature. 

Conclusions regarding the molecular conformation of the C8-BTBT-C8 layers are confirmed 

via angle dependent NEXAFS measurements at the carbon K-edge (Figure 4a). In general, the 

obtained angle-dependent spectra show the characteristic C8-BTBT-C8 fingerprint, i.e., we 

assign the sharp transitions near 285 eV to the prominent C1sπ*(C=C) resonance of the 

aromatic BTBT core unit.47 Spectral features at 288 eV are attributed to C1sσ*(C-H) and 

C1sπ*(C=C) transitions.47-49 Broad-shaped peaks from 294 eV refer to C1sσ*(C-C, C=C) 

transitions of aromatic core unit and alkyl chains.48 In the case of a preferred molecular 

orientation, the absorption intensity varies for both resonant C1s→π* and C1s→σ* transitions 

upon change of the electric field vector of the polarized X-ray beam (NEXAFS linear dichroism 

effect).50 
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Figure 4. Characterization of representative C8-BTBT-C8 thin films from liquid-liquid 

processing. (a) Angle dependent NEXAFS spectra at three different azimuthal rotations of the 

sample, (b) corresponding derivation of the core unit tilt angle, (c) Selected-area electron 

diffraction pattern with indicated axes of the unit cell, (d) AFM micrograph of a liquid-liquid 

processed film after four days under atmospheric conditions. Aging-related vacancies in the 

denoted height profile correspond to 3.01 nm, 3.08 nm and 2.95 nm (from left to right). 

Qualitatively, a distinct molecular arrangement within the film is observed irrespective of 

the fabrication method (Figure S12-14). For highly aligned structures, as observed via AFM 

and STXM, the significant part of the absorbed intensity is described by (1). 

��‖  !"#²%!"#²& ' #()²%#()²&!"#²� (1) 

where θ is the experimental photon incidence angle, α is the polar angle between the surface 

normal and the π* orbitals perpendicular to the aromatic core unit and ϕ is the orbital azimuthal 

angle depending on the sample rotation with respect to the electric field vector *+⃗  of the incident 

photon beam.50 At large photon incidence angles (θ = 90°), π* transitions at approximately 

285 eV are of strong intensity and σ* transitions from 294 eV decrease in intensity with the 

280 290 300 310 320
0.0

0.5

1.0

1.5

2.0

In
t.

 /
 a

.u
.

E / eV

 θ = 90°

 θ = 70°

 θ = 55°

 θ = 45°

 θ = 30°

 θ = 20°

  C K-NEXAFS

Azim. rot. = 0°

2 µm 

a) 

c) d) b) 

280 290 300 310 320
0.0

0.5

1.0

1.5

2.0

    C K-NEXAFS

Azim. rot. = 45°

In
t.

 /
 a

.u
.

E / eV

 θ = 90°

 θ = 70°

 θ = 55°

 θ = 45°

 θ = 30°

 θ = 20°

280 290 300 310 320
0.0

0.5

1.0

1.5

2.0

    C K-NEXAFS

Azim. rot. = 90°

 θ = 90°

 θ = 70°

 θ = 55°

 θ = 45°

 θ = 30°

 θ = 20°

In
t.

 /
 a

.u
.

E / eV

a b 

20 40 60 80

0.2

0.4

0.6

0.8

 Azim. rot. = 0°

 Azim. rot. = 45°

 Azim. rot. = 90°

P
e
a
k
 a

re
a
 /
 a

.u
.

Photon incidence angle / °



 14

opposite behavior occurring at small incidence angles (θ = 20°, Figure 4a). This is indicative 

of the molecular tilt angle, β = 90° – α, being smaller than 35.3° (NEXAFS “magic” angle). 

While numerous appropriate fitting procedures are well reported in literature,48, 50-51 the 

approach first introduced by Zheng et al. is used herein to determine the accurate orientation 

of the core unit according to 

��(%)��(%  90°)  1 ' 1 × 3 2#()²& − 36 × !"#²% (2)52 

P = 0.91 is the degree of polarization depending on the instrument. The derived molecular 

orientation parameters for the different preparation techniques are listed in Table 2 (see S6 for 

further information). 

