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ABSTRACT 
This thesis presents an experimental work that provides insight into the effects of 

temperature, interface, and film thickness on the polymorphism of organic 

semiconductor thin films at the nanoscale by utilizing a combination of advanced 

characterization techniques. The organic semiconductor thin film samples were prepared 

using the organic molecular beam deposition (OMBD).  

This thesis contains three main studies. In the first study, we examined how substrate 

temperature during both annealing and film deposition affects the structure of C8O-

BTBT-OC8 thin films. Using a combination of AFM and GIWAXS, we identified a 

temperature-induced structural transformation into a new polymorph (high-temperature 

phase) that implies a tilted configuration of the molecules. It was demonstrated that, after 

cooling to room temperature, the two distinct structures may coexist at the interface 

between the organic thin film and silicon dioxide. 

In our second study, we employed AFM, KPFM, GIWAX, and UPS techniques to 

investigate polymorphism in Ph-BTBT-10 thin films. Due to its asymmetric charge 

distribution in the molecule, this BTBT derivative has a dipolar electrical dipole. Our 

findings reveal an important role of the dipolar electrostatic interactions between 

molecules leading to a great level of structural intricacy. During growth the molecular 

packing structure evolves from an initial bilayer configuration at the interface (thickness 

of 5 nm) to a lamellar packing of polar layers (i.e with a net electrical dipole) that 

ultimately transforms into the reported non-polar thin-film phase due to an increase in 

the percentage of flipped molecules in the packing (for thickness exceeding 20 nm). This 

work also highlights the importance of KPFM in studying nanoscale polar polymorphs.  

In our third study we conducted in situ thermal annealing experiments by combining 

KPFM and GIWAXS to investigate the impact of interface and thickness on the 

structural transition of Ph-BTBT-10 thin films and the stability of the formed crystalline 
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polymorphs. Our results demonstrate that a reduced film thickness enhances the stability 

of the bulk phase, as indicated by a lower critical temperature for the structural transition 

from a single-layer lamellar packing to the bilayer structure. This observation is in 

contrast with findings for other organic semiconductor films and is explained by the 

stabilization of the bilayer at the substrate interface. 

Carrier mobility is a key performance indicator for OFETs. As the organic thin film 

serves as the active layer of OFETs, understanding and controlling the polymorphism 

and structure of thin films at the nanoscale are crucial for enhancing device performance. 

Our study reveals how thermal conditions, interfaces, and thickness influence molecular 

packing, offering insights to improve the performance and reproducibility of OFETs. 
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RESUMEN 

Esta tesis presenta un trabajo experimental que proporciona información sobre los 

efectos de la temperatura, la interfaz y el espesor de la película en el polimorfismo de 

películas delgadas de semiconductores orgánicos a escala nanométrica, utilizando una 

combinación de técnicas avanzadas de caracterización. Las muestras de películas 

delgadas de semiconductores orgánicos se prepararon utilizando la deposición de haces 

moleculares orgánicos (OMBD). 

Esta tesis contiene tres estudios principales. En el primer estudio, examinamos cómo la 

temperatura del sustrato durante el calentamiento y la deposición de la película afecta la 

estructura de las películas delgadas de C8O-BTBT-OC8. Usando una combinación de 

AFM y GIWAXS, identificamos una transformación estructural inducida por la 

temperatura en un nuevo polimorfo (fase de alta temperatura) que implica una 

configuración inclinada de las moléculas. Se demostró que, después de enfriar a 

temperatura ambiente, las dos estructuras distintas pueden coexistir en la interfaz entre 

la película delgada orgánica y el dióxido de silicio. 

En nuestro segundo estudio, empleamos técnicas de AFM, KPFM, GIWAX y UPS para 

investigar el polimorfismo en películas delgadas de Ph-BTBT-10. Debido a su 

distribución de carga asimétrica en la molécula, este derivado de BTBT tiene un dipolo 

eléctrico dipolar. Nuestros hallazgos revelan un papel importante de las interacciones 

electrostáticas dipolares entre moléculas, lo que lleva a un alto nivel de complejidad 

estructural. Durante el crecimiento, la estructura de empaquetamiento molecular 

evoluciona desde una configuración inicial de bicapa en la interfaz (espesor de 5 nm) 

hasta un empaquetamiento laminar de capas polares (es decir, con un dipolo eléctrico 

neto) que finalmente se transforma en la fase de película delgada no polar reportada. 

Esto se atribuye debido a un aumento en el porcentaje de moléculas invertidas en el 
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empaquetamiento (para espesores superiores a 20 nm). Este trabajo también destaca la 

importancia de KPFM en el estudio de polimorfos polares a escala nanométrica. 

En nuestro tercer estudio, realizamos experimentos de calentamiento in situ combinando 

KPFM y GIWAXS para investigar el impacto de la interfaz y el espesor en la transición 

estructural de las películas delgadas de Ph-BTBT-10 y la estabilidad de los polimorfos 

cristalinos formados. Nuestros resultados demuestran que una reducción en el espesor 

de la película mejora la estabilidad de la fase bicapa, como lo indica una temperatura 

crítica más baja para la transición estructural. Esta observación contrasta con los 

hallazgos para otras películas de semiconductores orgánicos y se explica por la 

estabilización de la bicapa en la interfaz del sustrato. 

La movilidad de los portadores es un indicador clave del rendimiento para los OFETs. 

Dado que la película delgada orgánica sirve como la capa activa de los OFETs, 

comprender y controlar el polimorfismo y la estructura de las películas delgadas a escala 

nanométrica es crucial para mejorar el rendimiento del dispositivo. Nuestro estudio 

revela cómo las condiciones térmicas, las interfaces y el espesor influyen en el 

empaquetamiento molecular, ofreciendo ideas para mejorar el rendimiento y la 

reproducibilidad de los OFETs. 



v 

CONTENTS 
Abstract  ................................................................................................................ i 

Contents  .............................................................................................................. v 

Acronyms and Symbols ...................................................................................... ix 

1  MOTIVATION ................................................................................................ 1 

Ⅰ  INTRODUCTION 

2  FUNDAMENTALS 

2.1  Organic semiconductor materials .............................................................  7 

2.1.1  Design strategy ..................................................................................  9 

2.1.2  Structure and polymorphism ............................................................ 10 

2.2  BTBT derivatives .................................................................................... 13 

2.2.1  Historic development ....................................................................... 13 

2.2.2  C8O-BTBTOC8 ............................................................................... 18 

2.2.3  Ph-BTBT-10..................................................................................... 19 

2.3  OFETS .................................................................................................... 22 

2.3.1  Basic Concept .................................................................................. 22 

2.4  References ............................................................................................... 28 

3  MAIN METHODS AND TECHNIQUES ..................................................... 37 

3.1  Substrates prepared and cleaning ............................................................ 37 



 

vi 
 

3.2  Organic Molecular Beam Deposition (OMBD) ...................................... 38 

3.3  Atomic force microscopy ........................................................................ 42 

3.3.1  AFM setup and basic operation ....................................................... 43 

3.3.2  AFM measurement mode ................................................................. 45 

           3.3.2.1 Contact mode .............................................................................. 45 

           3.3.2.2 Dynamic mode ............................................................................ 47 

3.3.3  AFM advanced operation modes ..................................................... 51 

           3.3.3.1 Friction force microscopy ........................................................... 51 

          3.3.3.2 Kelvin probe force microscopy .................................................... 52 

3.4  X-ray Diffraction .................................................................................... 56 

3.5  Ultraviolet Photoemission Spectroscopy (UPS)  .................................... 59 

3.6  Fabrication and Characterization of OFETs ........................................... 60 

3.7  Reference ................................................................................................ 62 

Ⅱ  RESULTS AND DISCUSSION  

4  Paper I: Temperature-induced Polymorphism of a Benzothiophene Derivative: 

Reversibility and Impact on the Thin Film Morphology ................... 71 

5  Paper II: Polar polymorphism: a new intermediate structure towards the thin-

film phase in asymmetric benzothieno[3,2-b][1]-benzothiophene 

derivatives .......................................................................................... 85 

6  Paper III: Thickness dependent structural transition in Ph-BTBT-10 thin films 

and stabilization of the ubiquitous interface bilayer ........................ 105 



 

vii 
 

Ⅲ  CONCLUSIONS  

7  SUMMARY AND PERSPECTIVES .......................................................... 143 

8  Author’s Contributions ................................................................................ 147 

9  Acknowledgements ...................................................................................... 149 

  



 

viii 
 

 



ix 

ACRONYMS AND SYMBOLS

OSC Organic Semiconductor 

OLED Organic Light-emitting Diodes 

OFET Organic Field-effect Transistor 

CT Charge-Transfer 

GIWAXS 
Grazing Incidence Wide-angle X-ray 

Scattering 

AM Amplitude Modulation 

FM Frequency Modulation 

AFM Atomic Force Microscopy 

KPFM Local Kelvin Probe Force Microscopy 

SIP Surface-induced Phase 

HIP High Temperature Polymorph 

UPS Ultra-Violet Photoelectron Spectroscopy 

OMBD Organic Molecular Beam Deposition 

HOMO Highest Occupied Molecular Orbital 

LUMO Lowest Unoccupied Molecular Orbital 

LHB Layer Herringbone 

WF Work Function 

CV Cyclic Voltammetry 

SAM Self-assembled Monolayer 

PS Polystyrene 

SmE Smectic E 

OTFT Organic Thin-Film Transistor 

NCFET Negative Capacitance Field-effect Transistor 

RC Contact Resistance 



x 

QM Quartz Microbalance 

TEM Transmission Electron Microscopy 

SPM Scanning Probe Microscopy 

FFM Friction Force Microscopy 

CPD Contact Potential Difference 

SP Surface Potential 

XRD X-ray Diffraction 

GIXD Grazing Incidence X-ray Diffraction 

FWHM Full Width at Half Maximum 

SECO Secondary Electron Cutoff 

AC Alternating Current 

DC Direct Current 

ω Oscillation Frequency 

A Oscillation Amplitude 

Ф Work Function 

EF Fermi Level 

Evac Vacuum Level 

e Electronic Charge 

k Force Constant 

q Scattering Vector 

θ Scattering Angle 

𝜆 Radiation Wavelength 

μ Mobility 



1 

1 
MOTIVATION 

Organic semiconductor (OSC) thin films based on π-conjugated molecules have 

garnered significant interest in electronic devices. In recent years, substantial progress 

has been made in this field, resulting in a growing market for organic semiconductor 

electronic products, such as organic light-emitting diodes (OLED) display technology. 

Although the development of organic field-effect transistors (OFETs) has not progressed 

as rapidly as OLEDs, OFETs have emerged as a commercially viable technology. 

However, many fundamental research questions remain unresolved. Carrier mobility is 

a primary performance indicator for OFETs. It depends on structural details at different 

length scales, which are not yet fully understood or satisfactorily controlled. One critical 

issue is polymorphism. The adopted crystal structure is driven by weak intermolecular 

van der Waals forces, giving organic semiconductor materials a high propensity to 

polymorphism. Identifying the formed polymorphs in thin films is essential to establish 

structure-property relationships and understand the mechanisms of charge transport. 

Additionally, thin film growth can result in metastable phases, unattainable under 

equilibrium conditions and non-existing in the single-crystalline form. Specifically, the 

solid surface can induce surface-induced polymorphism. That means that for some 

molecular materials, the substrate stabilizes a molecular packing that is different from 

that in the bulk phase structure. For each material, the crystallinity and morphology are 

influenced by kinetic and thermodynamic factors, necessitating the exploration of 

various growth parameters and post-growth treatments to optimize the electrical 

performance of thin film OFETs. These include the substrate temperature during growth 

and temperature of the thermal treatment performed after the growth of the films. 
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Polymorphism and the temperature behavior can directly affect device functional 

characteristics and temporal stability and remain a long-standing issue. 

In π-conjugated organic semiconductor materials, heteroarenes with fused aromatic ring 

structures, such as [1]benzothieno[3,2-b]benzothiophene (BTBT) derivatives, have 

emerged as some of the most prominent organic semiconductors due to their excellent 

performance in organic field-effect transistors (OFETs). These materials exhibit charge 

carrier mobilities exceeding 10 cm²/Vs and possess exceptional air stability. 

Additionally, they can be applied in photodetectors/phototransistors or as donors in the 

formation of organic charge-transfer (CT) complexes. The high design versatility of 

BTBT derivatives allows for the realization of various symmetric and asymmetric 

alkylated BTBT molecular structures. In this study, we focus on dioctyl-BTBT (C8O-

BTBT-OC8) and 7-decyl-2-phenyl[1]benzothieno[3,2-b][1]-benzothiophene (Ph-

BTBT-10) as our research subjects because according to the state of the art at the start 

of this thesis, C8O-BTBT-OC8 exhibits a substrate-induced phase (SIP) different from 

its bulk structure when thin films are prepared by thermal evaporation or solution 

processing; Ph-BTBT-10 has been shown to exhibit two crystalline polymorphs in thin 

films, with the charge carrier mobility being closely depending on its molecular packing 

structure.  

In this thesis, we combined surface characterization techniques such as synchrotron-

based grazing incidence wide-angle X-ray scattering (GIWAXS), atomic force 

microscopy (AFM), and local Kelvin probe force microscopy (KPFM) to provide a 

systematic and detailed characterization of polymorphism in C8O-BTBT-OC8 and Ph-

BTBT-10 thin films, with particular focus on the role of the interface. Based on our 

findings, we provide recommendations for optimizing and controlling film quality, 

which are of significant importance for enhancing the performance and reproducibility 

of organic field-effect transistor (OFET) devices. 

Specifically: 
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- We used GIWAXS and AFM to characterize C8O-BTBT-OC8 thin films and to

determine the impact of different substrate temperatures during growth and annealing 

treatments of films deposited at room temperature. We determined a structural transition 

from SIP to a high temperature polymopoph (HTP) when the films are annealed at a 

temperature higher than 90 ℃. We also concluded that the cooling rate affect the 

reversibility of the film structure. Growing films at an appropriate substrate temperature 

yields a smoother morphology, better suited for OFETS.  

- We focus on the asymmetric BTBT derivative 7-decyl-2-phenyl[1]benzothieno[3,2-

b][1]-benzothiophene (Ph-BTBT-10), which has attracted large interest in recent years 

due to its excellent charge carrier mobility. In thin films of Ph-BTBT-10 we discovered 

an important role of the surface as well as of the electrostatic interactions, giving rise to 

a complex thickness-dependent polymorphism. Films thinner than 20 nm exhibit a polar 

thin film structure, with strong impact on the electronic properties measured by KPFM 

and UV photoelectron spectroscopy (UPS). That structure in thin-films grown at room 

temperature is metastable. 

- We monitored structural changes in Ph-BTBT-10 films of varying thicknesses in-situ

during thermal annealing using KPFM and GIWAXS. We demonstrated the role of the 

interface in the Ph-BTBT-10 film structural transition occurring with thermal annealing, 

concluding that the transition from a single-layer (metastable) to a bilayer packing 

(thermodynamically stable) initiates at the film's bottom and extends to the top surface. 

As a consequence, for thinner films (<20 nm), there is a lower transition temperature to 

the thermodynamically stable bilayer structure, as well as a faster change at room 

temperature towards the bilayer structure with time. 
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2 
FUNDAMENTALS 

This chapter introduces the fundamental background knowledge related to the topic of 

this thesis, including the materials used in the experiments. 

2.1 Organic semiconductor materials 

Organic semiconductors (OSCs) have garnered widespread attention since their 

discovery. Notably, in the 1970s, which was 30 years after the first organic 

semiconductor material emerged, researchers successfully synthesized NMP-TCNQ, 

which exhibited conductivity as high as that of metallic materials.[1],[2] Since then, 

there have been a large progress in the synthesis of new organic conjugated materials to 

be used as semiconductors in electronic applications.[3],[4],[5],[6],[7],[8] In 2000, Alan 

J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa, were awarded the Nobel Prize

in Chemistry for their discovery in 1977 that polyacetylene doped with bromine or iodine 

vapor exhibits a high conductivity.[9] 

Figure 1. Recently application of organic semiconductors in different fields: (a) solar 
cells,[25] (b) OLED,[26] (c) wearable electronics,[27] (d) Bendable electronic.[28] 

(a) (b)

(c)

(d)
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Compared to the covalent bonds in semiconductor crystals, the van der Waals bonding 

in organic semiconductor materials is weaker, which allows these materials to be 

processed at room temperature and atmospheric pressure using methods like solution 

processing, inkjet printing, and laser printing,[10],[11],[12] or by vacuum sublimation 

(T<250 ˚C). As a result, organic semiconductors can be applied to flexible substrates 

such as plastics,[13],[14],[15],[16],[17],[18],[19],[20],[21] textiles,[22] and 

paper.[12],[23],[24] This enables the use of organic electronic devices in areas where 

rigid electronic devices cannot be used, thus complementing existing silicon technology. 

Current implementations of organic semiconductor devices include organic 

photovoltaics (OPVs),[29],[30],[31],[32] sensors,[33],[34] organic light-emitting diodes 

(OLEDs),[35],[36] and organic field-effect transistors (OFETs).[37],[38] Figure 1 

illustrates examples of applications of organic semiconductors. 

Based on the molecular mass, OSCs can generally be categorized into two main types: 

polymers and small molecules. When deposited on a solid surface, compared to 

polymers, small molecule OSCs have the advantages of allowing long-range order and 

minimized structural defects, which contribute to their potential for high mobility. While 

polymers are restricted to solution processing, small molecules OSCs can be processed 

via solution or vacuum deposition.[39] Vacuum deposition (also known as Organic 

Molecular Beam Deposition (OMBD)) allows for precise control over the growth, 

resulting in high-quality films with controllable thickness and morphology and free of 

solvent molecules or chemical impurities. In addition, chemical design allows to 

optimize the performance of existing materials to meet specific needs (i.e. energy levels, 

solubility, optical spectrum).[40] Moreover, the continuous emergence of new organic 

semiconductor materials can bring surprising performance characteristics and new 

functionalities, which in turn motivate new applications. 
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2.1.1   Design strategy 

As already mentioned, one reason organic semiconductor materials excite researchers is 

the possibility to continually design and synthesize new materials based on application 

needs.[41] 

In general organic semiconductors consist on the following structural components: a 

conjugated core, heteroatoms, substituted functional groups, and alkyl side chains.[42] 

The π-conjugated core plays a decisive role in the material's primary physical properties 

because it determines the intra-molecular and inter-molecular interactions, thereby 

influencing physical characteristics such as energy band position and air stability.[37] 

For example, inter-molecular interactions will be affected by including heteroatoms and 

substituted functional groups with different electro negativities and steric hindrances. 

These interactions, in turn, influence the distribution of electron clouds between adjacent 

molecules, which ultimately plays a crucial role in inter-molecular charge transfer. 

Additionally, side chains,[43] functional substituted groups, and the length of the alkyl 

chains also impact the molecule's packing structure, solubility, and electrical properties. 

Overall, the attributes of materials are not influenced solely by one element; they are 

shaped by a mixture of various elements. The significance of each element differs across 

different types of materials, thus requiring targeted analysis for each specific material. 
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Figure 2. Schematic illustration for the key components of a typical OSCs molecules.[42] 

2.1.2   Structure and polymorphism 

The charge mobility in organic semiconductor films is not only related to the structure 

of individual molecules but also highly dependent on the arrangement of molecules in 

solid form and the resulting morphology of the film.[44] Relevant parameters such as π-

π stacking mode, π-π distance, and π-π displacement all play a crucial role in charge 

transport. Generally, a large π-π orbital overlap, a short π-π distance, and optimal π-π 

displacement contribute to enhanced charge transport. [13],[37] 

Based on the geometry of the molecular packing, π-π stacking motifs can be categorized 

into four types.[44],[37],[40] Before introducing these four motifs, let us clarify two 

concepts: the direction of π-stacking and the direction of lamellar-stacking. π-stacking 

occurs between conjugated groups, and lamellar stacking usually refers to the regular 

separation of the conjugated and aliphatic moieties.[45] 

 Cofacial Stacking Motif (as shown in Figure 3a): In this configuration,

molecules are aligned face-to-face in the π-stacking direction while adopting an

edge-to-edge arrangement in the lamellar-stacking direction. This pattern
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enhances π-π orbital overlap, facilitating intermolecular charge transfer, which 

is pivotal for effective conductivity. 