The data show distinct polar (intensity difference between resonant transitions within one 

spectrum) and azimuthal anisotropy (overall intensity difference between three different 

sample orientations) for drop-cast (Figure S13) and liquid-liquid processed films (Figure 4a, 

S14). In contrast to vacuum-processed films, which exhibit isotropic growth behavior resulting 

in numerous azimuthally rotated domains, we are able to extract a distinct azimuthal angle, ϕ 

(in addition to the average polar angle, α) for solution-processed specimens. This confirms the 

large degree of molecular order, a close-to-upright orientation of the C8-BTBT-C8 molecule 

(the π* signal is strongest at normal incidence), an in-plane crystal alignment and hence, 

superior thin-film quality. It is noted that obtained values and error margins for the azimuthal 

orientation (Table 2) crucially depend on the large-area homogeneity of the specimen. Drop-

casted films were prepared using a tilted substrate, i.e., they exhibit a preferred growth 

direction, and also, structures commonly cover the 1.2 x 0.5 mm² spot size even upon sample 

rotation during the NEXAFS experiment. In contrast, it seems likely that singular clusters on 

top of liquid-liquid processed samples as well as flake boundaries or uncovered substrate 

sections may contribute to locally inhomogeneous azimuthal orientation leading to larger 

deviation from an ideal fit (see S6-3 and S6-4 for further information). 
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The derived molecular tilt angles, β, (Figure 4b, Table 2) are in good accordance with solution-

processed systems reported by Watanuki et al. 48 Interestingly, β is considerably smaller for 

solution-processed specimen accounting for a more upright standing configuration. This is 

expected to benefit charge-transport characteristics of the semiconductor (Table 1) as a 

‘vertical’ orientation of the core also indicates increased orbital overlap.53 It is noted that the 

derived values do not take the orientation of the symmetrically attached octyl chains into 

account which, in any case, are expected to be susceptible to vibrational motion in the 

condensed phase.54 

The exceptional crystallinity of the C8-BTBT-C8 layers prepared by the liquid-liquid 

approach is illustrated by SAED experiments (Figure 4c). In general, we observe an 

unambiguous electron diffraction pattern indicative of an oriented and highly periodic 

arrangement with lattice parameters (a = 5.91 Å, b = 7.57 Å) being in good accordance with 

the previously reported bulk structure of the compound.44, 46 The b axis shows to be slightly 

shorter than for the bulk structure (7.88 Å)55 as well as for other solution-processed specimen 

(7.8-8.1 Å.).45, 56 Accordingly, the molecules are packed denser within the crystal, which is 

expected to benefit charge-transport related performance data due to improved orbital overlap. 

This confirms the favorable conditions for film growth at the molecularly flat, defect-free 

liquid-liquid interface regarding ultrathin, extended and well-defined films as compared to 

conventional diffusion-controlled growth in vacuo. The intermolecular interactions are 

dominated by herringbone-type CH-π interactions, S-S interaction, and hydrophobic 

interaction between the octyl chains.55 It is noted that the systematic absence of Bragg spots at 

h,0 (h odd) and 0,k (k odd) depicts forbidden reflections due to the reported herringbone crystal 

structure of the compound.57-58 
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Table 2. Orientation parameters of the C8-BTBT-C8 core unit depending on the fabrication 

process from NEXAFS analysis. Note, that the ϕ-values (azimuthal domain rotation) depend 

on the sample mounting and must not be compared for the different preparations yielding 

anisotropic orientations. 

 

A well-defined, liquid-liquid processed C8-BTBT-C8 few-layer sample has been selected for 

unit cell structure determination using EDT. Since the c-axis of the unit cell of BTBT family 

crystals is contained within the π-plane, and the sample transfer is not expected to change the 

orientation relationship of the 2D crystallite unit cells with respect to the substrate, i.e., the 

TEM grid, the EDT measured unit cell orientation provides an unambiguous determination of 

the π-plane orientation (Figure 5). 