 Slipped Stacking Motif (as shown in Figure 3b): This motif represents a variant

of the cofacial structure, characterized by a significant misalignment in the

lamellar-stacking direction. Here, molecules maintain an edge-to-edge

orientation in the lamellar-stacking axis and an edge-to-face orientation in the

π-stacking axis.

 Brick Layer Stacking Motif (as shown in Figure 3c): Extending the displacement

observed in the slipped stacking motif within the lamellar-stacking direction

results in the formation of a bricklayer stacking motif. This arrangement

promotes additional structural irregularity, potentially influencing electronic

properties.

 Herringbone Stacking Motif (as shown in Figure 3d): In this configuration,

molecules are organized face-to-face along the π-stacking axis and face-to-edge

along the lamellar-stacking axis. This dual-directional arrangement enhances the

efficiency of carrier propagation in both the π-stacking and lamellar-stacking

directions, thereby potentially increasing the conductivity of the films

configured in this manner.

However, in practice, the molecular stacking does not always conform to the 

theoretical expectations. Variation in experimental conditions and parameters during 

thin-film growth, the type of substrate and subsequent post-growth treatments (e.g., 

annealing or solvent vapor annealing), can lead to strong differences in the structure 

and in the morphology. 
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Figure 3. Four typical packing motifs existing in organic solid states: (a) Cofacial 
stacking, (b) Slipped stacking, (c) Brick layer stacking, (d) Herringbone stacking motif. 

Polymorphism in organic semiconductor materials presents both advantages and 

disadvantages. The advantage is that polymorphism provides a valuable opportunity to 

study the relationship between charge transport properties within the film and the 

molecular stacking configuration and it can lead to new functionalities that not exist in 

the single crystal form. The disadvantage is that uncontrollable molecular-packing 

motifs during device fabrication may affect the performance, reproducibility and 

stability of the devices.[46],[47] Therefore, to achieve films that meet performance 

standards, it is crucial to control polymorphism. 

For certain molecular materials, new polymorphic forms distinct from those observed in 

the bulk may exist near the interface with the substrate, referred to as substrate-induced 

phases (SIPs). These SIPs can extend over several molecular layers and do not 

necessarily correlate with any matching of unit cells between the film and the substrate. 

In our cases, the surfaces used as dielectric are amorphous (i.e SiO2). 

The most well-documented example of SIP is the thin-film phase of pentacene. The 

variations between pentacene polymorphs can be attributed to changes in the tilt of the 

(a) Cofacial motif

Lamellar-stacking

π-stacking

(b) Slipped packing motif

(c) Brick layer packing motif
(d) Herringbone packing motif
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long molecular axis.[48] Different structures and morphologies were demonstrated 

depending on the growth conditions and the type of surface on which it is deposited. 

When deposited on graphene or metals such as Au or Cu, pentacene molecules typically 

lie flat on the substrate surface.[49],[50],[51] Conversely, when deposited on polymer 

surfaces, the molecules stand nearly upright, with a slight tilt of the long molecular axis 

away from the surface normal, depending on the specific polymorph 

present.[52],[53],[54],[55] 

To date, three distinct substrate-induced phases (SIPs) of pentacene have been reported. 

On SiOx substrates, an SIP with a characteristic (001) d-spacing of 15.4 Å has been 

observed.[56] A second SIP of pentacene, with a (001) d-spacing of 15.1 Å, has been 

identified on surfaces such as Kapton and NaCl.[50],[52] The third SIP of pentacene, 

with a (001) d-spacing of 13.5 Å, has been discovered in films coated onto polyimide 

nanogratings.[57] 

2.2 BTBT derivatives 

2.2.1 Historic development 

In the vast array of heteroarenes, [1]benzothieno[3,2-b]benzothiophene (BTBT) is 

widely employed in the synthesis of new organic small molecule semiconductors. 

Discussion on the molecular structure of BTBT dates back to 1949 [58] and has been 

widely researched and discussed thereafter.[59],[60],[61],[62] The first successful 

application of a BTBT derivative in organic field-effect transistors (OFETs) was 

achieved with 2,7-Diphenyl[1]benzothieno[3,2-b][1]benzothiophene (DPh-BTBT). 

OFETs utilizing vapor-deposited DPh-BTBT thin films as the active layer exhibited an 

electron mobility of up to 2.0 cm2/Vs at room temperature.[63] Since this development, 

numerous new BTBT derivatives have been synthesized with the objective of enhancing 

OFET performance. The BTBT core comprises four consecutive aromatic rings. Despite 

its highly extended π-electron system, the highest occupied molecular orbital (HOMO) 

remains stable due to the sulfur atoms substituting for carbon atoms at the 5- and 10- 
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positions. Sulfur atoms exhibit larger HOMO coefficients compared to carbon atoms, 

enhancing intermolecular orbital overlap and facilitating charge transfer between 

molecules.[64] This qualitatively explains why BTBT derivatives possess good air 

stability and high mobility. Furthermore, besides the 5- and 10- positions, the remaining 

positions in the BTBT core can also be substituted with alkyl chains, benzene rings, 

methoxy groups, alkenyl groups, alkynyl groups, etc., providing the possibility of 

synthesizing numerous derivatives and laying a reliable foundation for the next 

generation of high-performance organic materials.[65],[66] Additionally, BTBT 

derivatives can interact with other π-electron acceptors, such as n-type TCNQ, F2TCNQ, 

and F4TCNQ, to form co-crystal structures that exhibit novel properties.[67] 

Figure 4. Schematic of fabrication techniques and applications of BTBT‐based 
electronic and optoelectronic devices.[60] 

In summary, due to its low-lying HOMO level, good air stability, high electron mobility, 

and potential for synthesizing numerous derivatives, BTBT derivatives find widespread 

applications in organic field-effect transistors (OFETs), photodetectors, phototransistors, 

solar cells, etc. (As shown in Figure 4)[60] 
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In Cn-BTBT-Cn derivatives, the molecules adopt a lamella stacking with a HB packing 

of the cores. Such packing is denominated layer herringbone (LHB) packing. As shown 

in Figure 5, the alkyl layers and BTBT layers follow a lamella-like alternating structure 

(Figure 5a), with a herringbone arrangement of the BTBT cores (Figure 5b).[68] The 

LHB packing ensures both, high charge mobility and structural stability of the π-

conjugated system. Studies suggest that both symmetric and asymmetric molecular 

structures tend to exhibit LHB packing when the alkyl chain is relatively long (n ≥ 4 for 

monoalkylated, n ≥ 6 for dialkylated, and n ≥ 5 for phenyl-alkylated BTBTs).[69] 

However, with shorter alkyl chains, the disorderliness of the intra-chain disrupts layer-

by-layer or LHB packing, resulting in T-shaped (core-to-edge) or slipped parallel (core-

to-core) molecular stacking structures rather than LHB packing.[70],[71] Furthermore, 

the length of the alkyl chain determines the interlayer distance (d-spacing); longer alkyl 

chains lead to greater interlayer distances and thus larger d-spacing. 

Figure 5. Crystal structure of SIP in C8-BTBT-C8 thin films. (a) from side view, (b) from 
top view.  

Kobayashi et al. reported that in BTBT derivatives, electron transport primarily occurs 

in a band-like manner.[72] Moreover, in solution preparation process the hydrophobic 

interaction between alkyl chains enhances intermolecular interactions, further 

reinforcing its band-like transport characteristics.[73] Two main factors influencing the 

mobility of charge carriers are the strong electronic coupling between adjacent 

(a)

(b)
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molecules and small intramolecular reorganization energy.[79] Therefore, in the BTBT 

core, sulfur atoms enhance intermolecular interactions and overlap, while the 

herringbone stacking mode strengthens coupling between molecules, promoting charge 

carrier mobility. 

In BTBT derivatives, extending π-conjugated backbones along the long axis enhances 

both intermolecular electronic coupling and molecular rigidity. Additionally, a network 

of sulfur-sulfur and C-H...π contacts between molecules effectively suppresses lattice 

vibrations, endowing BTBT derivatives with high thermal stability potential.[80] 

In Figure 6 we list several common BTBT derivatives and their carrier motilities in thin 

film, including C8O-BTBT-OC8 and Ph-BTBT-10, which we will explain in detail later. 

It is noteworthy that the hole mobility of OTFTs using solution-processed C8-BTBT-C8 

thin films was reported to reach up to 43 cm²/Vs (with an average of 25 cm²/Vs), making 

it the highest mobility reported for organic molecules to date.[74] 

Figure 6. Examples of some common BTBT derivatives and their motilities. (a) C8-
BTBT-C8,[74] (b) Ph-BTBT-10,[75] (c) C13-BTBT,[76] (d) C8O-BTBT-OC8,[77] (e) 
Ph-BTBT-C12.[78] 

2.2.2 C8O-BTBTOC8 

Here we introduce one of the main research subjects in this thesis, dioctyl-BTBT (C8O-

BTBT-OC8) (shown in Figure 7). 

μh = 43 cm2/Vs
C8-BTBT-C8

(a)

μh = 22.4 cm2/Vs
Ph-BTBT-10

(b)

μh = 17.2 cm2/Vs
C13-BTBT

(c)

μh = 0.09 cm2/Vs
C8O-BTBT-OC8

(d)

μh = 8.7 cm2/Vs
Ph-BTBT-C12

(e)
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C8O-BTBT-OC8 is one of the BTBT derivatives that has been extensively researched 

in recent years.[81],[82],[83] It has larger thermal stability than C8-BTBT-C8, and its 

solubility and ease of preparation render it promising for applications in printing 

techniques.[84] Reports indicate that the charge mobility of thin films of C8O-BTBT-

OC8 can reach up to 0.09 cm2/Vs.[81] The molecular length is 33.88 Å,[85] the HOMO 

level is -5.22 eV (Cyclic Voltammetry (CV)) or -5.39 eV (Ultra-Violet Photoelectron 

Spectroscopy (UPS)).[84] It is already well known that C8O-BTBT-OC8 exhibits two 

polymorphs: the surface-induced phase (SIP) and the bulk phase, with distinct packing 

arrangements. In the bulk phase (thermodynamically stable), molecules are in layered 

π−π stacking. However, when deposited on a surface, the molecules adopt the SIP phase, 

with the same LHB packing motif as for C8-BTBT-C8 (see in Figure 7b and 7c).[86] 

According to literature, the SIP structure is metastable and undergoes a  transition into 

the bulk phase with aging over six months at room temperature, and solvent vapor 

annealing can expedite this phase transition within few days.[87] Due to this feature, the 

performance and stability of devices based solely on pure C8O-BTBT-OC8 films may 

be affected by the spontaneous transition from SIP to bulk phase, thereby impacting 

device electrical performance. Reports have shown that blending C8O-BTBT-OC8 with 

polystyrene (PS) enhances the stability of SIP, consequently improving device 

performance and long-term stability. In fact, devices have maintained high performance 

for over 1.5 years.[81] 

Additionally, thermal stability is a crucial characteristic influencing material 

applications, as post-annealing is a widely used treatment method to enhance thin film 

quality. Therefore, understanding and studying the thermal stability of polymorphs is 

essential for effective annealing. 

In this thesis, we investigated the effect of annealing on the structure and morphology. 

Detailed findings will be presented in Chapter 4. 
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Figure 7. (a) Chemical structure of C8O-BTBT-OC8; Molecular packing in the (b) bulk 
phase (single-crystalline form) and (c) SIP in thin films;[86] (d) Molecular length and 
HOMO level (measured by CV and UPS). 

2.2.3 Ph-BTBT-10 

In this section, we introduce another subject of our study in this thesis: 2-Decyl-7-

phenyl[1]benzothieno[3,2-b][1]benzothiophene (Ph-BTBT-10). 

Ph-BTBT-10 consists of a benzothienobenzothiophene (BTBT) core attached to a phenyl 

group and a decyl chain.[88] The molecule has a length of 2.65 Å and a HOMO level of 

-5.65 eV, as determined by cyclic voltammetry (CV).[89] This material has garnered

attention due to its excellent air stability, thermal stability of films up to 200 °C, high 

carrier mobility exceeding 10 cm²/Vs, and its suitability for solution processing, which 

makes it promising for printed electronics applications.[88] 

In the bulk the molecule crystallizes into a double-layered structure (bilayer structure) 

with the conjugated parts and decyl parts segregated. The conjugated cores adopt a 

herringbone pattern, characteristic of the packing of other BTBT derivatives (Figure 5). 

Thus, the bilayer structure consists of two adjacent herringbone layers, with alkyl-up and 

alkyl-down orientation, yielding an interplanar distance of 5.3 nm. The packing 

arrangement of the molecules in the bulk phase is illustrated in Figure 8c.[85] The 

molecules adopt a different structure in thin films. During the preparation of thin films 

(a)

(b) (c)

33.88 Å

HOMO -5.22 eV

-5.39 eV

(d)
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using the physical vapor deposition method, it was observed that the molecules form a 

double layer on the silicon substrate at the initial film growth stage, with a stage height 

of 5.3 nm (as see Figure 8b). Subsequently, the molecules adopt a single-layer lamellar 

packing with an interplanar distance of 2.65 nm (i.e. half bilayer), which is a metastable 

phase.[85] The reported structure of the thin-film phase is shown in the Figure 8c. After 

post-annealing at 115 °C, a phase transition occurs from the single-layer  to the bilayer 

packing (bulk phase). Upon further increasing the annealing temperature to 146 °C, 

another phase transition occurs from the bilayer phase to the crystalline smectic E (SmE) 

phase, which remains stable up to 210 °C. At an annealing temperature of 215 °C, the 

film transitions to a highly flat single-layer structure corresponding to the SmA liquid 

crystalline phase. 

Notably, when the film is heated to a temperature near the transition to the liquid 

crystalline phase, a flip-flop behavior of the molecules in the bilayer structure has been 

reported, leading to disorder in the film packing.[90] 

Additionally, there has been considerable research on applying Ph-BTBT-10 in device 

fabrication. Hiroaki Lino et al. reported that the highest carrier mobility (13.9 cm2/Vs) 

is achieved when Ph-BTBT-10 packs in the bilayer structure.[88] Furthermore, 

Takamasa Hamai et al. reported that organic thin-film transistors (OTFTs) based on the 

Ph-BTBT-10 bilayer structure exhibit a layer-number dependent device mobility and 

current-voltage characteristics. They proposed that paired alkyl-chain layers within the 

single-crystalline film provide higher tunneling resistance than an unpaired alkyl-chain 

layer on the film surface. This results in device resistance being proportional to the layer 

number, thus impacting the overall device performance.[91] 
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Figure 8. (a) chemical structure of Ph-BTBT-C10; (b) Bi-Layer packing structure and 
(c) Single-Layer packing structure; (d) Molecular length and HOMO level.

In summary, since the electron mobility of Ph-BTBT-10 thin films is closely linked to 

the molecular packing structure, studying, understanding, and controlling its 

polymorphism is crucial. In this thesis, we have identified a new packing structure, 

termed the thin film polar phase, in addition to the previously reported polymorphisms 

of Ph-BTBT-10. Detailed findings will be presented in Chapter 5. 

2.3 OFETS  

2.3.1 Basic Concept 

Silicon-based transistors have revolutionized modern electronic technology, playing a 

crucial role not only in shaping the technologies that impact our personal lives but also 

in a wide range of industries such as transportation, communication, manufacturing, 

engineering, medicine, energy, defense, and national security. 

Organic field-effect transistors (OFETs) typically consist of three main components: 

organic semiconductor material, a gate dielectric, and electrodes (including gate, source, 

and drain). These components can be configured into two types of devices: coplanar and 

HOMO
-5.65 eV

26.5 Å

(a)

(b) (c)

(d)
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staggered. In coplanar devices, the source, drain, and conducting channel are located on 

the same plane, while in staggered devices, the conducting channel is not on the same 

plane as the source and drain contacts. These configurations can further be divided into 

four device architectures: bottom gate, bottom contacts (BGBC) (as shown in Figure 9a); 

bottom gate, top contacts (BGTC) (as shown in Figure 9b); top gate, bottom contacts 

(TGBC) (as shown in Figure 9c); and top gate, top contacts (TGTC) (as shown in Figure 

9d). 

Figure 9. OFET device architecture: (a) bottom gate, bottom contact, (b) bottom gate, 
top contact, (c) top gate, bottom contact, and (d) top gate, top contact.  

Each architecture has its advantages and disadvantages. In this paper, we primarily focus 

on the bottom gate, top contacts (BGTC) structure. This choice is based on current 

reports indicating that top contact devices exhibit lower contact resistance compared to 

other structures. This is attributed to the direct deposition of metal electrodes on the 

organic semiconductor layer, which facilitates easier migration of metal atoms to the 

boundary of the crystalline organic thin film, thereby reducing contact resistance.[92] 

Furthermore, the bottom gate configuration results in a staggered structure between the 

gate and contacts, providing a larger charge injection area and enhancing charge 

injection efficiency.[93] 

Gate Electrode

Gate Dielectric

OSCS D

Gate Electrode

Gate Dielectric

OSC

S D

Gate Electrode

Gate Dielectric

OSCS D

Gate Electrode

Gate Dielectric

OSCS D

(a) (b)

(c) (d)
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There are several key parameters used to evaluate the performance of organic field-effect 

transistors (OFETs): 

 Field-effect mobility: This value determines whether OFETs can be

commercially viable and the domains in which they can be applied. High

mobility is a target in device development because it enhances the performance

and commercial applicability of the transistors. Generally, when the carrier

mobility (μ) of the device is larger than 1cm2/Vs can considered to have high

carrier mobility.

 Threshold voltage (VTh): This parameter represents the operating voltage of the

device. A lower VTh indicates that the device requires less voltage to activate,

making it more energy-efficient. From a cost-efficiency perspective, it is

desirable for the VTh to be close to 0 V.

 Subthreshold swing (S): This parameter reflects the concentration of traps in the

organic semiconductor film. A smaller S value indicates a faster switching speed

for the device. An acceptable subthreshold swing is typically around 1V/dec,

with some high-performance devices even achieving values less than 0.5 V/dec.

For instance, Liu et al. reported that the subthreshold swing (SS) value of

negative capacitance field-effect transistors (NCFETs) based on MoS2 can

reach as low as 42.5 mV/dec.[94]

Additionally, parameters such as the on/off current ratio are also important; for 

further reading, we recommend some reviews about OFETs.[92],[95] 
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Figure 10. Ideal OFET output characteristics (a), and transfer curve in saturation 

region(b).[92] 

Figure 11. This graph shows the change over time in the field effect mobility values, 
which are divided into two categories: (a) Charge carrier type: p‐type and n‐type. (b) 
Processing technique: solution processed, single crystal, and vacuum.[95] 

Field-effect mobility is the primary metric for evaluating the performance of organic 

field-effect transistors (OFETs). The graph above (Figure 11) summarizes the mobilities 

reported for OFETs over the past 35 years, categorized by the type of organic 

semiconductor material or the method of fabrication. Figure 11a indicates that the carrier 

mobilities of devices based on n-type organic semiconductor materials are gradually 

catching up to those of p-type organic semiconductor devices.  

(a) (b)

(a) (b)
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Figure 11b shows the variations in carrier mobility that can result from different 

fabrication methods. The data suggest that the method of preparing organic materials 

does not significantly impact mobility, with similar values observed for solution-

processed, single crystal, and vacuum-processed devices. However, devices processed 

via solution generally exhibit somewhat higher mobilities.  

Figure 12: The injection barrier ΦB is the difference between the work function of 
contact and the corresponding semiconductor band. (a) Holes are injected into the 
semiconductor HOMO in a p-type device. The proximity of WF to the HOMO level 
causes energy level bending, shifting the level from its nominal value at the interface. (b) 
Electrons are injected into the semiconductor LUMO in a n-type device. (c) A work 
function in between the HOMO and LUMO levels can facilitate am-bipolar transport, 
though injection barriers will always be larger than in the corresponding unipolar 
device. Energy level bending is minimal when WF is near the Fermi level of the 
semiconductor.[92] 

For an organic field-effect transistor (OFET) to achieve good device performance, high 

charge injection efficiency is essential. Charge injection primarily depends on the 

alignment of the work function between the electrode's contact work function (WF) and 

the semiconductor's highest occupied molecular orbital (HOMO) or lowest unoccupied 

molecular orbital (LUMO) levels. Aligning the contact work function with the 

semiconductor's HOMO/LUMO levels is not straightforward because the work function 

is a surface property of the material and is subject to environmental effects. For p-type 

channels, the injection barrier (ΦB) mainly depends on the difference between the 

contact's WF and the semiconductor's HOMO level (or between the WF and the LUMO 

for n-type channels). This relationship can be influenced by several complex factors, 
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ΦB

WF

Contact Semiconductor

Vacuum level

(a)

LUMO

HOMO

ΦB

WF

Contact Semiconductor

Vacuum level

(b)

LUMO

HOMO
ΦB,p-type

WF

Contact Semiconductor

Vacuum level

ΦB,n-type

(c)



Chapter2  FUNDAMENTALS 

25 

such as the formation of interface dipoles or the molecular orientation at the interface. 