 

Figure 5: Perspective views of the EDT data and the unit cell representations (insets) and 

scheme of deriving the molecule inclination angle using the measured orientation matrix. The 

reciprocal lattice is shown along b* (left) and c* direction (middle), respectively. Based on the 

measured orientation matrix of reciprocal basis vectors, the real space orientation matrix Eq. 

 α β ϕ 

Thermal evaporation 77° ± 3° 13° ± 3° isotropic 

Drop-casting 86° ± 3° 4° ± 3° 66.3°± 8° 

Liquid-liquid 84° ± 3° 6° ± 3° 24.1°± 12° 
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(3) as well the unit cell c-axis orientation can be easily calculated which coincides with the 

molecular tilt from the surface normal. See Supplementary information for further information, 

frame-by-frame visualization of the rotation process and holistic unit cell representation. 

The extracted unit cell parameters are a = 5.91 Å, b = 7.57 Å, c = 28.95 Å, α = 90°, 

β = 90.64⁰ and γ = 90°, which is very close to literature values of the bulk material.55 The 

directly measured orientation matrix quantitatively describes the orientation of the reciprocal 

basis vectors with respect to electron beam direction at zero-degree stage tilt, i.e., surface 

normal of the sample. Using the reciprocal relationship, the orientation matrix of real-space 

unit cell basis can be calculated to be 

89: ;: !:9< ;< !<9= ;= !=>  ?
0.3574 −7.4895 4.008195.9019 0.4660 −0.4256−0.07178 1.0510 28.6661F (3) 

The c-axis orientation with respect to the surface normal is calculated to be 8° from eq. (4). 

G  H9)IJK!:L ' !<L !=LM   (4) 

This indicates that the molecular long axis is inclined β = 8° from the surface normal 

(Figure 5) confirming the tilt angle derived via angle-dependent NEXAFS measurements 

within the experiment uncertainty of ± 3° (see Table 2). It is noted that even directly after film 

deposition onto the TEM grid and at experimental temperatures around 100 K, no ice formation 

within the sample was observed during the measurement. Hence, in addition to the exceptional 

in-plane crystallinity and structure elucidation, we are also able to emphasize the excellent 

suitability of the water surface as a very beneficial substrate for organic film growth. 

 
4. CONCLUSIONS. In summary, we have successfully realized well-defined C8-BTBT-C8 

thin films from vacuum sublimation, a slightly modified drop-casting approach and solution 

processing at the liquid-liquid interface. We are able to illustrate (i) the unbeneficial influence 
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of  

non-equilibrium conditions in vacuo leading to Volmer-Weber growth and (ii) the superior, 

layered 2D structure of various solution-processed specimens. With increasing time in liquid 

surroundings, i.e., close to thermodynamic equilibrium, we observe significantly improving 

long-range molecular order. Distinct azimuthal anisotropy within drop-cast and liquid-liquid 

processed specimens was confirmed by angle-dependent NEXAFS spectroscopy underlining 

the significantly larger 2D extension of uniform domains. For the solvent-prepared specimens 

we deduce a lower average molecular tilt angle than for vacuum-processed films, which is 

known to benefit charge-transport characteristics. Utilizing EDT as a complimentary 

technique, we were able to verify the overall molecular orientation and, in addition, yield an 

unprecedented and precise representation of the neat molecular alignment in liquid-liquid 

grown 2D single crystals. While we can report the lack of interstitial water molecules in the 

structures, the partial inclusion of aromatic solvent molecules is also assumed from aged 

samples. Satisfyingly, our studies do not suggest an intrinsic limit in domain size regarding 

single-domain growth at near-equilibrium conditions. This implies applicability to a wide range 

of similar small-molecule semiconductors paving the way towards well-defined, cm²-sized, 

ultrathin crystals. 
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