To enhance charge injection, in addition to selecting semiconductor materials and 

contacts with matching energy levels, chemical modification is a common approach. For 

example, electrodes can be modified with polar self-assembled monolayers (SAMs).[92] 

Energy bending alignment is a key phenomenon occurring at interfaces. When materials 

with different Fermi levels come into contact, charge transfer occurs until 

thermodynamic equilibrium is achieved, resulting in a common Fermi level. The 

resulting charges generate an electrostatic field near the interface, inducing a vacuum-

level shift to align the Fermi levels. The figure below illustrates and explains the band 

bending phenomenon present in different types of devices. 

Figure 12a illustrates a p-type device where the HOMO level of the electrode is higher 

than that of the semiconductor material. At the interface, holes are injected from the 

electrode into the semiconductor's HOMO, causing an upward bending of the HOMO 

level and effectively raising the energy level at the contact interface. Figure 12b depicts 

an n-type device where the electrode's LUMO level is lower than that of the organic 

semiconductor. At the interface, electrons flow from the electrode into the 

semiconductor's LUMO, leading to a downward bending of the LUMO level and 

lowering the energy level at the interface. Figure 12c presents a situation where the 

electrode's work function is positioned between the HOMO and LUMO levels of the 

organic semiconductor. This alignment can facilitate am-bipolar transport, as detailed in 

the accompanying illustration. 

Contact resistance is another crucial factor that needs to be considered. Contact 

resistance can be understood as the finite voltage required to transfer charges from the 

electrode surface into the semiconductor and vice versa. Typically, the resistance due to 

the contacts must be lower than the resistance due to the channel. If this condition is not 

met, the voltage drop at the contacts results in a smaller effective potential across the 

channel, leading to excessive power loss and reduced field-effect mobility. Several 

variables can affect the contact resistance (RC) in OFETs. These include the energy 
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levels of the organic semiconductor (OSC), the packing ordering of the OSC, and the 

material of the contact electrodes.[96] Many methods have been researched and 

employed to minimize the contact resistance of devices. From a microstructural 

perspective, enhancing the packing order of the OSC can be effective. From an energy 

level perspective, reducing the height of the Schottky barrier is beneficial. This can be 

achieved, for example, by using thiol-based self-assembled monolayers (SAMs) or 

adding a charge injection layer between the injecting contacts and the OSC.[97],[98] In 

addition, layer doping is also a commonly used and effective method to enhance carrier 

injection in electronics.[99]
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3 
MAIN METHODS  

AND TECHNIQUES 

3.1 Substrates prepared and cleaning 

During this thesis we primarily use P-type native Silicon substrates, unless specified 

otherwise. The cleaning process encompasses ultra-sonication in a solvent bath followed 

by UV-ozone cleaning. During the ultra-sonication cleaning stage, the substrates are 

cleaned three times: initially with ethanol, then with acetone, and finally with ethanol 

again for the last cleaning, with each session lasting approximately 10-15 minutes. After 

cleaning, the substrates are dried using a nitrogen gun. After that, they are treated with a 

UV-ozone cleaner for 10-15 minutes. This cleaning process effectively removes most 

organic impurities from the substrate surface, ensuring the level of cleanliness required 

for the experiments. 
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Figure 1: Equipment and instruments used in the substrate cleaning process: (a) sample 
cleaning rack and beaker; (b) ultra-sonication machine; (c) UV-ozone machine. 

3.2 Organic Molecular Beam Deposition (OMBD) 

Organic Molecular Beam Deposition (OMBD) is widely used for the fabrication of 

organic thin films by sublimation of the organic compound in high or ultra-high vacuum. 

It is also known as physical vapor deposition. It offers several advantages: firstly, it can 

be used to prepare films from organic materials that are insoluble or difficult to dissolve 

in solvents; secondly, fabricating films in a high-vacuum or ultra-high vacuum 

environment prevents contamination of the samples during the preparation process or 

from the solvent (it is solvent free), and thirdly, it allows for precise control over the 

thickness of the films and the growth rate. 

Here, I will detail the components of OMBD and our experimental procedures and 

conditions, integrating the specific equipment used in our laboratory. The material 

powder is loaded into a crucible located within a Knudsen cell. The temperature of the 

crucible is controlled by adjusting the current from the power supply connected to the 

cell, allowing control over the evaporation rate of the material. During the evaporation 

process, a quartz crystal microbalance is used to monitor the thickness of the deposited 

(a) (b) (c)



Chapter3 MAIN METHODS AND TECHNIQUE 

39 

film. The sample holder is positioned at the focus of the evaporation cone and sits onto 

a heater that enables additional annealing of the substrate prior to film deposition or 

during the growth to provide different growth conditions. Both, the effusion cell and the 

sample holder are equipped with a shutter, facilitating the start, pause, or termination of 

the material growth process at any time. 

Figure 2: OMBD equipment in our lab. (a) The general view of whole equipment. (b) 
Photograph taken from the top window of the growth chamber, showing the sample 
holder, sample shutter, QM (close to the bottom of this picture) and one of our effusion 
cells. (c) View from the chamber door. 

In our experiments, the substrate located on the sample holder is first pre-annealed once 

the pressure in the growth chamber reaches the required level (≤10-6 mbar). The 

annealing temperature should be higher than 200 °C and maintained for at least ten 

minutes. The purpose of this step is to desorb water and contaminants from the substrate. 

Simultaneously, the sublimation cell is degassed at a temperature higher than 100 °C to 

remove moisture from the material and purify it. Before opening the sample shutter, the 

evaporation rate should be at a stable rate because the growth rate significantly affects 

(b)

(c)

(a)
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the film development, and stable, low-speed growth parameters are necessary to 

obtaining high-crystallinity films. Therefore, to ensure the quality of the films and the 

reproducibility of the samples, the evaporation rate is generally controlled at 2-3 Å/min 

in our experiments. The sublimation temperature for the growth of C8O-BTBT-OC8 is 

around 180 ℃ and for Ph-BTBT-10 is around 200 ℃. The sample shutter also offers 

another advantage, allowing us to fabricate samples with varying thicknesses and 

compositions in a single preparation. 

However, our experiments indicate a spatial gradient in the evaporation flux that causes 

the final coverage of the samples to varies when the samples are out of the center. Figure 

3a shows a top-view scheme that illustrates the geometric relationship between three 

samples located in the sample holder, the effusion cell, and the quartz microbalance 

(QM). Sample B is the one located in the middle of the sample holder, with Sample A 

and Sample C positioned to the left and right of Sample B, respectively. Sample A is the 

farthest from the cell, while Sample C is the closest. We have verified that the shutter on 

the sample holder can cover all three samples when closed. Figure 3b displays AFM 

topography images obtained in different regions (top, middle, or bottom) of these three 

samples. In this experiment, the deposition material used is C8O-BTBT-OC8, and the 

nominal thickness is 60 Å, which is equivalent to two monolayers. After analysis of the 

morphology, we found that the film thickness in the middle region of sample B is 

approximately equivalent to two monolayers, consistent with the QM reading. For the 

middle of sample C the conclusion is that its actual thickness is about 1.76 monolayers, 

which is 88% of the nominal thickness. For the middle part of the sample A, the real 

thickness is around 29.5 Å, which is half of the nominal thickness. In our experiments 
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we tried to put the samples as close as possible to the center. 

Figure 3: (a) the scheme shows the geometric relationship between the sample, the QM 
and effusion cell, (b) AFM topography images from different parts of each sample. The 
size of the sample is around 1cm x 2cm and the distance between adjacent samples is 
approximately 0.8 cm. Therefore, the distance from the left side of sample A to the right 
side of sample C is approximately 5 cm. 

Moreover, in some experiments we used a transmission electron microscopy (TEM) grid 

as a shadow mask to have regions with uncovered substrate that can be used as reference 

(the optical microscope images are shown in figure 4a). This stainless steel grid features 

a central circular pattern with a diameter of 40 microns, a scale that conveniently allows 

us to study the surface characteristics of different regions by AFM (the topography and 

phase images are shown in Figure 4b and 4c). 

(a)
(b)
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Figure 4: (a) Optical microscope images of a TEM grid mask at different magnifications, 
(b) and (c) are the AFM topography and phase images of one of the patterned organic
films grown with the shadow mask, respectively. The uncover substrate is visible on the 
right part of the images. 

3.3 Atomic force microscopy 

Atomic Force Microscopy (AFM)[1] has been widely applied in recent years to the study 

of a broad range of materials, with applications across various fields such as batteries, 

biology, solar cells, and electronic devices.[2] Generally, AFM is used to obtain 

topographic images of sample surfaces, primarily through working modes such as 

contact and dynamic modes.[2],[3],[4] Beyond these traditional modes, researchers have 

been tirelessly developing novel modes. These advanced measuring modes enable users 

to capture information about the material that extends beyond topography and local force 

(a)

(b) (c)
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measurements. Examples of such measurements include Young's modulus,[5] 

adhesion,[6] piezo response,[7] electrical conductivity,[8] surface potential,[9] and 

electrochemistry.[10],[11],[12] 

In this chapter, based on the application in our experiments, we will mainly focus on the 

contact and dynamic working mode, Friction force microscopy and Kelvin probe force 

microscopy. 

3.3.1 AFM setup and basic operation 

Atomic Force Microscopy (AFM) is a member of the Scanning Probe Microscopy (SPM) 

family, fundamentally operating by measuring material surface properties with a 

physical nanometric-sized probe. The feedback signal from the probe results from 

specific interactions between the probe and the sample. 

Figure 5. The AFM setup in our lab. (a) The global overview of Cypher microscope, (b) 
The view when enclosed door opened, the scanner is the blue subject, (c) The scanning 
stage. 

The invention of Atomic Force Microscopy by Binning, Quate and Gerber dates back to 

1986 at Stanford University. It consist on a cantilever approached to the surface that 

(a) (b)

(c)
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bends or twists due to the interaction forces between the tip and the sample surface, 

which include Van der Waals forces,[13] short-range forces,[13] friction forces,[14] and 

electrostatic forces.[15] These interaction forces are typically in the order of nano-

newtons or even less. 

In AFM, a photodetector detects the deflection of a laser focused on the back of the 

cantilever.[16] As illustrated below in the Figure 6, the photodetector is composed of 

four quadrants, a design that allows for the quantification of bending along the normal 

direction and torsion around the cantilever's axis. Vertical shifts in the laser relative to 

the quadrant's origin result from cantilever bending, while horizontal shifts are due to 

torsion. Ultimately, information about the normal and lateral forces is transmitted in volts 

to two separate channels, representing the normal force and the lateral force. There are 

excellent books and reviews with technical details, for example the book B. Bushan and 

O. Marti.[17],[18]

Figure 6. Schematic view of the laser deflection detection method commonly used in an 
AFM setup.  

It is clear that the characteristics of the tip and cantilever, such as shape, size, material, 

and stiffness, significantly influence the measurements. Therefore, selecting an 
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appropriate probe based on the specific characteristics of the sample is crucial during 

testing. 

3.3.2 AFM measurement mode 

The two primary working modes of AFM are contact and dynamic modes. In contact 

mode, the tip directly contacts the sample, causing the tip-sample interaction to result in 

vertical or lateral deflection of the cantilever. In dynamic mode, the cantilever is 

oscillated at a certain frequency (generally its resonance frequency) close to the surface. 

The interaction between the tip and the surfaces causes changes relative to the initial tip 

oscillation, such as changes in phase, frequency, and amplitude. We will discuss these 

two modes in more detail next. 

3.3.2.1 Contact mode 

In this working mode, the tip maintains direct contact with the sample surface, and the 

cantilever deflection caused by the repulsive tip-sample force is monitored. During 

scanning, the piezoelectric element's Z movement is adjusted through a feedback loop 

to keep the tip deflection at a constant value. Thus, the Z movement values required to 

maintain the normal deflection of the cantilever at each point of the scanning area form 

the topographic image. Understanding the tip-sample interaction force during the tip 

approach process is also crucial. This not only helps the experimenter quantitatively 

understand the force between the tip and the sample but also aids in finding the optimal 

test set point.[19] 
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Figure 7: Cantilever deflection recorded in a force-distance curve, representing the 
cantilever deflection vs. Z piezo movement during one approach and withdraw cycle. 
The point of Snap-On is marked as B, and the point of snap-off is marked as E. 

Let's examine the accompanying Figure 7 to detail how the tip deflection varies with the 

Z movement of the piezo during the approach of the tip towards the sample surface 

(force-distance curve). At position A, there is no change in the cantilever deflection. As 

the tip gradually approaches the sample the attractive interactions (such as Van der Waals 

forces) cause a change in the cantilever deflection (the tip bends towards the sample). 

As the tip continues to approach the surface, the sum of the attractive forces exceeds the 

restoring force from the cantilever spring, causing the tip to suddenly jump into contact 

with the surface, a position also known as the snap-in point (at position B). Due to 

repulsive short-range forces (C), the cantilever deflects away from the surface linearly 

with the scanner movement (blue curve in the Figure 7). However, when we try to retract 
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the tip (red curve in the Figure 7), the tip remains attached to the surface due to the 

adhesion of the tip to the surface (from D to E in the red curve). To compensate this force, 

the piezo needs to be further retracted until the tip snaps free (point E). Therefore, the 

approach (blue) and retract (red) curves will not be exactly the same when measured in 

ambient conditions (hysteresis) due to capillary adhesion forces caused by water 

adhering to the sample surface, resulting in bending of the cantilever from position C to 

E. In the plot the Y-axis represents the photodiode response VA-B, and the X-axis

represents the vertical movement of the piezo (Z). To convert the VA-B signal into force, 

the deflection in volts must be translated to nanometers using the slope of the approach 

force-distance curve. The sensitivity factor, Sz [nm/V], is the inverse of the slope. 

Subsequently, by introducing the cantilever force constant, kz [N/m], we can obtain the 

applied load (in nN): F = 𝐾𝑍𝑆𝑍∆𝑍.

Based on the defined set point, we can identify two regimes: (a) the repulsive regime, 

when the cantilever has a positive deflection (from B to C), and (b) the attractive regime 

with negative deflection (from D to E). 

3.3.2.2 Dynamic mode 

In dynamic mode, the feedback loop is based on monitoring the behavior of the vibrating 

cantilever as it approaches the sample surface. As it comes closer to the sample, the tip-

sample interactions induce variations in the cantilever’s frequency, amplitude, and phase 

relative to the reference oscillation. In principle, any of these variations in physical 

magnitudes can serve as a feedback parameter to track the properties of the sample 

surface,[3],[21],[22] which enables multiple operational modes. Among the various 
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working modes, the main ones are Amplitude Modulation (AM-AFM) and Frequency 

Modulation (FM-AFM), where the feedback parameters are the amplitude and the 

frequency shift of the cantilever, respectively.[3],[21],[22] 

In Amplitude Modulation (AM-AFM), the cantilever is excited at a fixed frequency, 

which could be at the resonance frequency or excited at higher eigenmode, such as the 

2nd or 3rd. The oscillation amplitude of the cantilever is monitored. As the tip approaches 

the sample surface, the frequency shifts by the action of the conservative forces and the 

oscillation amplitude decreases due to the dissipative interaction between the tip and the 

sample (see Figure 8a and 8b).[22],[23] During scanning, the tip-sample position is 

adjusted via the topographic feedback to maintain a constant amplitude. The phase map 

simultaneously acquired, which is very sensitive to compositional differences on the 

surface. 

The figure 9a and 9b illustrates how the amplitude and phase of the sensor change as the 

distance between the tip and the sample varies, enabling control of the measurements in 

either the attractive or repulsive region. Far from the sample (Z-position > 60 nm), the 

tip amplitude is 60 nm (free amplitude) and the phase is nearly 90°, indicating that the 

cantilever is being driven at resonance. As the tip approaches the sample (Z-position < 

60 nm in the figure), the tip phase begins to increase due to the attractive interactions. 

However, as the tip gets closer to the sample, a repulsive force also comes into play and 

at a certain distance (Z-position close to 40 nm), when the repulsive force outweighs the 

attractive one, the phase shifts below 90°. In our measurements, we mostly operate in 

the attractive regime. 
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Figure 8: (a) Conservative force versus distance interaction between an AFM tip and a 
surface; (b) Energy dissipation of the tip as it approaches the sample;[22]  

Figure 9: (a) Cantilever amplitude and (b) phase as a function of tip-sample distance.[24] 

(a)

(b)

(a)

(b) Attractive solution

Repulsive solution
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Commonly, topographic images provide accurate and real information about the sample 

surface. However, in some cases, if the chemical composition or physical properties vary 

within the scanning area, the topographic results may be inaccurate.[23] 

A common issue can be an incorrect height measurement. Figure 10 presents the 

topography of C8O-BTBT-OC8 films deposited on a P-type silicon dioxide substrate, 

obtained by AFM in contact mode (Figure 10a) and dynamic mode (Figure 10b). In this 

sample we see several terraces in the organic film surrounded by uncovered substrate. 

The expected single-layer height is 3.1 nm (see chapter 2.2.2). In the topography 

obtained via contact mode, the measured height of all the layers is about 3.1-3.2 nm, 

closely matching the reported layer height. However, in the topography acquired through 

dynamic mode, while the height of the fourth layer is also 3.2 nm, the height of the first 

layer is 2.6 nm, which is lower than the actual layer height. This discrepancy arises from 

differences in the physical properties of the substrate and the OSC film. Therefore, in 

our experiments, height measurements are consistently cross-checked using also contact 

mode for accuracy. 

In Frequency Modulation AFM (FM-AFM), changes in the cantilever’s resonant 

frequency (Δω) are monitored while scanning. The feedback mechanism maintains a 

constant frequency shift by adjusting the relative tip-sample position and constructs a 

constant Δω map by recording the relative piezo displacement. FM-AFM is not detailed 

here because it was not used in the experiments described in this thesis. 



Chapter3 MAIN METHODS AND TECHNIQUE 

51 

Figure 10. The topographies and height profile of the same sample obtained by contact 
mode (a, b) and dynamic mode (c, d). 

3.3.3 AFM advanced operation modes 

As mentioned earlier, AFM not only provides topographical information about the 

sample surface, but it is also sensitive to various physical and chemical interaction forces 

between the tip and the sample. This sensitivity enables the development of numerous 

specialized operation modes. The modes employed in this thesis will be detailed in the 

following sections. 

3.3.3.1 Friction force microscopy 

In Friction Force Microscopy (FFM), we measure the frictional forces along the 
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scanning path, which have an opposite force direction relative to the tip-sample 

motion.[14],[26] The friction generated by the tip's movement causes a torsion of the 

cantilever, which is detected by the lateral displacement of the laser spot in the four-

quadrant photodiode as described before.[14],[27],[28] The lateral force image is related 

to dissipation and therefore is very sensitive to differences in the chemical composition, 

crystallinity, or orientation of the different domains of the sample with heterogeneous 

composition.[27],[28],[14],[28],[29],[25] In the work presented in this thesis, FFM was 

used for qualitative assessment or comparison between areas in the same sample. 

Therefore unlike other studies,[30] we did not determine the torsion spring constant of 

the cantilever and the sensitivity factor for the lateral force. That is, the signal is given 

in volts. In our experiments, each line was scanned twice (trace and retrace) to produce 

two lateral force images with opposite directions, named as forward and backward. In 

the forward scanning image, a higher lateral force indicates higher friction, whereas in 

the backward scanning image, the high-friction areas appear with a darker color. To 

avoid confusion, we consistently show the forward scanning image of the lateral force. 

The friction is calculated from 1

2
(𝐿𝐹𝑓𝑜𝑟𝑤𝑎𝑟𝑑 − 𝐿𝐹𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑).

3.3.3.2 Kelvin probe force microscopy 

The work function (Ф) is a fundamental property of solid materials, defined as the 

amount of energy required to extract an electron from the Fermi level (EF) and place it 

at rest in free space above the vacuum level (Evac). The macroscopic Kelvin probe 

method directly measures the work function of a material. This method is based on the 

principle of a parallel-plate capacitor formed between the sample and an oscillating 
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metallic probe.[32],[33],[34],[35],[36] It was initially developed by Lord Kelvin and 

later refined by William Zisman several decades later.[36],[37] 

The KPFM measures the contact potential difference (CPD) between the AFM tip and 
the sample surface. The CPD (VCPD) between the tip and sample is described as: 

𝑉𝐶𝑃𝐷 =  
𝜙𝑡𝑖𝑝−𝜙𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
    (1) 

Where ϕtip and ϕsample are the work functions of the sample and tip, e is the electronic 

charge. 

Figure 11 illustrates how the energy levels of the tip and sample aligned, which are 

electrically connected but have different work functions. Electrons flow from the 

material with the lower work function to the one with the higher work function until their 

Fermi levels align. This electronic equilibrium creates a contact potential difference and 

electrostatic force between the tip and the sample. To counteract the electrostatic force, 

an additional bias voltage, known as the VCPD (Voltaic Contact Potential Difference), is 

applied between the probe and the sample. 

Figures 11: Definition and basic measurement setup of contact potential difference (CPD). 
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On the tip it is applied an AC voltage (VAC) and DC voltage (VDC). VAC is used to generate 

an oscillatory electrostatic force between tip and sample that will help us to measure and 

nullify the electrostatic interaction by means of a lock-in. VDC is used to nullify the 

oscillating electrical force and thus used to obtain the CPD in each pixel.  

The electrostatic force (Fes) between tip and sample can be given by: 

𝐹𝑒𝑠(𝑍) = −
1

2
∆𝑉2 𝑑𝐶(𝑧)

𝑑𝑧
(2) 

And ∆𝑉 is the potential difference, consisting in 𝑉𝐶𝑃𝐷 and the VDC applied on the tip,

it is: 

∆𝑉 = 𝑉𝑡𝑖𝑝 − 𝑉𝐶𝑃𝐷 = (𝑉𝐷𝐶 + 𝑉𝐶𝑃𝐷) + 𝑉𝐴𝐶 sin(𝜔𝑡) (3) 

Substituting Eq. (3) in Eq. (2) we get: 

𝐹𝑒𝑠(𝑧, 𝑡) = −
1

2

𝜕𝐶(𝑧)

𝜕𝑧
[(𝑉𝐷𝐶 + 𝑉𝐶𝑃𝐷) + 𝑉𝐴𝐶 sin(𝜔𝑡)]2     (4) 

This equation can be separated into three parts: 

𝐹𝐷𝐶 = −
1

2

𝜕𝐶(𝑧)

𝜕𝑧
[(𝑉𝐷𝐶 + 𝑉𝐶𝑃𝐷)2 +

1

2
𝑉𝐴𝐶

2]    (5) 

𝐹𝜔 = −
𝜕𝐶(𝑧)

𝜕𝑧
(𝑉𝐷𝐶 + 𝑉𝐶𝑃𝐷)𝑉𝐴𝐶 sin(𝜔𝑡)    (6) 

𝐹2𝜔 =
1

4

𝜕𝐶(𝑧)

𝜕𝑧
𝑉𝐴𝐶

2 cos(2𝜔𝑡)    (7) 

FDC results in a static deflection of the AFM tip, 𝐹𝜔 is used to measure the 𝑉𝐶𝑃𝐷, and

𝐹2𝜔 is used to measure the capacitance between the tip and sample surface. In KPFM

there is an extra lock-in amplifier employed to measure the 𝐹𝜔 that is nullified by the
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feedback of the Kelvin regulator. By this way, the 𝑉𝐶𝑃𝐷 value in each point is acquired,

form the map of surface potential of the whole sample surface. The obtained voltage map 

is also called surface potential (SP) map.  In our AFM, with VDC applied to the tip, a 

more positive value of the SP in one area respect to another area can be interpreted as a 

lower local work function. 

In AM-KPFM, the electrostatic force Fw is measured directly from the amplitude of the 

cantilever oscillation at ω induced by the VAC. The important parameters are the choice 

of ω for the electrostatic signal and the magnitude of VAC.   

In our experiments, we utilized a KPFM mode provided by Oxford Instruments, known 

as Nap mode. In Figure 12 the scheme illustrates how the NAP mode operates. It is 

conducted in two separate passes: the first is the surface pass (trace) indicated by a red 

dashed line in Figure 12, during which the AFM operates in the standard AM-dynamic 

mode to acquire the topographical map. The second is the Nap pass (retrace), indicated 

by the blue dashed line shown in Figure 12, during which there the mechanical 

oscillation is switched off and the standard Z feedback loop is turned off also, the tip can 

be approached towards the sample with a delta height. Instead, the tip is driven 

electrically with an AC bias at the same frequency (first eigenmode), being Fw is detected 

and nullified. In the Nap pass, in addition to the AC voltage, different delta height values 

also affect the accuracy of the Surface Potential (SP) information obtained. For delta 

height, the reference height is the center point of the cantilever oscillations. In our 

experiments, we normally set it at -10 nm, which indicates that the tip moves closer to 

sample surface by 10 nm during the second pass. This setting allows for more accurate 

SP measurements without the risk of the tip being too close to the sample and potentially 
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striking the surface. 

In our experiment, normally we set the target amplitude at 1V and the sensor we used 

most are NSC35/Pt, which has 30nm thickness Pt coating on the tip.  

Figure 12. The two passes in NAP mode.

3.4 X-ray Diffraction 

The structural information of the organic film is studied by X-ray diffraction. The 

wavelengths of electromagnetic waves for X-rays range from 0.1 to 100 Å. This 

wavelength(𝜆) range aligns well with the typical inter-atomic and inter-molecular 

distances found in solids, making X-rays highly effective for examining condensed 

matter at the atomic scale. X-ray waves exhibit positive interference after being scattered 

by the crystal planes when the incident wavelength satisfies Bragg’s law: 

  𝑛𝜆 = 2𝑑 sin 𝜃 (8) 

In this relation, 𝜃 is the angle of the incident wave (respect to the crystal plane), 𝑑 is the 

inter-planar distance of the sample, and n is an integer.   
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The scattering vector 𝑞 is defined as 𝑞=𝑘𝑓−k, and another expression of the Bragg’s law 

is:    

|𝑞| = 2|𝑘𝑖| sin 𝜃 =
4𝜋

𝜆
sin 𝜃  (9) 

This formula's physical meaning is that constructive interference occurs if the incident 

(𝑘𝑖) and scattered (𝑘𝑓) wave vectors coincide with the sample's reciprocal lattice 

vector.[37] The scattering vector is the fundamental variable used to present the results 

of a scattering experiment independent from the x-ray wavelength λ used in the 

experiment. 

Another fundamental property is that there is a critical angle at which total reflection 

occurs that allows measuring surfaces with enhanced sensitivity. By varying the angle 

of incidence, the penetration into the bulk can be controlled, which gives the means for 

performing a depth-dependent characterization. More detailed explanations about this 

topic can be found in the literature. [38],[39]  

To obtain the structural characteristics of the material, we primarily focus on the 

molecular arrangement along two directions of the reciprocal space: 𝑞𝑧 (perpendicular 

to the sample surface) and 𝑞𝑥𝑦 (along the sample surface). We acquire structural 

information in these directions through different tests: Specular X-ray diffraction (XRD) 

and grazing incidence X-ray diffraction (GIXD). It is also found in the literature as 

grazing incidence wide angle X-ray scattering GIWAXS. Using specular XRD, we can 

probe the component of the scattering vector perpendicular to the sample surface (𝑞𝑧), 

also called out-of-plane (OOP) scan. This allows us to obtain information such as film 

thickness, surface roughness, and lattice structure along the 𝑞z direction in reciprocal 
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space. For detailed information, refer to the literature.[41],[42] Using GIXD, we can 

probe the component of the scattering vector along the sample surface (𝑞𝑥𝑦). For detailed 

information, refer to.[42] 

Figure 13. (a) Randomly oriented (similar to powder) arrangements of crystallites, with 
no preference for a specific crystallographic orientation with respect to the substrate 
normal produce rings in the diffraction patterns. (b) Textured or oriented films with a 
distribution of crystallite orientations produce arcs of diffracted intensity. (c) Highly 
oriented films produce spots or ellipses. 

By analyzing the diffraction pattern shapes, we can infer and hypothesize the packing 

structure and degree of crystallinity of the molecules relative to the substrate surface. As 

shown in the Figure 13c, when the molecular arrangement in polycrystalline films is 

highly ordered with the crystalline planes parallel to the surface (textured film), the 

diffraction pattern appears as spots (Bragg peaks) along the qz direction. If there is 

misalignment in the orientation of the crystallites on the surface, the diffracted intensity 

appears as arcs. A complete random orientation (i.e. powder) would result in powder 

diffraction rings. [43]  

The results we show in chapter 4, 5 and 6 are acquired from the BL11-NCD-SWEET 

beamline of the ALBA Synchrotron (Spain) using a photon energy of 12.4 keV. Different 

incident angles were used, ranging between 0.091° and 0.151°, ensuring measurements 

qz

qxy

qz

qxy

qz

qxy

(a) (b) (c)
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with surface sensitivity or full thin film penetration while minimizing the substrate 

contribution. A large-area 2D Rayonix LX 255-HS detector was used, which consists of 

a pixel array of 2880 * 960 (V * H) with a pixel size of 88.54 *88.54 μm2 for the binning 

employed. The scattering vector (q) was calibrated using Cr2O3 as a calibration standard 

and pyFAI python library is used for the conversion from pixels to reciprocal space .[44] 

Figure 14: The equipment in ID28 at ESRF; (a) detector and sample stage; (b) The 
Linkam heating and cooling stage.  

3.5 Ultraviolet Photoemission Spectroscopy (UPS) 

For an introduction to the principles and analysis of UPS, please refer to the 

literature.[43], [45]. Here, we will primarily describe the specifics and setup of our 

experiment. 

The UPS tests were conducted at the photoemission spectroscopy facility located at the 

Institut Catala de Nanociencia i Nanotecnologia (ICN2). This facility comprises three 

UHV chambers, designated for load lock, preparation, and analysis. It allows us to install 

our own Knudsen cell for sample preparation and to perform in-situ experiments. The 

(a) (b)
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analysis system, which maintains a base pressure of 5 x 10-10 mbar, is outfitted with a 

SPECS Phoibos 150 hemispherical energy analyzer. UPS measurements were conducted 

using a monochromatic HeI UV source at 21.22 eV. The energy resolution, determined 

by the full width at half maximum (FWHM) of the Ag 3d5/2 peak from a sputtered silver 

foil, was recorded at 0.11 eV. To determine the work function of the samples from the 

secondary electron cutoff (SECO), spectra were collected with the samples biased at -10 

V. Additionally, an Au (111) single crystal served as the reference for establishing the

Fermi energy. 

Figure 15: (a) The Global overview of the XPS-UPS system at ICN2. (b) our sample in 
the analysis chamber. 

3.6 Fabrication and Characterization of OFETs 

In this section, we discuss the preparation methods and characterization techniques used 

for OFETs in this experiment. Detailed information on the structure, analysis, and data 

(a)
(b)
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processing methods of OFETs can be found in Chapter 2 and the relevant 

literature.[47],[48],[49],[50], [51],[52],[53],[54] Here, we primarily focus on the device 

fabrication process and characterization methods used in this study. 

In this thesis, we use OFETs to study the relationship between the packing structure of 

C8O-BTBT-OC8 and device efficiency. In our experiments, we employ a top contact, 

bottom gate device structure. A doped silicon piece with a 200 nm thick oxide layer 

serves both as the substrate for the device and as a dense dielectric layer. First, clean the 

silicon substrates according to the method described in Chapter 2. Then, place the 

substrates in the growth chamber to deposit the desired C8O-BTBT-OC8 thin film. After 

completing the film deposition, transfer the substrates with the organic thin film to the 

BOC Thermal Evaporator in the cleanroom. Using a shadow mask, deposit 50 nm of Au 

as the source and drain contacts. 

OFETs were measured during a synchrotron experiment in December 2023 in the 

beamline BM28 (XMaS) of the ESRF using a Keithley 2612B. 

Figure 16: (a) The schema of device structure we used in this thesis, (b) The shadow 
mask, (c) The device photo. 
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Temperature-induced polymorphism of a
benzothiophene derivative: reversibility and
impact on the thin film morphology†

Shunya Yan,a Alba Cazorla, a Adara Babuji,a Eduardo Solano, b Christian Ruzié,c

Yves H. Geerts,cd Carmen Ocal *a and Esther Barrena *a

The identification of polymorphs in organic semiconductors allows for establishing structure-property

relationships and gaining understanding of microscopic charge transport physics. Thin films of 2,7-

bis(octyloxy)[1]benzothieno[3,2-b]-benzothiophene (C8O–BTBT–OC8) exhibit a substrate-induced phase

(SIP) that differs from the bulk structure, with important implications for the electrical performance in

organic field effect transistors (OFETs). Here we combine grazing incidence wide-angle X-ray scattering

(GIWAXS) and atomic force microscopy (AFM) to study how temperature affects the morphology and

structure of C8O–BTBT–OC8 films grown by physical vapor deposition on SiO2. We report a structural

transition for C8O–BTBT–OC8 films, from the SIP encountered at room temperature (RT) to a high

temperature phase (HTP) when the films are annealed at a temperature T Z 90 1C. In this HTP structure,

the molecules are packed with a tilt angle (E391 respect to the surface normal) and an enlarged in-plane

unit cell. Although the structural transition is reversible on cooling at RT, AFM reveals that molecular layers

at the SiO2 interface can remain with the HTP structure, buried under the film ordered in the SIP. For

annealing temperatures close to 150 1C, dewetting occurs leading to a more complex morphological and

structural scenario upon cooling, with coexistence of different molecular tilts. Because the molecular

packing at the interface has direct impact in the charge carrier mobility of OFETs, identifying the different

polymorphs of a material in the thin film form and determining their stability at the interfaces are key fac-

tors for device optimization.

Introduction

Organic semiconductor (OSC) thin films based on p-conjugated
molecules are of enormous interest as active components for
electronic devices. The field has seen radical improvements in
the last decades with an increasing number of products in the
marketplace such as the organic light-emitting diode (OLED)
display technology.1,2 The development of organic field effect
transistors (OFETs) has not been as fast as for OLEDs and
although OFETs have become a commercially viable technology,
many issues related to fundamental research still remain elusive.3,4

The charge carrier mobility, which is one of the main perfor-
mance metrics for OFETs, relies on structural details at different
length scales that are not yet fully understood and satisfactorily
controllable.5–8 The crystalline structure adopted by small con-
jugated molecules is hold by weak intermolecular van der Waals
interactions, which confer to the OSC materials a high degree of
polymorphism. The identification of new or specific polymorphs
allows for establishing structure-property relationships and gain-
ing an understanding of microscopic charge transport physics.
In addition, polymorphism can represent an added value as it
provides access via growth conditions to metastable phases,
otherwise inaccessible under equilibrium conditions.9 In particular,
the solid-surface on which a thin film grows, can give rise to
surface-induced polymorphism.10 Hence, for thin films of some
molecular materials it is observed that the substrate stabilizes a
molecular packing that is different from the bulk structure. The
so-called thin-film phase of pentacene is the best-known example
of surface-induced phase (SIP).10–13 Because the degree of crystal-
line order and morphology of on-surface developed structures
are influenced by both, kinetic and thermodynamic factors, the
optimization of thin film OFETs requires exploring different
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growth parameters, including substrate temperature during
growth. As the molecular packing crucially determines the
properties of a material, polymorphism can have a direct
impact on the functional properties and time stability of
devices.14

Alkylated BTBT derivatives (Cn–BTBT–Cn) exhibit a high
carrier mobility (3–20 cm2 V�1 s�1),15–19 which has been related
to their tendency to grow on the SiO2 surface forming well-ordered
layers of standing molecules with a herringbone (HB) arrange-
ment of the BTBT cores.20 The crystalline packing in the thin-film
state is similar to that in the bulk single crystals.18,21,22 For 2,7-
dioctyloxy[1]benzothieno[3,2-b]benzothiophene (C8O–BTBT–OC8),
with an oxygen atom added between the BTBT and each alkyl
chain, important structural differences are found. The thermo-
dynamically stable crystalline phase (single-crystal structure) con-
sists of a triclinic structure with two molecules per unit cell
exhibiting a co-facial stacking in which adjacent molecules are
displaced respect to each other along the c-axis.21,23,24 In thin
films, however, the presence of a SIP structure has been reported,
which consists of a lamellar arrangement of the molecules with
herringbone packing of the BTBT cores within the lamellae.23–26

The reported SIP for C8O–BTBT–OC8 is isostructural with the
C8–BTBT–C8 structure.

10 A difference from the bulk phase, which
presents an inter-digitation of the alkyl chains, the (001) plane of
the SIP conforms to a flat substrate surface. The HB structure of
C8O–BTBT–OC8 has been observed to form on surfaces for films
prepared from vapour deposition26 as well as from solution
processing.14,23–25 A charge carrier mobility about 1 cm2 V�1 s�1

has been reported for OFETs based on thin films presenting the
SIP phase.14 Although this mobility is lower than that reported for
C8–BTBT–C8 OFETs, the investigation of the electrical properties
has been scarce and there is possible room for improvement via
processing or post-processing methods (e.g., solvent or thermal
annealing). Previous studies have reported that time or solvent
vapour annealing lead to a conversion towards the bulk
structure,24 indicating that the SIP is metastable. The effect of
temperature as a parameter has not yet been explored.

In this work, we combine synchrotron Grazing-Incidence
Wide-Angle X-ray Scattering (GIWAXS) and Atomic Force Micro-
scopy (AFM) to characterize the films grown by physical vapour
deposition on the native oxide surface of p-doped Si wafers. We
investigate the effect of temperature, either by using different
substrate temperatures during the growth or by post-annealing
treatments of films deposited at room temperature (RT).

Experimental section

GIWAXS experiments were performed at the BL11-NCD-SWEET
beamline of the ALBA Synchrotron (Spain) using a photon
energy of hn = 12.4 keV. Different incident angles were used,
ranging between 0.091 and 0.151, ensuring measurements with
surface sensitivity or full thin film penetration while minimiz-
ing the substrate contribution. A large-area 2D Rayonix LX 255-
HS detector, which consists of a pixel array of 2880� 960 (V� H)
with a pixel size of 88.54 � 88.54 mm2 for the binning employed,

was used to capture 2D images of the diffraction patterns. The
scattering vector (q) was calibrated using Cr2O3 as a calibration
standard and pyFAI python library.28 To improve the signal-to-
noise ratio and to check beam damage, 50 images with an
exposure time of 0.02 s were acquired and summed up at each
temperature and for each incident angle. The conversion of the
data to the reciprocal space was performed by using a developed
python routine, obtaining the out-of-plane (OOP), qz, and in-plane
(IP), qxy, components of the scattering vector corresponding to the
directions perpendicular and parallel to the surface, respectively.
Because of the grazing incidence geometry, a section cut obtained
along the vertical direction of the detector (so-called OOP section
cuts in the text) is not the real specular scan. 2D GIWAXS patterns
of annealed samples were collected in situ using the available
Linkam TMS600 heating stage adapted for grazing incidence
experiments to monitor the structural changes. Scattering patterns
were recorded under N2 gas flow with a step-wise temperature
profile, which consisted of a fast heating ramp (150 1C min�1)
and 5 minutes of annealing time before data collection. A set of
twin samples was annealed in a heating plate (5 minutes
annealing time in ambient conditions) and measured at room
temperature by AFM. In the extraction of the lattice parameters we
have considered the uncertainty given by the error propagation in
the equation, considering the uncertainty of the peak position,
i.e., the error of the Gaussian fit for each peak. In this way the
obtained uncertainty is o0.0008 Å for b and o0.02 Å for a.

C8O–BTBT–OC8 was synthesized as previously reported.21,24

Before films growth, the silicon substrates (Si-Mat, Germany) were
cleaned by sonication in acetone and ethanol, for 10 minutes in
each solution, and degassed in vacuum (B10�6–10�7 mbar) for
15 minutes at 250 1C. The thin films of C8O–BTBT–OC8 were grown
by physical vapour deposition in the same vacuum chamber, the
growth rate and film thickness were about 2–3 Åmin�1 and 14 nm,
respectively, as monitored by a quartz crystal microbalance (QCM).
For post-growth annealing the samples were kept 5 minutes at the
desired temperature.

AFM measurements in contact and dynamic modes were
performed at RT using a commercial instrument (Cypher ES,
Oxford instruments). For contact mode, silicon nitride tips were
used (cantilevers with a nominal spring constant k = 0.02 or
0.03 N m�1 from Bruker) whereas for dynamic mode we used Cr/
Pt-coated silicon tips (cantilevers with a nominal spring constant
k = 3 N m�1, from BudgetSensors). AFM data we analyzed with
AR SPM Software from Oxford Instruments and WxSM
freeware27 from Nanotech Electronica.

Results
1. Structural analysis by GIWAXS

Thin films of C8O–BTBT–OC8 (thickness E14 nm) were deposited
by physical vapour deposition in vacuum on silicon wafers at RT.
The film structure was measured by GIWAXS during post-growth
stepwise annealing of the sample (see the Experimental section).
Fig. 1a displays 2D GIWAXS patterns acquired at different tempera-
tures (patterns for other temperatures are displayed in Fig. S1, ESI†).
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Section cuts along the OOP and IP directions are provided in Fig. 1b
and c, respectively.

The diffraction pattern measured at RT agrees with the
reported HB structure for the C8O–BTBT–OC8 SIP, oriented
with the (001) plane parallel to the surface. The (001) crystalline
plane in the SIP forms a flat and compact surface formed by
densely packed alkyl chains that is stabilized by the flat surface.
In the 2D GIWAXS pattern of Fig. 1a, the scattering intensity
visible at qxy C 1.33 Å�1, 1.64 Å�1 and 1.95 Å�1 have been
indexed as (�1�1l), (02l) and (�12l), respectively. Such pattern,
with the absence of scattering intensity for (10l) or (02l), is
indicative of an in-plane rectangular cell (g = 901) with two
molecules per unit cell. The in-plane deduced unit cell (Table 1)
agrees with the previously reported,10 but with a slightly lower
value of the b-lattice parameter (o1%). The Bragg peak posi-
tion in the OOP direction (q = 0.204 Å�1) has an associated
inter-planar spacing of d = 30.8 Å in agreement with previous
reports, although the (001) Bragg peak appears at a slightly
larger q-position (Fig. S1 in ESI†). The average molecular tilt
respect to the surface normal, estimated from the molecular
length (L = 33.88 Å) and the inter-planar distance results in y C
241, corresponding to the tilt of the alkyl chains in this structure.24

At a temperature of E90 1C, a remarkable change in the
diffraction pattern points to the formation of a new poly-
morphic phase. Hereafter, this phase is referred to as the high
temperature phase (HTP). As it can be appreciated in Fig. 1b,

the structural transition involves a shift of the (001) Bragg peak
to a larger q (q = 0.237 Å�1), which leads to dHTP E 26.5 Å, a
considerably reduced inter-planar spacing. In the 2D GIWAXS
pattern still three rods are visible at qxy C 1.17 Å�1, 1.58 Å�1

and 1.81 Å�1, i.e., shifted respect to those for the SIP structure
(Fig. 1a and c). Note that the structural change is accompanied
by a marked variation in the intensity distribution along qz.
Although there are not enough independent Bragg diffraction
peaks to determine the six lattice constants (a, b, c, a, b and g) of
the crystallographic unit cell, the analysis can be simplified by
some reasonable assumptions. The absence of diffraction
features in the low qxy region (i.e., absence of (10l) and (01l))
allows us to presume that the symmetry of the unit cell is
preserved; therefore, the three rods can be indexed as (�1�1l),
(02l) and (�12l). Under these assumptions, there are only four
parameters to be determined in the monoclinic unit cell: a, b, c
and b (the angle between c and a). The lattice parameters a and
b can be directly extracted from the peak position of the (020)
and the qxy component of the (�1�1l) rod; c and b are deduced
from the qz component of the (�1�10) reflection (qz = 0.44 Å�1)
and the (001) Bragg position. Further details are presented in
the ESI.† The calculated lattice parameters are given in Table 1.
The in-plane unit cell changes from aSIP = 6.02 Å and bSIP = 7.66 Å
in the SIP to aHTP = 7.05 Å and bHTP = 7.87 Å in the HTP.
The enlargement of the lattice parameter a and the reduction of
the angle b are the most noticeable changes in the structural
transition. Overall, the changes observed by GIWAXS are con-
sistent with a scenario in which the molecules are tilted with
respect to the surface normal. Notably, the intensity of the (02l)
reflection remains in-plane while the scattering intensity in the
(�1�1l) and (�12l) is enhanced out-of-plane, indicating that
the molecules are tilted towards the a-axis. Given that the BTBT
cores are the most electron-dense parts of the molecule, the
observed intensity enhancement along the (�11l) and (�12l)
rods can be interpreted as a sign of the tilt of the BTBT cores
(not uniquely the alkyl chains). The average molecular tilt from
the surface normal estimated from the molecular length and
dHTP is y C 38.51, without taking into account any possible tilt
difference between core and alkyl chains.

We have used the GIDSimulator software29 to simulate the
diffraction pattern with the extracted parameters for the HTP,
obtaining the diffraction spots (Fig. 2a), which match with the
recorded scattering pattern. The temperature induced structural
transition from the SIP to the HTP is illustrated in Fig. 2b.

Fig. 1 (a) 2D GIWAXS patterns of a C8O–BTBT–OC8 thin-film (incidence
angle of 0.131) acquired at the indicated temperatures. The horizontal line
appearing at qz C 0.24 Å�1 is produced by the CCD camera blooming due
to the high intense signal of the (001) peak. Line cuts along the out-of-
plane (b) and in-plane (c) directions. Additional 2D GIWAXS patterns and
OOP cuts (larger q range) are provided in Fig. S1 (ESI†) for all employed
temperatures. The data acquired at RT after annealing the film at 160 1C in
(b) and (c) have been multiplied by a factor of 5 (grey lines).

Table 1 Unit-cell parameters of the C8O–BTBT–OC8 film for the two
observed structures. The parameters of the HTP structure are obtained
from the GIWAXS acquired at 90 1C

C8O–BTBT–OC8 (SIP) C8O–BTBT–OC8 (HTP)

Crystal system Monoclinic Monoclinic
a (Å) 6.02 7.05
b (Å) 7.66 7.87
c (Å) 31.08 29.2
a (1) 90 90
b (1) 97 63.9
g (1) 90 90
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The HTP remains visible for substrate temperatures above
90 1C. Nevertheless, the peaks show a visible reduction of the
intensity beyond 100 1C (see Fig. 1b and c), a fact that indicates
that some molecular desorption occurs induced by thermal
annealing. The absence of diffraction features at 160 1C (pink
lines) can be interpreted as the full desorption of the film and/
or as a change into a disordered state. Indeed, measurements
taken at RT, after cooling down the film, reveal the presence of
fairly faint structural features, confirming the desorption of
most of the film. The OOP intensity (grey line in Fig. 1b) shows
two dominant peaks at qz = 0.235 Å�1 and 0.258 Å�1 (see fitting
details in Fig. S2 in ESI†), corresponding to an interlayer
spacing of 26.7 Å and 24.3 Å, respectively. This observation is
interpreted as the coexistence of different tilt angles in the
remaining molecular film. Furthermore, the in-plane data (grey
line in Fig. 1c and Fig. S2, ESI†) shows a weak in-plane intensity
at 1.58 Å�1 that gives evidence of a molecular layer with
prevalence of the HTP structure. The values of the d001 spacing
calculated at each temperature have been displayed in Fig. 2c.

In the following, we address the reversibility of the structural
transition by AFM as well as the impact that the substrate
temperature during growth has on the morphology of the films.

2. Thin film morphology analysis by AFM

Fig. 3a shows the surface morphology of a C8O–BTBT–OC8 thin
film (14 nm nominal thickness) deposited on the SiO2 substrate
at RT (25 1C). As it can be seen in the displayed images, the
surface exhibits a quite laterally homogeneous morphology.
The magnified image at the inset shows terraced islands with a
round shape on top of a continuous film. Taking into account

the QCM nominal thickness, the continuous film is estimated
to be formed by four complete single molecular layers. A step
height of 3.2 � 0.1 nm is obtained (Fig. S3, ESI†), which is in
agreement with the reported interlayer distance of the SIP
structure.24 The consequences that post-growth annealing has
on the film morphology can be seen in Fig. 3 for 100 1C (b),
130 1C (c) and 150 1C (d). We note that all AFM images were
obtained after the sample was allowed to cool down at RT after
each annealing treatment.

Several important changes in the morphology are observed
for the sample post-annealed to 100 1C (Fig. 3b). On the one
hand, the number of levels exposed at the film surface is lower
than in the as-grown film. The height of the individual layers is
the same as in as-deposited films, indicating that the structural
transition observed by GIWAXS is reversible and that the HTP
transforms back to the SIP structure after cooling down. On the
other hand, the top-most layer consists of laterally extended

Fig. 2 (a) 2D diffraction pattern measured at 90 1C and simulated pattern
(pink dots) for the HTP structure with the unit cell parameters given in
Table 1. (b) Sketch illustrating the main changes involved in the structural
transition from the SIP to the HTP structure with annealing temperature:
tilting of the molecules and expansion of the a-lattice parameter. (c) Inter-
planar spacing at different temperatures extracted from the (001) peak.
After annealing, the film was cooled down and measured at 25 1C (final);
the values appear with square symbols, the smaller size of one of them
indicates the lower intensity of the corresponding peak (see Fig S2 in ESI†).

Fig. 3 AFM topographic images of 14 nm (nominal) of C8O–BTBT–OC8

deposited on SiO2 at RT (25 1C) (a) and after post-annealing during 5 min at
diverse temperatures: 100 1C (b), 130 1C (c) and 150 1C (d). The lateral size
of the large images is 30 mm � 30 mm and the dimensions of the image in
the inset in (a) is 210 nm � 210 nm. The cartoons are schematic
representations of the respective film morphology based on topographic
profiles analysis of the images. Yellow color is associated to SIP (upright
molecules) and green to tilted molecular layers. Note: all images were
taken at RT.
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islands that cover about 62% of the surface and shows small
voids of one single layer depth. These holes might be the
combined result of non-filled space after coalescence of the
lateral growing regions and molecular desorption. This sort of
flattening process is explained by an increased mobility of the
molecules on the surface and a reduction of the Ehrlich–
Schwoebel barrier when increasing the temperature.30 The
post-annealing treatment done has a smoothening effect on
the morphology. After annealing the film at 130 1C (Fig. 3c), a
further lateral enlargement of the terraces (with lateral sizes
surpassing tens of micrometres) is seen. Despite a large vertical
scale arising from newly created pitches reaching the substrate
(Fig. S4 in ESI†), few topographic levels are seen. Interestingly,
the thickness of the film has decreased as determined by the
pitches depth, which confirms the initiation of molecular
desorption from the film. This observation is fully consistent
with the observed decrease of scattering intensity in the
GIWAXS pattern for annealing temperatures above E100 1C.

The surface morphology dramatically changed upon a post-
annealing temperature of 150 1C (Fig. 3d). Large multi-layered
mounds with a circular shape (domes) appear on the surface
(labelled I), with a diameter of several micrometers and a
height of some tens of nanometers. These domes cover only
about 10% of the surface and are surrounded by a corona and a
considerably flat surrounding film (labelled II). Such morphology
is characteristic of a film dewetting process. The differences
among these two regions are illustrated in Fig. 4. A magnification
of the stepped side of onemound is shown in Fig. 4a. We first note
that the exposed terraces at this multi-layered region have step
heights varying between 2.6 and 2.9 nm, i.e., lower than the
interlayer spacing of the SIP structure. This result is quantitatively
illustrated in Fig. 4b, where the height distribution of the image
recorded in region I is superimposed to a grid made out of vertical
dotted lines separated by 3.2 nm, the interlayer distance measured

for the RT film. This observation agrees with the GIWAXS data
(Fig. 2c), confirming the coexistence of diverse tilted configura-
tions after cooling the annealed C8O–BTBT–OC8 films. There is no
clear correlation between the molecular tilt and the terrace level.

As it can be seen in the corresponding magnification (Fig. 4c),
region II is fairly flat, consisting of two film surface levels. The
uncovered substrate is visible only through a few pinholes or
voids (see white arrows in the figure), which allow us determin-
ing the layer thickness by topographic profile analysis (Fig. 4d).
The molecular layer with the lowest height has a measured
thickness that ranges between 2.3 and 2.8 nm, depending
on the surface location. The highest level is B3.2 nm thick, as
corresponds to that expected for the SIP structure. On the basis
of the GIWAXS results, we suggest that these regions correspond
to one single molecular layer at the film/SiO2 interface, that
remains in the HTP structure when cooling from high temperature
to RT, due to an incomplete transition from the HTP to the SIP.
Since the SIP phase is denser than the HTP, voids are formed
within the layer (white arrows). Moreover, the thinner molecular
layer is easily removed due to the sweeping action of the tip
while scanning in contact mode, likely indicating a defective
packing (Fig. S5 in ESI†).

The impact that the morphological changes have on the
surface roughness of the film has been analyzed in terms of the
root mean square (RMS) calculated for large scale AFM topo-
graphic images (900 mm2) at the different post-annealing tem-
peratures. The data depicted in Fig. 5a show that the roughness
of the as-grown films (RMS = 3 nm) considerably decreases by
more than 50% after post-annealing at 100 1C. For subsequent
temperature treatments, a relatively low increase of RMS is
seen, in accordance with the similar number of exposed levels
(Fig. 3b–d). For the post-annealed samples at 150 1C, two values
were estimated that correspond to areas including or excluding
the tall round mounds (pink and blue symbols, respectively).
A plot of the interlayer spacing (layer thickness) measured by
AFM after post-annealing at different temperatures is presented
in Fig. 5b. From the AFM results, we conclude that the HTP
structure reverses to the SIP after cooling the films to RT if the
annealing temperature is kept lower than that of the dewetting
transition (E150 1C).

Fig. 4 AFM topographic images taken in region I (a) and region II (c) of the
C8O–BTBT–OC8 film, at RT after being post-annealed at 150 1C (magnifed
regions of Fig. 3d). (b) Height distribution of the image in (a), the vertical
dotted lines every 3.2 nm serve as a reference to show that the diverse step
heights deviate from the interlayer distance measured for the SIP structure.
(d) Line profile corresponding to the blue segment in (c).

Fig. 5 (a) Root mean squared (RMS) surface roughness for the as-grown
sample at 25 1C and for post-annealed films at the indicated temperatures
(all measured at RT). The pink symbol corresponds to an area including the
multilayer mound of region I of the sample post-annealed at 150 1C.
(b) Height of single molecular layers obtained from AFM topographical
images after post-annealing at different temperatures (the estimated error
is �0.1 nm).
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In order to gain insight into the role of temperature as a
growth parameter, we next analyze the morphology of thin
films grown at different substrate temperatures and measured
after cooling down to RT. Here the thickness of the films is found
to be similar for all the growth temperatures. We note that sample
cooling down inside the high vacuum chamber takes place with a
lower rate than in the post-annealing experiments. In Fig. 6, the
morphology obtained for thin films grown at 25 1C (a), 85 1C (b)
and 130 1C (c) can be compared. As expected, increasing the
substrate temperature during growth results in smoother films
with larger terraces. However, the most important observation is
the presence of step heights of only B0.6 nm (white arrows in
Fig. 6c). Conversely to higher steps also seen at the surface (black
arrows in the figure), the low-height steps do present a particu-
larity: their edges are smoother and show no contrast in the lateral
force image (Fig. 6d).

Further comparison between topography and lateral force
data are supplied in Fig. S6 (ESI†). It is worth noting that the
contour of topographical features, in particular steps edges, is
commonly distinguished in lateral force images as a result of
the cantilever twist during upwards or downwards crossing a
step due to topographical effects.31 The fact that the low-height
steps are not apparent in the lateral force signal suggests that
they arise from a buried topographical feature. We propose that
the buried steps are due to the boundary SIP and HTP, both
present at the film/SiO2 interface (Fig. 6f). Remarkably, the
upper layers exhibit the SIP structure (also illustrated in Fig. 6f).

This result indicates that in spite of complete reversibility of the
polymorphic transition, the molecular interaction with the
substrate might stabilize the tilted phase at room temperature.

It is well established that polymorphism can have an important
impact on the charge transport. The transfer integral values, which
reflect the degree of electronic overlap between electronic levels
in neighbouring molecules, can be significantly affected by differ-
ences in the molecular packing. In this respect, a theoretical study
on strain-induced polymorphism in C8–BTB–C8 has revealed how
the strained in-plane latticemodifies the electronic overlap between
neighboringmolecules, affecting the bandwidth.32 We note that for
practical applications, a tilted arrangement of the BTBT cores in the
HTP is expected to result in reduced p-overlap and, herewith, in a
lower field-effect mobility in OFETs, a topic worthy of being
explored in future studies. The evaluation of the effects that the
cooling rate and different annealing protocols have on the structure
of C8–O–BTBT–OC8 thin films can help to gain a better under-
standing of the thermodynamic and kinetic factors affecting the
stability of each polymorph.

One of the implications of the present work is that, although
the film morphology and crystalline quality of the film can be
improved by selecting the adequate growth temperature, even a
small fraction of HTP at the interface would affect the device
performance. The determination of the exact temperature for
the polymorphic transition as well as the impact of the film
thickness remain as open questions to be addressed in future
studies.

Conclusions

By means of in situ GIWAXS measurements during thermal
annealing of C8O–BTBT–OC8 thin films, we have observed a
structural transition from the surface inducted phase (SIP)
encountered at RT to a high temperature phase (HTP) for
T Z 90 1C. In this HTP structure, the molecules are packed in
a tilted configuration (E391 from the surface normal) that also
causes a larger in-plane a lattice parameter. The AFM results
allow concluding that the structural transition is reversible,
i.e., HTP transforms back to the SIP after cooling down to RT,
if the post-annealing temperature is kept lower than 150 1C
(transition towards film dewetting). A more complex morpholo-
gical scenario occurs after annealing at temperatures close
to 150 1C, leading to the coexistence of different molecular
tilts at RT.

Improved film planarity is obtained if, instead of submitted
to relatively short post-annealing treatments, the films are
grown at the adequate substrate temperature. AFM data reveals
that, on cooling down the films, the HTP to SIP transition may
be not fully reversible at the organic/SiO2 interface, where
molecular layers in the HTP remain buried under the film
ordered in the SIP.

The possible coexistence of SIP and HTP at that interface
(plausibly affected by both, the annealing protocol and the
cooling rate) can have a negative impact on the field-effect
mobility in OFETs and deserve a further investigation.

Fig. 6 AFM topographic images obtained at RT for C8O–BTBT–OC8 films
with a nominal thickness of 14 nm grown at 25 1C (a), 85 1C (b) and 130 1C
(c). (d) Lateral force image corresponding to (c). (e) Height distribution of
the area enclosed within the dashed blue square in (c). Blue lines in (e) are
the Gauss fits of the histogram. (f) Schematic cross section sketch of the
film along the light blue segment indicated in (c).

Paper PCCP

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
4 

O
ct

ob
er

 2
02

2.
 D

ow
nl

oa
de

d 
on

 8
/1

/2
02

4 
11

:4
8:

18
 A

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online

78



24568 |  Phys. Chem. Chem. Phys., 2022, 24, 24562–24569 This journal is © the Owner Societies 2022

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was funded by the projects PID2019-110907GB-I00
and FUNFUTURE CEX2019-000917-S from MCIN/AEI/10.13039/
501100011033. S. Y. is financially supported by the China
Scholarship Council (CSC) under Grant No. 202006990034. This
work has been carried out within the framework of the doctoral
program of Material Science (Department of Physics) of the
Universitat Autònoma de Barcelona (UAB). GIWAXS experiments
were performed at the beam line BL11 – NCD-SWEET at ALBA
Synchrotron with the collaboration of ALBA staff. Y. H. G. is
thankful to the Belgian National Fund for Scientific Research
(FNRS) for financial support through research projects BTBT (No.
2.4565.11), Phasetrans (No. T.0058.14), Pi-Fast (No. T.0072.18), 2D
to 3D (No. 30489208), and DIFFRA (No. U.G001.19). Financial
support from the Fédération Wallonie-Bruxelles (ARC No. 20061)
is also acknowledged.

References

1 H. Sasabe and J. Kido, Recent Progress in Phosphorescent
Organic Light-Emitting Devices, Eur. J. Org. Chem., 2013,
7653–7663.

2 J. D. Myers and J. Xue, Organic Semiconductors and their
Applications in Photovoltaic Devices, Polym. Rev., 2012, 52,
1–37.

3 B. Yunlong Guo, G. Yu, Y. Liu, Y. L. Guo, G. Yu and Y. Q. Liu,
Functional Organic Field-Effect Transistors, Adv. Mater.,
2010, 22, 4427–4447.

4 C. Wang, X. Zhang, H. Dong, X. Chen and W. Hu, Chal-
lenges and Emerging Opportunities in High-Mobility and
Low-Energy-Consumption Organic Field-Effect Transistors,
Adv. Energy Mater., 2020, 10, 2000955.

5 S. Ahmed and J. Yi, Two-dimensional transition metal
dichalcogenides and their charge carrier mobilities in
field-effect transistors, Nano-Micro Lett., 2017, 9, 1–23.

6 G. Schweicher, Y. Olivier, V. Lemaur and Y. H. Geerts, What
Currently Limits Charge Carrier Mobility in Crystals of
Molecular Semiconductors?, Isr. J. Chem., 2014, 54, 595–620.

7 R. J. Kline and M. D. McGehee, Morphology and Charge
Transport in Conjugated Polymers, J. Macromol. Sci., 2007,
46, 27–45.

8 S. Fratini, M. Nikolka, A. Salleo, G. Schweicher and
H. Sirringhaus, Charge transport in high-mobility conju-
gated polymers and molecular semiconductors, Nat. Mater.,
2020, 19, 491–502.

9 D. Gentili, M. Gazzano, M. Melucci, D. Jones and
M. Cavallini, Polymorphism as an additional functionality
of materials for technological applications at surfaces and
interfaces, Chem. Soc. Rev., 2019, 48, 2502–2517.

10 A. O. F. Jones, B. Chattopadhyay, Y. H. Geerts and R. Resel,
Substrate-Induced and Thin-Film Phases: Polymorphism of

Organic Materials on Surfaces, Adv. Funct. Mater., 2016, 26,
2233–2255.

11 R. Ruiz, D. Choudhary, B. Nickel, T. Toccoli, K. C. Chang,
A. C. Mayer, P. Clancy, J. M. Blakely, R. L. Headrick,
S. Iannotta and G. G. Malliaras, Pentacene thin film growth,
Chem. Mater., 2004, 16, 4497–4508.

12 S. E. Fritz, S. M. Martin, C. D. Frisbie, M. D. Ward and
M. F. Toney, Structural Characterization of a Pentacene Mono-
layer on an Amorphous SiO2 Substrate with Grazing Incidence
X-ray Diffraction, J. Am. Chem. Soc., 2004, 126, 4084–4085.

13 S. C. B. Mannsfeld, A. Virkar, C. Reese, M. F. Toney and
Z. Bao, Precise Structure of Pentacene Monolayers on Amor-
phous Silicon Oxide and Relation to Charge Transport, Adv.
Mater., 2009, 21, 2294–2298.

14 T. Salzillo, A. Campos, A. Babuji, R. Santiago, S. T. Bromley,
C. Ocal, E. Barrena, R. Jouclas, C. Ruzie, G. Schweicher,
Y. H. Geerts and M. Mas-Torrent, Enhancing Long-Term
Device Stability Using Thin Film Blends of Small Molecule
Semiconductors and Insulating Polymers to Trap Surface-
Induced Polymorphs, Adv. Funct. Mater., 2020, 30, 2006115.
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R. Resel, C. Röthel, C. Ruzié, O. Werzer and M. Sferrazza,
Substrate-induced phase of a [1]benzothieno[3,2- b]ben-
zothiophene derivative and phase evolution by aging and
solvent vapor annealing, ACS Appl. Mater. Interfaces, 2015, 7,
1868–1873.

25 B. Schrode, A. O. F. Jones, R. Resel, N. Bedoya,
R. Schennach, Y. H. Geerts, C. Ruzié, M. Sferrazza,
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Cell parameters calculation 

In a monoclinic system, such as the ones observed for C8O-BTBT-OC8 thin-film, c parameter can be directly determined from the 
out-of-plane spacing and the angle between c and a-axis ( ), as described by equation S1: 

(S1)

In general, for crystal structures with the (001) plane parallel to the substrate surface, in-plane and out-of-plane components of 
the reciprocal vector q can be written as equations S2 and S3, respectively: 

qxy2 = qx2+ qy2 =   h2za2+ k2zb2- 2hk za zb cos γ (S2) 

qz = ha*cosβ* + kb*cos α* + lc* (S3) 

where za =2π / (a sin γ) and zb =2 π / (b sin γ), and a*, b*, c*, α*, β* refer to reciprocal lattice parameters. Thus, from in-plane q-
values (qxy) the unit cell parameters a, b, and γ can be determined, while out-of-plane q-values (qz) lead to parameters c, α, and 
β.1  

According to equation S2, the lattice parameter b can be extracted from the in-plane position of the (020) peak. If γ is assumed 
to be 90°, b parameter is given by equation S4: 

 (S4) 

Once the b parameter is calculated, the lattice parameter a can be extracte41d from the in-plane position of the (-1-20) 
peak,  following the equation S5: 

(S5) 

Additionally, since we observe a third diffraction rod, we can verify the calculated unit cell parameters by comparing the expected 
position for (-1-10) with the observed position. The expected position for (-1-10) is given by equation S6:  
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(S6) 

For each lattice parameter we have considered the uncertainty given by the error propagation in the equation, considering the 
uncertainty of the peak position, i.e., the standard deviation given by the Gaussian fit for each peak.  

Figure SI1. 2D GIWAXS patterns of a C8O-BTBT-OC8 thin film (incidence angle of 0.13°) acquired at each temperature. The 
horizontal line appearing qz 0.24 Å-1 is a blooming effect from the CCD camera employed. Line cuts along the out-of-plane 
direction are plotted.  

Figure SI2. Multiple peak Gaussian fit of the (001) peak from C8O-BTBT-OC8 films at 25°C after post-annealing at 160 °C (grey 
spectrum in Figure 1b after background subtraction). The table corresponds to the results of the fits with Gaussian functions. The 
three peaks are centered at 0.214 Å-1, 0.235 Å-1and 0.258 Å-1. 
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Figure SI3. Topographic AFM image of the C8O-BTBT-OC8 film (nominal thickness of 14 nm) grown at RT (a). (b) Height distribution 
of the image in (a).

Figure SI3a is the topography of a thin film of C8O-BTBT-OC8 with a nominal thickness of 14 nm, grown at 25  (room 
temperature). The film consists of 4 complete layers (each with single layer height) plus one nearly complete layer (large brown 
layer in the image) and islands with two or three layers. The height estimated from the histogram (Figure SI3b) indicates that the 
molecules within the film are nearly perpendicular with respect to the silicon substrate, as corresponds to the SIP structure. 

Figure SI4. (a) Topographic AFM image of a C8O-BTBT-OC8 film (nominal thickness of 14 nm) grown at RT and cooled down to RT 
after post-annealing at 130 , (b) height profile corresponding to the blue segment in (a). The sketch in (c) illustrates 
schematically the height profile correspondence between height and number of layers indicated in (b).

As it can be seen from the topographic profile (blue line) in Figure SI4b, reaching the substrate, the film consists of regions 2 and 
3 layers thick.  
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Figure SI5. Trace (a) and retrace (b) topographic AFM images for a C8O-BTBT-OC8 film (nominal thickness of 14 nm) grown at RT 
and cooled down to RT after post-annealing at 150 °C. As it can be seen at the areas marked in blue, the lower layer is easily 
penetrated by the tip during scanning. The lateral size of the image is 30 μm x 30 μm. 

In Figure SI5 we show the trace and retrace images of the sample post-annealed at 150 °C. In region I (see detailed explanation 
in the main manuscript), the flat film of 2.5 nm thickness is easily damaged by tip scanning. In addition, some holes appear 
between the HTP and SIP structures arising from the different molecular density of these phases. 

Figure SI6. Topographic AFM image (a) and simultaneously obtained later force image (b) for a C8O-BTBT-OC8 film (nominal 
thickness of 14 nm) grown at 130 . The area marked by green and dashed blue squares correspond to Fig.6c and a hole reaching 
down the substrate, respectively. 

Figure SI6 is a larger image of the region imaged in Figure 6c of the main manuscript. It is clearly seen that the low 0.6 nm steps 
do not show any contrast in the lateral force (LF) image. Some other regions with similar steps can be identified, this fact 
demonstrates that, upon cooling at RT after the post-annealing treatment, some regions remain in the HTP structure while other 
regions convert to the most stable SIP at RT.  

[1] J. Simbrunner, C. Simbrunner, B. Schrode, C. Röthel, N. Bedoya-Martinez, I. Salzmann and R. Resel, Indexing of grazing-

incidence X-ray diffraction patterns: The case of fibre-textured thin films, Acta Crystallogr. Sect. A Found. Adv., 2018, 74, 

373–387.
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ABSTRACT: Understanding structure and polymorphism is
relevant for any organic device optimization, and it is of particular
relevance in 7-decyl-2-phenyl[1]benzothieno[3,2-b][1]-
benzothiophene (Ph-BTBT-10) since high carrier mobility in
Ph-BTBT-10 thin films has been linked to the structural
transformation from the metastable thin-film phase to the
thermodynamically stable bilayer structure via thermal annealing.
We combine here a systematic nanoscale morphological analysis
with local Kelvin probe force microcopy (KPFM) that
demonstrates the formation of a polar polymorph in thin films
as an intermediate structure for thicknesses lower than 20 nm. The
polar structure develops with thickness a variable amount of
structural defects in the form of individual flipped molecules (point
defects) or sizable polar domains, and evolves toward the reported nonpolar thin-film phase. The direct experimental evidence is
supported by electronic structure density functional theory calculations. The structure of the film has dramatic effects on the
electronic properties, leading to a decrease in the film work function (by up to 1 eV) and a considerable broadening of the occupied
molecular orbitals, attributed to electrostatic disorder. From an advanced characterization point of view, KPFM stands out as a
valuable tool for evaluating electrostatic disorder and the conceivable emergence of polar polymorphs in organic thin films. The
emergence of polar assemblies introduces a critical consideration for other asymmetric BTBT derivatives, which may be pivotal to
understanding the structure−property relationships in organic field-effect transistors (OFETs). A precise determination of any polar
assemblies close to the dielectric interface is critical for the judicious design and upgrading of high-performance OFETs.

■ INTRODUCTION

In recent years, significant progress has been made in the
development of novel π-conjugated organic materials used as
active layer in high-performance organic electronic devices.1−4

Heteroarenes with fused aromatic rings, such as [1]-
benzothieno[3,2-b]benzothiophene (BTBT) derivatives, qual-
ify among the best-performing organic semiconductors for
field-effect transistors (OFETs) with a charge carrier mobility
over 10 cm2 s−1 V−1 and excellent air stability.5−7 Further
applications extend to photodetectors/phototransistors or to
their use as donors to form organic charge-transfer (CT)
complexes.5,6 Furthermore, the high designability of BTBT
derivatives has enabled the formation of a variety of symmetric
and/or asymmetric alkylated BTBT molecular structures.8−13

Besides their role in enhancing molecular solubility, long
alkyl chain side groups serve to improve the intermolecular
packing, leading to a lamella-like structure (where the
interlayer distance correlates with the length of the molecule)
and a herringbone (HB) arrangement of the π-cores that
allows for efficient π−π overlap between adjacent molecules.

Indeed, the excellent charge transport properties of OFETs
based on thin films of dialkyl BTBT derivatives can be
attributed to the layered crystalline structure consisting of an
alternating stack of alkyl chain and BTBT core layers.5

Furthermore, the synthesis of asymmetric BTBT derivatives
with nonidentical side groups, has prompted a large number of
studies because they offer greatly improved thermal stability
and liquid crystalline (LC) phases that can be used to engineer
the morphology of the films.10,14−17,19 While van der Waals
forces are the dominant interactions between nonpolar
molecules, dipolar electrostatic interactions also come into
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play for building blocks with an unbalanced distribution of the
electronic density.
In particular, the monoalkylated 7-decyl-2-phenyl[1]-

benzothieno [3,2-b][1]benzothiophene (Ph-BTBT-10) is a
fascinating BTBT derivative that has gained significant
attention due to its excellent high carrier mobility in p-type
OFETs.10,14,18 LC phases emerging at higher temperatures (T
> 145 °C)23−25 can be exploited for morphological and
structural control. A key to the high performance of Ph-BTBT-
10 in OFETs is the bilayer arrangement. As determined by
single-crystal X-ray diffraction (XRD),26 in the bilayer
structure the Ph-BTBT-10 molecules stack on top of each
other in a head-to-head (or tail-to-tail) fashion, resulting in a
stacking periodicity of dBL = 5.30 nm, i.e., twice the molecular
length (Figure 1).23−26 The molecules are unidirectionally

oriented within each half-bilayer, with the BTBT cores
adopting an in-plane HB organization similar to that for
symmetric derivatives. As a result of the asymmetric nature of
the Ph-BTBT-10 and the associated electrical dipole, each half-
bilayer is polar, whereas the entire BL is nonpolar. The HB
packing of the molecular π-cores favors the two-dimensional
transport and affords high carrier mobility.14,26,27
During thin-film growth, the development of metastable

crystalline structures that differ from the bulk structures is a
widespread phenomenon in organic materials,28 that also takes
place in Ph-BTBT-10. Unlike single crystals, for films grown at
room temperature (RT), the molecules have been found to
adopt a layered structure with an interlayer spacing of dTF =
2.65 nm, i.e., corresponding to a packing of single molecular
layers (SL) and referred to as a thin-film phase. The high
carrier mobility in OFETs based on Ph-BTBT-10 thin films has
been linked to the structural transformation from the
metastable thin-film phase to the thermodynamically stable
BL stacking via thermal annealing at T > 110 °C, rendering

approximately ten times larger mobility.14 The formation of SL
and BL structures as well as the structural transition between
them by thermal annealing has also been found for other
monoalkylated BTBT derivatives11,15,29−34 and other asym-
metric materials,35,36 suggesting that they are common among
asymmetric molecules.
The molecular packing in the thin-film structure was under

debate until the structure was finally determined by wide-angle
X-ray scattering in a study carried out on 60 nm-thick films.21
The reported structure is presented in Figure 1b. Molecules in
the thin-film polymorph maintain a HB arrangement of the
conjugated units and are packed with a slightly offset
antiparallel orientation within each layer. The antiparallel
orientation of the molecules in the plane yields a nonpolar
layer as does the entire bilayer. As can be inferred from the
structural models, the alignment of the BTBT cores in the BL
(Figure 1c) favors a better overlap of the π-molecular orbitals
than for the shifted antiparallel arrangement of the molecules
in the thin-film phase (Figure 1b).
Given that the carrier mobility of the films is crucially

dependent on the formed polymorph, many studies have
focused on establishing strategies to control it via growth and
thermal treatments, including recrystallization from the smectic
phase, and in gaining a deep understanding of the molecular
processes underlying the temperature-induced structural trans-
formations.10,14,22,37−41 Still a complete perception of the effect
of the substrate interface on the origin and variation of
polymorphic phases has not yet been obtained. It remains
unexplored how the electronic properties of thin films are
affected by structural changes.
We combine here a systematic nanoscale morphological

analysis with local Kelvin probe force microcopy (KPFM) that
demonstrates the formation of single layers during the first
stages of the growth (for thicknesses lower than 20 nm), which
develop as an intermediate structure toward the thin-film phase
as thickness increases. The experimental evidence is supported
by electronic structure density functional theory (DFT)
calculations, highlighting the effects of polar polymorphism
on the electronic properties of the films. The thickness
dependence of the reported polar structure and the potential
coexistence of diverse polymorphs represent other key factors
to be considered for controlling the efficiency and functionality
of organic devices.

■ RESULTS

Low Coverage: Demonstration of Polar Assemblies.
Throughout this work, we establish the correlation between
organic film topography and surface potential (SP) obtained
by KPFM. The SP map provides a measure of spatial variation
of the sample work function. For the setup employed here (see
Experiments and Methods section), regions with a more
positive value of SP correspond to a lower value of the work
function; in other words, to a downshift of the vacuum level
(Evac). We report here common characteristics derived from a
systematic investigation performed for Ph-BTBT-10 films
(Figure 1a) deposited from the vapor phase onto the native
oxide surface of Si(100) substrates, under high vacuum
conditions (10−7 mbar) and at different substrate temperatures
below the transition from thin film to BL structure, ranging
from 25 to 90 °C. Although the conclusions are common to
the entire series of samples studied, some of the selected
images correspond to growths at 80 and 90 °C, since a higher
substrate temperature favors the formation of larger terraces

Figure 1. (a) Molecular structure of Ph-BTBT-10. (b) Thin-film
polymorph consisting of a stack of single layers with antiparallel
orientation of the molecules.25 (c) Bilayer (BL) lamellar packing
consisting of a stack of double layers, where the molecules have a
unidirectional orientation within each layer but are arranged
antiparallel to the molecules in the adjacent layer.25 The
corresponding stacking periodicities are indicated.
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and, consequently, a better discrimination of the local SP
(Figure S1).
The first stages of the Ph-BTBT-10 growth are analyzed first.

The amount of molecules deposited is given as the nominal
thickness in nanometers (see Experiments and Methods
section). Typical topographic and KPFM data obtained for a
nominal thickness of ≈5 nm are shown in Figure 2. The
observed surface morphology (Figure 2a), where only a few
regions of the substrate (black) remain uncovered, confirms
the formation of a nearly continuous molecular film with a
thickness of ≈5 nm (dark brown). This observation is in
agreement with the formation of a Ph-BTBT-10 bilayer in
direct contact with the substrate,21 where molecules within
each single layer are unidirectionally oriented but arranged
antiparallel in one single layer with respect to the other. On top
of the first bilayer (1BL), extremely flat stacked terraces
indicate a crystalline layered growth. The line profile shown in
the top right of Figure 2c, corresponding to the magenta
segment in (a), indicates that on top of 1BL, there are two
terraces with a step height of 2.65 nm ±0.05 nm. Given that,
on average, the measured step height equals the molecular
length of Ph-BTBT-10 (see Figure 1), each of such terraces is
unambiguously ascribed to a single-molecule thick layer (1SL
and 2SL). On the other hand, along the green profile in the top
left of Figure 2c, one can see a terrace with bilayer thickness
(marked as 2BL) followed by two more single layers. However,
the most striking features are extracted from the SP maps.
Outstandingly, BLs and SLs are clearly distinguished in the SP
map (see Figure 2b and lower panels of Figure 2c). For
simplicity, we assign the substrate as reference for SP (SPSub =
0 at the regions of the uncovered substrate). Note that BL
regions exhibit the same value of SP, only differing by ≈0.05 V
from SPSub, i.e., stacked bilayers do not lead to potential
buildup (see Figure 2b,c). Indeed, no surface dipole is

expected for a stack of bilayers due to the nonpolar character
of each BL and the absence of charge transfer between the
substrate and the film (i.e., condition of vacuum level
alignment). The same argument would apply for the stacking
of nonpolar layers in the thin-film structure (Figure 1b). It is
conversely observed in Figure 2c that the formation of 1SL
leads to an increase of SP by ≈ + 0.25 V, indicating a net
dipole in the SL configuration. As can be seen in the profiles at
the bottom of Figure 2c, this quantitative effect is independent
of the number of bilayers underneath, indicating that it is an
intrinsic characteristic of the specific molecular arrangement
within the SL. To facilitate visualization of the described effect,
Figure 2d presents the 3D construction resulting from the
superimposition of the SP data (color scale) to the topographic
image. In summary, while SP remains constant regardless of
the number of stacked BLs, SP becomes more positive and
increases stepwise with the number of piled SLs. We note that
this increase corresponds to a decrease in the local work
function. Although from a morphological point of view, the
stacking of an even number of SLs is indistinguishable from a
stacking of BLs, the SP measurement provides a means of
distinguishing the two types of crystalline structures. Very
clarifying is the examination of the domain boundary between
the two types of stacks signaled by a red dotted line in Figure
2c,d. While the domain boundary is clearly identified in the SP
data, both domains are not distinguished in the topographic
ones.
As mentioned above, the net electrical dipole observed for

each SL is incongruent with the antiparallel orientation of
molecules in the layer structure proposed for the thin-film
phase determined for 60 nm-thick films.25 Conversely, the
results obtained here for considerably thinner films are
consistent with an assembly of unidirectionally oriented
(polar) molecules in each SL. The positive accumulation of

Figure 2. (a) Topographic image and (b) the corresponding surface potential map (raw data) for a nominal thickness of ≈5 nm of Ph-BTBT-10
deposited under UHV on the native oxide of a Si(100) substrate kept at 90 °C. (c) Line profiles obtained along the segments indicated in the
corresponding topographic and SP images. For a clearer interpretation, the substrate level has been taken in the profiles as h = 0 and SPSub = 0. (d)
Three-dimensional visualization of the merged topographic and SP data.
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SP points unequivocally to the fact that the molecules of each
of all stacked SLs are oriented with the alkyl chains facing up
(see calculations below). In other words, the observed stacking
consists of single molecular layers with the same molecular
dipole orientation, such that their dipoles add up.
Although most of the observed SLs exhibit a positive SP,

indicating that the chain-up configuration is the most frequent
assembly, single layers with opposite electrical dipole
orientations (chain-down) as well as layers with coexisting
small domains (chain-up and chain-down) were also found.
Figure 3 illustrates this observation for a nominal thickness of
≈6 nm. Topographic images (Figure 3a,b) were taken on two
surface regions of the same sample that show several molecular
islands with a rather rounded shape and identical height (≈ 2.7
nm) nucleated on top of the bilayer in contact with the
substrate. We first analyze the SP map in Figure 3c, which
shows that each individual island in Figure 3a exhibits a
homogeneous SP value, but opposite sign to one another
(yellow or dark blue on the color scale). That is, the molecular
arrangement within each island causes an increase/decrease in
the local SP by the same amount (δ = ± 0.15 eV) with respect
to the underlying nonpolar BL (see the histogram in Figure
3e). Note that in this case, where no substrate is seen in the
imaged area, the reference for SP has been taken at 1BL (blue
peak in the histogram) while chain-down and chain-up islands
lead to positive (yellow peak) and negative (purple peak)
values, respectively. Each of the described islands is a single
domain, indicating complete lateral phase separation of
polarities in this case. The lower value of the SP change in

this case (<0.2 V) may indicate some structural variability in
the form of a certain amount of flipped molecules in the
packing. Indeed, as illustrated in Figure 3b−d, lateral phase
separation can occur in a much shorter range, giving rise to
local electrostatic disorder. Next to the single domain circular
island, two other islands do present an irregular shape and
inhomogeneous SP. This observation reflects the coexistence
of short-range assemblies down to the nanometer size with
chain-down or chain-up molecules.
The formation of laterally separated chain-up and chain-

down domains gives rise to SP maps with features that appear
uncorrelated with the surface morphology. We will return to
this fact, but an attractive example of this scenario is shown in
Figure 4. The electrostatic potential map of the crystallite at
the center of the image is explained by the presence of a single
molecular layer intercalated within the film with a domain
boundary separating domains with chain-up and chain-down
orientations. Subsequent polar layers (all chain-up molecules)
grown on top of the stacking fault lead to such an asymmetric
SP distribution. The proposed stacking scheme is provided
with the line profile in Figure 4c. The selected example also
illustrates that the nucleation of a BL at the mound top does
not result in any modification of SP, i.e., the BL is nonpolar
and does not contribute to SP.

Evolution with Thickness: Molecular Flipping. The
specular XRD spectra obtained for 15 and 40 nm-thick films
(Figure 5a) show well-defined Bragg peaks at qz = 0.235 Å−1

corresponding to a spacing of 2.675 nm, confirming a layered
packing with one single-layer periodicity. GIWAXS data

Figure 3. Topographic images (a,b) with the corresponding surface potential (SP) maps (c) and (d). Total z range in (a) is 8.5 nm (from the
darkest to the brightest color). The histograms of each SP map are depicted in (e) and (f), respectively. In this case, in the absence of uncovered
substrate, SP = 0 corresponds to the bilayer in contact with the substrate (1BL). The nominal thickness of Ph-BTBT-10 deposited is ≈6 nm.
Illustrative diagrams of the vacuum level for single-molecule thick islands with unidirectional orientation (up or down) (g) and a mixed orientation
(up and down) (h) of the molecules.

Figure 4. (a) Topographic image and (b) the corresponding surface potential (SP) for a nominal thickness of ≈5 nm of Ph-BTBT-10 deposited at
90 °C. (c) Line profile along the segment indicated in (a). The molecular packing of the different layers under the profile is represented by the
respective colors, where SL↑ and SL ↓ indicate the direction of the alkyl chain.
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confirm the characteristic pattern of the HB BTBT packing
(Figure S2). The small-intensity peak at qz = 0.354 Å−1

(signaled by a red arrow) corresponds to the (003) Bragg
peak of the bilayer lamellar structure (dBL = 5.32 nm),
confirming the formation of a small fraction of the crystalline
BL bulk structure. Representative topographic data of Ph-
BTBT-10 films of the nominal thickness of 15 and 40 nm are
displayed in Figure 5b,d, respectively, along with the
corresponding SP maps (c and e). In both cases, terraced
mounds are observed, most of them corresponding to SL
stacks in agreement with the XRD data. Interestingly though,
the mound at the center of Figure 5d exhibits terraces with
straight edges all separated by steps with a height of ≈5 nm
(two molecular layers) and is therefore associated with the
growth of a BL-crystallite. The presence of laterally segregated
BL crystallites in the film is not rare (Figures S3 and S4), being
responsible of the small fraction of crystalline BL observed by
XRD (red arrow in Figure 5a). At this point, it is worth
highlighting some interesting observations. As seen by the
color scales in the KPFM maps, while SP increases with the
number of SL in all visible mounds for the 15 nm-thick film
(Figure 5c), for the 40 nm-thick film, SP is constant regardless
of the number of SLs in the various mounds (lighter region in
Figure 5e). We also note that the SP map in Figure 5c includes
domains with different SP at the same terrace level (delimited
by white dashed lines in Figure 5b,c). This fact arises from
domain boundaries in buried layers that were formed during
early growth stages, which might be due to SLs formed by
domains of opposite polarity, as described before. Further
examples of areas where the SP is uncorrelated with the
morphology are given in the Figure S4.

Modeling and DFT Calculations. We use periodic DFT
electronic structure calculations (see details in Experiments
and Methods section) to model changes in the electrostatic
potential of a perfect polar molecular layer, i.e., unidirectional
orientation of the molecules, and in the presence of molecular
disorder implemented by flipped molecules. The polar models
were built from the smectic phase reported by Hofer et al.
(Figure S5a),21 considering two possible dipole orientations.
From now on, “up” and “down” configurations refer to the
orientation outward and inward, respectively, of the alkyl
chains of the Ph-BTBT-10 with respect to the substrate. The
lattice vectors of the unit cell were increased by two along the
in-plane directions to generate a supercell with an area of (12.1
Å × 16.6 Å) containing 8 BTBT molecules (25.1 Å2 per
molecule, i.e., a full density packing). On that basis, we have
considered a single molecular layer with several ratios of
down:up molecules to mimic molecular defects in the form of
molecular flipping, between the two limiting cases (100% “up”
and 100% “down”), see Figure 6a. The averaged electrostatic
energy was computed perpendicular to the film, taking into
account the potential difference between the top and bottom
film planes. The change in electrostatic energy corresponds to
the shift in the vacuum level (i.e., work function change),
which corresponds to an opposite shift in the SP observed by
KPFM.
The calculations in Figure 6a show a linear evolution of the

vacuum level shift when continuously changing randomly the
relative ratio of the up and down configurations. For single
monolayers in a pure-down configuration (down:up 100%),
the change in the electrostatic energy is +0.264 eV, whereas
switching the orientation of all molecular dipoles to a pure-up
configuration (down:up 0%) results in a downshift of the
vacuum level by −0.273 eV. Thus, the similar but opposite
increase/decrease in the SP shift observed in some regions
(Figure 3a−c) is explained by the formation of domains, each
one made up of molecules adopting one of the two possible
polar orientations. The dipole cancellation is almost perfect for
a down:up ratio 1:1 (electrostatic energy ≈ −0.004 eV),
corresponding to an antiparallel (mixed) configuration. As
shown in Figure S5c, a polar single layer on top of a 1:1 mixed
monolayer gives a similar shift as a polar free-standing single
layer, thus implying a negligible role of depolarization.
Similarly, no significant depolarization effect exists for a
stacking of multiple layers, with the dipoles either adding up or
canceling each other depending on their relative orientations
(see Figure S5c). In particular, when all superimposed layers
have the molecular dipoles aligned in the same direction, the
total energy shift is virtually a multiple of the shift obtained for
a single dipolar layer. Experimentally, this was not observed.
The change in SP for a typical mound of packed SLs (Figure
6b) has been quantified and plotted in Figure 6c. The SP
values measured at each terrace are depicted as a function of
the number of SLs on top of the BL that is taken as a reference
(SPBL = 0). We first note that the SP value measured for the
first SL on top of the BL is fully consistent with the expected
downshift of the vacuum level from a pure-up configuration
(down:up 0%). Remarkably, the experimental SP increases
with the number of piled SLs until it saturates for ≈5−6 layers.
Taking into account the thickness of the underlying bilayer at
the substrate interface, the nominal thickness of the film with
saturated SP is approximately ≈20 nm.
The measured nonlinear increase and saturation of SP is

explained by a progressive increase in the amount of flipped

Figure 5. (a) Specular XRD spectra obtained for 15 and 40 nm-thick
films. Topographic images of Ph-BTBT-10 films of the nominal
thickness of 15 nm (b) and 40 nm (d). The SP maps simultaneously
collected are displayed in (c) and (e), respectively. Some step profiles
have been marked by dashed white lines in (b) and (c) to highlight a
lack of correlation with the local SP in this region (see text).
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molecules as the layer number increases. From Figure 6a, we
estimate the percentage of down:up molecules that corre-
sponds to the measured SP shift for each added SL (see also
Figure S6). These estimations are given in the top axis of
Figure 6c and the percentage of flipped molecules is indicated
in the illustrative cartoon of Figure 6d. In such a scenario, from
the parallel orientation (down:up 0%) in the first layer, a rising

number of down-chain molecules is formed within each
subsequent layer until, eventually, half of the molecules are
arranged in an antiparallel fashion forming a mixed nonpolar
SL (top center, Figure 6a). Hence, the thin-film phase reported
for 60 nm-thick films (Figure 1b) is the nonpolar structure
achieved, as the films thickens. Although the plot in Figure 6c
has been measured in one particular mound, it represents the

Figure 6. (a) DFT electron structure calculations: Electrostatic energy (vacuum level shift) calculated for a single monolayer as a function of the
ratio between the two possible molecular orientations within the SL, i.e., chain-up (up) and chain-down (down). (b) KPFM map of a typical
mound of stacked SLs. (c) Left axis: Experimental SP obtained from (b) as a function of the number of SL on top of the bottom bilayer, which is
taken as the reference (SPBL = 0). Top axis: percentage of down:up molecules for the diverse SLs estimated from (a) and the experimental
difference in the SP by each added layer. (d) Illustrative cartoon indicating the percentage of down:up molecules in each layer and the effect on the
vacuum level. The same color scale is used in all panels.

Figure 7. (a) In situ UPS measured for different amounts of Ph-BTBT-10 (nominal thickness indicated in nm) deposited at RT; SECO and
valence band regions are depicted. (b) Topography and (c) surface potential map for a Ph-BTBT-10 nominal thickness of x nm deposited at RT.
Under these conditions, islands of an incomplete BL leave uncovered substrate areas, while SL terraces form on top of the BL islands. Schematic
illustration of the energy levels (d) and plot of the vacuum level shift (e) as a function of thickness, extracted from data in (a).
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general behavior. Nevertheless, the SP saturation value may
differ for different regions (between 0.8 and 1.1 V) due to
differences in local crystalline quality (as demonstrated in
Figures 3−5).
It is worth noting that from an energetic point of view, the

unidirectional alignment of dipoles is unfavorable by +0.35−
0.40 eV compared to the nonpolar antiparallel configuration
(more stable). As we discussed later, its formation during
growth can be considered a kinetically trapped surface-induced
structure.
Electronic Effects: Molecular Orbitals, Ionization

Potential, and Vacuum Level. As we will see next, the
local electrostatic potential data are key for a comprehensive
understanding of the electronic density of states, as measured
by UPS and the influence of thickness on the electronic
properties of Ph-BTBT-10 films.
Figure 7 shows the UPS spectra obtained for different stages

of the growth of Ph-BTBT-10 at RT. In particular, the
corresponding secondary electron cutoff (SECO) and the
highest occupied molecular orbital (HOMO) regions of the
valence band (VB) are shown in Figure 7a. It is worth noting
that during Ph-BTBT-10 growth at RT, nucleation of single
molecular layers takes place on pre-existing BL islands before
its completion (Figure 7b). Therefore, at the early stages of
growth, the surface dipole of these nucleated SL terraces
contributes to the surface-averaged SECO that results in a
larger value than expected for a complete nonpolar BL. Up to a
nominal thickness of 3.5 nm, there is no measurable alteration
in the HOMO position and the SECO points to a condition of
vacuum level alignment. Indeed, given that the Fermi level of
the substrate is located within the gap of the OSC, charge
transfer is not expected. As the thickness increases, a shift in
the vacuum level (Evac) is accompanied by a shift to the higher
binding energy of the HOMO and a visible broadening. For a
deposition of 13 nm, a considerable decrease of the Evac by 0.9
eV is obtained. Note that the saturation of the Evac, which is
expected for a thickness of ≈20 nm, has not yet been reached;
the 13 nm-thick film here can be considered a defective polar
film. Figure 7d summarizes the evolution of both HOMO and
Evac with thickness. From the energy difference between
HOMO and the SECO onset, a remarkable decrease in IP is
estimated, from 5.27 to 4.97 eV for the total range of thickness
studied. Although the HOMO onset region is well fitted with a
Gaussian curve, indicating that there are no appreciable gap
states, a clear broadening is observed. This is illustrated by the
magnification of the frontier orbital region (inset Figure 7a) for
nominal thickness of 2.4 and 13 nm, in which the
corresponding fits (solid black lines) indicate a considerable
broadening, with a change of the full width half-maximum
(fwhm) of the Gaussian from 0.47 to 1.04 eV.

■ DISCUSSION

An outstanding observation previously reported21 and
confirmed by this work is the formation of one bilayer
(structural out-of-plane unit of the bulk phase) of Ph-BTBT-10
at the interface with the substrate. The almost negligible
contribution to SP of the BL with respect to the substrate
agrees with the zero net electrical dipole of this structure,
where the opposite dipoles of each half-bilayer are canceled
out. However, to the best of our knowledge, a demonstration
that the lamellar stacking of individual molecular layers on top
of this BL can be different from the established thin-film
structure has not been reported so far. We have shown here the

appearance of polar single layers akin to one-half-bilayer.
Outstandingly, the unidirectional packing of molecules max-
imizes the interchain van der Waals interactions and enhances
herewith the packing of the BTBT cores26 but, in terms of
dipolar interactions, results in a considerable electrostatic
energy cost. We hypothesize that the formation of the bottom
BL templates the nucleation and growth of molecules with
half-bilayer (unidirectional) packing. From this point of view,
the reported polar polymorph is a surface-induced metastable
structure that will be transformed into the bilayer crystalline
structure (thermodynamically stable) upon thermal annealing.
Although the alkyl-up configuration is favored, domains with
the opposite orientation are also found. DFT calculations of
the electrostatic potential yield a downshift of the Evac by
−0.273 eV (i.e., a positive shift of the SP) for a defect-free
dipolar layer with chain-up orientation, which is in excellent
agreement with the experimental value measured by KPFM for
the first SL on top of the BL. The calculations also indicate
that depolarization effects are negligible, so that a stacking of
dipolar planes causes a net dipole moment perpendicular to
the surface equal to the sum of each plane. Experimentally, the
local SP shift measured as a function of the increasing number
of stacked single layers does not escalate linearly but reaches a
saturation value close to 1.0 V upon 5−6 layers. The observed
changes in the SP can be adequately explained by the
increasing proportion of flipped molecules within the stacked
layers. As the film thickens, the assembly of alternating chain-
up and chain-down molecules plus structural relaxation
eventually leads to the nonpolar (1:1) thin-film structure.
The overall scenario is illustrated in Figure 8. The structural

evolution with thickness can be rationalized by simple

electrostatic arguments. It is known that whenever there is a
dipole moment in the repeating structural unit perpendicular
to the surface, the surface energy diverges, meaning that the
polar surface becomes unstable with crystal thickness along the
polar crystallographic direction. This is the so-called “polar
catastrophe”.42,43 For ionic crystals, there are several “polarity
compensation mechanisms” to overcome undesired instability.
In our case, inclusion of flipped molecules in the packing
during the growth can be seen as a mechanism for electrostatic
compensation, avoiding the “polar catastrophe” as the number
of layers stacked increases.

Figure 8. Cartoon illustrating the structural arrangement of Ph-
BTBT-10 molecules during growth on a silicon substrate as a function
of film thickness.
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Comprehending the impact that such thickness-dependent
polymorphism has on the HOMO density of states in thin
films holds significant importance due to its profound influence
on gap states and energy alignment and, herewith, with
important implications for the performance of devices. Indeed,
the UPS study as a function of thickness reveals a rigid shift of
the energy levels and hence a decrease in the overall work
function, confirming the KPFM results and the effect of the net
electrical dipole. Localized defects in the form of flipped
molecules or grain boundaries amid opposing polar domains
introduce energy differences among molecular sites, i.e., static
disorder. Although the impact that extrinsic static disorder has
in the electronic properties of organic semiconductors (by
producing gap states) has been demonstrated,44−46 here we
provide direct evidence of the dramatic consequences of
structural imperfections related to the polar character of the
asymmetric BTBT molecule. Hence, for Ph-BTBT-10 thin
films, the predominant source of energetic disorder is
electrostatic in nature, stemming from the inherent electrical
dipole of the molecule and causing a considerable broadening
of the HOMO (here from 0.47 to 1.04 eV) as the film
thickens. KPFM has been demonstrated to be an essential tool
to identify the nature and spatial distribution of electrostatic
defects in the film. In addition to structural defects in the form
of individual flipped molecules (point defects), the formation
of sizable domains, i.e., separated assemblies of one or the
other possible polar orientations leads to heterogeneities in the
electrostatic potential either in the form of islands (Figure 3c)
or in small lateral scales (Figure 3d). Interestingly, in the case
of buried (intercalated) domain boundaries, intriguing SP
maps that appear uncorrelated to the morphology can be
found (Figures 4 and 5). Furthermore, from combined KPFM
and XRD data, we have shown that even when the film shows a
predominant SL-layered structure, a small fraction of
crystallites with the BL structure may also appear laterally
segregated and remain embedded within the film (Figures 4, 5,
and S4), causing a large spatial variation in the work function.
In this context, it is worth mentioning that Resel and co-

workers have proposed a specific type of structural disorder in
which the head-to-head stacking within the crystalline bilayer
includes a fraction of flipped molecules. In view of our results,
we believe that such defective BL packing will also lead to
electrostatic disorder.20
The observed changes in IP are not expected from a purely

electrostatic picture, according to which the HOMO should
closely follow the vacuum level resulting in a constant IP;
however, any speculation is avoided here since a reliable
interpretation of UPS can be particularly difficult for
energetically inhomogeneous surfaces at the nanoscale.48
Overall the findings of this work are projected to exert a

significant influence on device performance, unraveling factors
affecting the field-effect mobility, the threshold voltage, and
contact resistance, which certainly warrant further investiga-
tion. Given that the formation of polar structures and different
kinds of defects are expected to be very sensitive to the
processing protocol, the characterization of polymorphism in
thin films should go beyond a simple specular XRD and
morphological analysis. X-ray characterization lacks the
necessary spatial resolution and does not allow us to probe
easily the coexistence of the different polymorphs at micro-
scopic scale.
The stacking of single molecular layers on top of the bottom

bilayer is the result of a subtle interplay of electrostatic and van

der Waals interactions, which are expected to be also in play
for other asymmetric BTBT derivatives explored for their high
potential in high mobility OFETs.15,30

■ CONCLUSIONS

In this study, we unveil the great level of structural intricacy of
Ph-BTBT-10 thin films that goes beyond the reported single-
layer to bilayer transformation model. We demonstrate that
between the double layer structure located directly at the
substrate surface and the metastable thin-film phase, there is a
structural phase that consists of the packing of polar single
layers. DFT electronic structure calculations quantify a shift in
the vacuum level by −0.273 eV per layer, assuming a defect-
free polar layer of oriented chain-up molecules, which is in
excellent agreement with the measured SP. Experimentally, the
shift is reduced for subsequent layers and is explained by an
increase in the percentage of flipped molecules. The net dipole
cancellation (nonpolar) is almost exact for the alternate (1:1)
ratio, reaching above a critical film thickness of ≈20 nm. We
conclude that in polar organic semiconductor thin films,
flipping of molecules is the polarity compensation mechanism.
Our study underscores that KPFM is a valuable tool to

evaluate electrostatic disorder and the conceivable emergence
of polar polymorphs in thin films. We identify a variable
number of structural defects in the form of individual flipped
molecules (point defects) or sizable polar domains (with
chain-up and chain-down configurations). The actual film
structure has dramatic consequences in the electronic proper-
ties, in particular, a decrease in the work function of the film
with increasing thickness (up to ∼1 eV) and a broadening of
the HOMO attributed to electrostatic disorder.
The synthesis of asymmetric compounds by molecular

engineering is a recently developed strategy for obtaining
layered crystalline OSCs with high field-effect mobility. The
findings of this study imply that the development of polar
assemblies may represent a common issue for other
asymmetric BTBT derivatives and deserve consideration for
understanding the structure−property relationships in OFETs.
A precise determination of the possible formation of polar
assemblies close to the interface is pivotal for the strategic
design and advancement of high-performance OFETs.

■ EXPERIMENTS AND METHODS

Molecular Film Growth. Ph-BTBT-10 (purchased from TCI
Chemicals) films were grown from the vapor phase with a deposition
rate of ≈2 Å/min onto the native oxide surface of Si(100) substrates
(p-type) under high vacuum conditions (10−7 mbar) and at different
substrate temperatures, ranging from 25 to 90 °C. The substrates
were cleaned by sonication in acetone and ethanol for 10 min each,
followed by 10 min of UV-ozone cleaning. The growth rates were
monitored by a quartz crystal microbalance (QCM). The amount of
deposited molecules is given as the nominal thickness in nm.

AFM and KPFM. Topographic and local SP measurements were
performed at RT under a N2 gas atmosphere to minimize moisture
effects, using a Cypher ES Environmental AFM instrument, from
Asylum Research (Oxford Instruments). KPFM measurements were
conducted in amplitude modulation (AM-KPFM) with an AC voltage
of 1 V at the frequency of the first eigenmode in a two-pass procedure
(Nap mode). During the first pass, a topographic contour line is
recorded in dynamic mode (constant amplitude). In a second pass,
the KPFM is obtained while the mechanical excitation is switched off
and the tip is driven to follow the topographic contour but
approached toward the sample surface by a selected height difference.
For the setup employed, where the voltage bias is applied to the tip,
higher (lower) SP corresponds to lower (higher) surface work
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function. The shift in Evac in units of eV corresponds to the absolute
value with the shift of SP in units of volts but has an opposite sign.
Silicon tips with a Ti/Ir (5/20 nm) coating and a nominal spring
constant of 2.8 (N/m) were employed.
UPS. VB and secondary electrons cutoff (SECO) spectra were

measured by ultraviolet photoelectron spectroscopy (UPS) using an
ultrahigh-vacuum (UHV) system equipped with a SPECS Phoibos
150 hemispherical energy analyzer and a Helium lamp (hν = 21.22
eV). To have access to the work function from the SECO, the
corresponding spectra were taken with the samples biased at −10 V. A
Au(111) single crystal was used as a reference for Fermi energy
determination. The full width at half-maximum of the HOMO has
been used as an indicator of disorder, which was extracted by using
the Gaussian distribution to fit the first HOMO from each spectrum.
XRD. XRD in specular geometry was performed with a D8

DISCOVER multipurpose X-ray diffractometer (Bruker) using a
wavelength of 1.542 Å (Cu Kα). The 2D diffraction pattern was
acquired by GIWAXS at the BL11-NCD-SWEET beamline of the
ALBA Synchrotron (Spain) using a photon energy of 12.4 keV with
an incident angle of 0.13°.
Theoretical Calculations. The theoretical investigation of the

electronic properties (electrostatic potential and energy levels) was
done at the DFT level using the SIESTA code.49,50 The calculations
were carried on using the PBE functional with a real-space grid cutoff
of 350 Ry, a DZP (double-ζ + polarization) orbital basis set, and a k-
point grid of (3 × 2 × 1). The organization of the BTBT films was
modeled based on the crystalline unit cell obtained by Hofer et al.
using MD simulations.19 From the bulk structure, we have generated
several conformations to model SL structures with several “down:up”
ratios. The electrostatic potential was computed from the converged
electron density using the Macroave tools.47 A large vacuum region
was considered perpendicular to the layer surface, and a dipolar
correction was applied to cancel the cell self-interaction.
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Figure S1. (a) Topographic image (5 μm x 5 μm) and (b) corresponding surface 
potential map for Ph-BTBT-10 deposited at room temperature. (c) Topographic image 
(30 μm x 30 μm) and (d) surface potential map for Ph-BTBT-10 deposited at a substrate 
temperature of 70 ℃. The substrate is the Si(100) with native oxide.  A higher substrate 
temperature favors the formation of larger terraces during growth; morphologies with 
larger terraces allow a better quantification of local differences in the surface potential. 
Nominal thickness is ≈6-7 nm in both cases.  
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Figure S2.  GIWAXS data measured for Ph-BTBT-10 (thickness≈ 15 nm) on SiO2 
showing the characteristic diffraction pattern of the herringbone BTBT packing.  

Figure S3. (a) Topographic image and (b) corresponding surface potential map of Ph-
BTBT-10 (nominal thickness of ≈ 15 nm) grown on SiO2 with the substrate kept at 70℃.  
As described in the text, most of the terraced mounds in the film correspond to stacks 
of SLs. There are, however, some mounds formed by BL-stacking, which can be 
distinguished by a lower SP. 
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Figure S4. Topographic images (a, c, e) and the corresponding surface potential maps 
(b, d, f) of Ph-BTBT-10, with a nominal thickness of 12-16 nm, deposited with the 
substrate held at ≈ 70 °C.  It can be observed that the surface potential maps are not 
correlated with all morphological features. In some cases, as in e and f, the same terrace 
(delimited by dashed lines) exhibits more than one value of surface potential due to 
buried single layers with domain boundaries with opposite (up and down) dipolar 
orientations.  In other regions, as in c and d, terraces with same surface potential are 
associated to a region of non-polar BL structure (i.e., terraces with a double step height 
are indicated by red arrows). (g) Three-dimensional visualization of the merged 
topographic and SP data for a 40 nm-thick film. The main mound is formed, in fact, by 
two coalescent parts with BL and single layer structures, which are clearly distinguished 
by double (left mound part) and single (right mound part) step heights, respectively, 
and by the large difference between the SP for each of the stacking sequences. 
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Figure S5. (a) Unit cell used for the calculations discussed in the manuscript. The 
molecular models are built from the smectic phase reported by Hofer et al. [ref. 17]. (b) 
Variation of the potential for full mixed vs polar (alkyl up and alkyl down) as a function 
of the distance to the substrate surface. Up and down configurations refer to the 
orientation outwards and inwards, respectively, of the alkyl chains of the Ph-BTBT-10 
with respect to the substrate. (c) Left: Side view of a stack of two identical layers with 
a (1:1) ratio of up and down molecular conformations (50%). Right: Side view of a 
bilayer (BL) made of a pure chain-up layer on top of a pure down layer. The indicated 
values correspond to the potential shifts in these cases. Colors in (b) are consistent with 
the used in (c). 

Figure S6. The surface potential increase (ΔSP) arising from the addition of each SL 
of Ph-BTBT-10 is estimated from the evolution of the SP vs. number of stacked SLs 
(right) shown in Figure 6c of the manuscript. The ΔSP values thus obtained (blue 
symbols) are compared with those expected from the calculations in Figure 6a for one 
molecular layer with a given percentage of down:up molecules. This procedure allows 
estimating the down:up percentage of each SL (red symbols). The percentage indicates 
the ratio of flipped molecules (defects), i.e., 0% corresponds to a perfect polar layer of 
up-chain molecules. 
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The influence of the film/substrate interface and the role of film thickness on the 

structural transition temperature for thin films of the asymmetric BTBT derivative 7-

decyl-2-phenyl[1]benzothieno[3,2-b][1]-benzothiophene (Ph-BTBT-10) have been 

addressed by using Kelvin probe force microscopy (KPFM) and Grazing Incidence Wide 

Angle X-ray Scattering (GIWAXS). Our data strongly suggest that the structural 

transformation from a single-layer phase to the thermodynamically stable bilayer 

structure develops from the bottom of the film to its surface. Contrary to observations in 

other organic semiconductor films, notably, the thinner the Ph-BTBT-10 film the lower 

the transition temperature. This unusual behavior is interpreted in terms of a ubiquitous 

stabilization of the bilayer at the substrate interface which remains unaltered during the 

transition. The evolution over time of an incomplete organic/inorganic interface (below 

the interfacial bilayer completion), shows that molecular diffusion and rearrangement at 

room temperature lead to the bilayer stacking within hours. A result that further confirms 

the role of the interface stability, provided by the formation of this structure at the film 

bottom, on the structural transition suffered for thin films grown at room temperature.   

INTRODUCTION 

The chemical versatility of π-conjugated organic materials as organic semiconductors 

(OSCs), along with their ease of processing and compatibility make them ideal for a 

wide array of (opto-) electronic applications.[1],[2],[3],[4] Organic field-effect transistor 

(OFETs) are significant not only as electronic components in circuits but are also crucial 

devices in the development of low-cost (bio)chemical sensors.[5],[6],[7],[8] The charge 

carrier mobility of OSCs, which is one of the main performance metrics for (OFETs), 

has enormously improved from the very low initial values of 10–5 cm2·V–1·s–1 in the first 

OFETs demonstrated in the late 1980s to values up to ≈ 10 cm2·V–1·s–1 in 2000 for p-

type OFETs.[1],[2],[3],[9] This impressive advance in performance has been possible by 

several breakthroughs in the synthesis of high-mobility OSCs, with heterocyclic 

semiconductors, such as benzothieno[3,2-b]benzothiophene (BTBT) 

derivatives,[10][11][12][13] and by a better understanding of the underpinning 
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structure–property relationships achieved thanks to advanced characterization tools. 

With the synthesis of high performing materials in the last years, the need of controlling 

the formation of polymorphs is an imperative, not only for securing the one maximizing 

the charge carrier mobility, but also for producing devices with reproducible 

performance and high stability.[14][15][16][17] [18][19] Despite the low interaction of 

molecules with the chemically inert substrates (SiO2, Al2O3 and polymers) used as 

dielectrics in thin-film OFETs, the formation of substrate-induced phases (SIP) is a 

common phenomenon subject of extensive research.[20],[21],[22],[23],[24],[25],[26] 

From a thermodynamic point of view, surface-induced polymorphism is a consequence 

of size reduction effects.[27],[28],[29] Because the surface and interface to volume ratio 

increases with decreasing film thickness, the contributions of the surface and interface 

energy may become dominant for very thin films. Unfortunately, there is a strong 

limitation in the experimental techniques available to identify and characterize 

polymorphism in very thin films and, in particular, fail to provide the spatial distribution 

of possible coexisting structures.[29]  

  Lately, the asymmetric BTBT derivative 7-decyl-2-phenyl[1]benzothieno[3,2-b][1]-

benzothiophene (Ph-BTBT-10) has been extensively studied due to its excellent charge 

carrier mobility. Interestingly, it is one example of the critical role the surface has on the 

polymorphism observed in thin films. Due to the asymmetric shape of this molecule, 

single crystals exhibit a robust bilayer (BL) packing, where the molecules stack on top 

of each other in a head-to-head (or tail-to-tail) fashion, resulting in a lamellar stacking 

periodicity of dBL = 5.30 nm, i.e., twice the molecular length (inset Figure 1b). In 

substrate-supported thin films, however, the molecules adopt a single-layer (SL) packing 

(inset Figure 1a).  In addition to the important role of the surface, in a recent work [31] 

we demonstrated that electrostatic interactions in the film impel a rather complex 

scenario of polymorphism (Figure 1a). Indeed, while the surface favors and stabilizes 

the formation of a first bilayer, as those forming single crystals, subsequent layers follow 

a single-layer structure with a predominant alkyl-up (chain-up) orientation of the 

molecules, imparting a net electrostatic dipole as indicated by local Kelvin probe force 
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microscopy data.[31],[32] As illustrated in Figure 1a, for increasing number of layers, 

the density of defects in the form of flipped molecules rises up until the eventual 

formation of the thin-film SL phase, where each layer consists of an anti-parallel 

arrangement of the molecules (i.e., alternated “chain-up” and “chain-down” molecules). 

In other words, there is an intermediate defective film region for the passage from the 

bilayer structure formed at the substrate surface to the thin-film structure, which is not 

fully developed for thicknesses under a certain value.  

  Several works have pointed that the single-layer packing in thin films is a metastable 

structure, undergoing an irreversible transformation to the thermodynamically stable BL 

structure via thermal annealing at T > 115 ˚C, rendering approximately ten times higher 

mobility.[33],[34],[35],[35]. The crystalline order and packing quality in thin films are 

at the origin of the performance and stability of devices.  

  As validated in our previous work, Kelvin probe force microscopy (KPFM) is a 

valuable tool for evaluating the conceivable emergence of polar polymorphs.[30] Here 

we combine KPFM and Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) to 

monitor the structural changes in Ph-BTBT-10 thin films with thermal annealing for 

different thicknesses. We demonstrate the role of the interface on the structural 

transformation in Ph-BTBT-10 thin films, with strong implications on the effect of 

thickness on the stability of the structure with thermal annealing and aging.  
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Figure 1. Cartoon illustrating the structural transition after annealing a film of Ph-

BTBT-10 deposited at room temperature on the native oxide of silicon. (a) The as grown 

film exhibits the polar polymorphism and evolution to the thin film phase (non-polar) 

with thickness, adapted from[30]. (b) At a given (onset) temperature of post-growth 

annealing, the film undergoes a transition to the stable bilayer phase (non-polar).[31] 

The molecular bilayer at the interface is stabilized by the substrate and is not affected 

during the transition.   

EXPERIMENTAL SECTION 

Thin Film Growth 

Ph-BTBT-10 (TCI Chemicals) thin films were grown on the native oxide of p-type 

Si(100) substrates via vapor-phase deposition at a controlled rate of 2 Å/min under high 

vacuum conditions (10−7 mbar) and a constant room temperature (RT) of 25 °C. Before 

deposition, the substrates were cleaned by sonication in acetone and ethanol (10 minutes 

each), followed by UV-ozone treatment for 10 minutes. Deposition rates were monitored 

by a quartz crystal microbalance (QCM). The nominal film thickness given throughout 
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this work corresponds to the measured by AFM. Transmission electron microscopy grids 

were used as shadow masks for selective deposition in order to keep uncovered regions 

of the silicon oxide to be used as a reference (see text). All thermal treatments here are 

post-growth annealing treatments.  

KPKM 

Topographic and local surface potential (SP) measurements were conducted under a 

nitrogen gas atmosphere to minimize any moisture effect. Kelvin probe force 

microscopy (KPFM) measurements were performed using the amplitude modulation 

(AM-KPFM) mode with an AC voltage of 1V at the first eigenmode frequency, in a two-

pass procedure (Nap-mode) using a Cypher ES Environmental AFM (Oxford 

Instruments) equipped with in situ heating capabilities. Then, for the post-annealing 

studies, the as grown films were annealed at selected temperatures for 5 minutes and 

imaged in situ by KPFM. The acquisition time per image was 9 minutes (256x 256 

pixels), or 17 minutes (512x512 pixels).  Subsequent imaging was performed in the same 

sample stage after cooling down to 25 °C with a rate of 1 °C·s−1. Pt-coated Silicon tips 

mounted on cantilevers with a nominal spring constant of 5.4 N·m−1 were employed 

(HQ:NSC35 from MikroMash). 

Topographic step heights and surface potential values were extracted by performing 

local or global histograms of the topographic and KPFM images. The error bars given 

in the plots correspond to analysis of the width half height of the gaussian fits of the 

histogram peaks.  

GIWAXS 

2D diffraction patterns were acquired by Grazing Incidence Wide Angle X-ray 

Scattering (GIWAXS) at the BL11-NCD-SWEET beamline of the ALBA Synchrotron 

(Spain) using a photon energy of 12.4 keV. A large-area 2D Rayonix LX 255-HS 

detector was used, which consists of a pixel array of 2880 * 960 (V * H) with a pixel 

size of 88.54 *88.54 μm2 for the binning employed. The scattering vector (q) was 
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calibrated using Cr2O3 as a calibration standard and pyFAI python library.[36] The 

conversion of the data to the reciprocal space was performed by using a developed 

python routine, obtaining the out-of-plane (OOP), qz, and in-plane (IP), qxy, components 

of the scattering vector corresponding to the directions perpendicular and parallel to the 

surface, respectively. The films were annealed in a Linkam heater stage for 5 minutes at 

each temperature and cooled down to RT at a cooling rate of 2.5 ° C·s−1 or measured in 

real time during annealing. For each series of measurements, the sample was moved 

stepwise to a fresh spot, minimizing radiation damage. 

RESULTS 

Intermediate film thickness (40 nm) 

Figure 2. Out-of-plane (a) and in-plane (b) 2D-GIWAXS maps for a 40nm-thick thin 

film of Ph-BTBT-10, obtained at the indicated temperatures using an incident angle 

of 0.12°. Labels SL and BL stand for reflections corresponding to the single layer and 

bilayer structures, respectively. (c) Intensity distribution along the out-of-plane 

direction. 

We first discuss the in situ GIWAXS, monitored for a 40 nm-thick Ph-BTBT-10 film 

during thermal annealing. The selected 2D diffraction patterns in Figure 2 illustrate the 

structural transition taking place in the film. Two regions of the reciprocal space are 

shown, OOP (a) and IP (b), measured at different temperatures from 25 to 140 °C. At 

room temperature, (00l) Bragg diffraction reflections are observed in the OOP region. 
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The (001) peak position qz= 0.235 Å−1 has been obtained from a specular scan (Figure 

S1), where Bragg peaks up to the fifth diffraction order are visible corresponding to a 

interlayer spacing of 26.74 Å, which is the periodicity of the SL structure typical of thin 

films. However, it is worth mentioning that no information on the molecular arrangement 

(i.e., parallel or anti-parallel) within each layer can be inferred from these data. The 

diffraction pattern in the IP region (Figure 2b) is dominated by the diffraction features 

observed at qxy = 1.32, 1.60, and 1.91 Å−1, which correspond to the (11l), (20l) and (12l) 

rods characteristic of the herringbone packing adopted by the BTBT cores. The 

diffraction pattern at RT is in agreement with the thin-film SL phase structure reported 

by Hofer et al.[31] As can be seen , annealing up 100 °C does not produce appreciable 

changes in the structure. However, the appearance of a new Bragg reflection along the 

qz direction after annealing at 120 °C (Figure 2a) evidences the emergence of another 

unit cell with double periodicity along the c-axis. The Bragg peak observed at qz ≈ 0.36 

Å−1 corresponds to the third diffraction order of the BL structure and has been 

accordingly labelled as (003)BL. As it can be seen in Figure 2c, further film annealing 

leads to an increase of the intensity of this BL Bragg peak, indicating the ongoing 

transformation from the single-layer to the bilayer stacking. A rough estimation of the 

crystal coherence length is obtained from the full width half maximum (FWHM) of the 

Bragg peaks (Figure S2). At RT, the crystal coherence length is consistent with the film 

thickness, indicating that the initial SL phase presents well-ordered domains extending 

across the film. The (003)BL peak is considerably broad at 120 ºC, but becomes narrower 

upon successive annealing, indicating an increase of the crystal coherence length in the 

OOP direction across the thickness, suggesting that the SL-BL transformation occurs in 

the vertical direction (we will be back to this point later).  



115 

Figure 3. Topography and surface potential maps for a 40 nm-thick thin film of Ph-

BTBT-10 as grown at 25 ℃ (a and e) and after post-growth annealing at 80 ℃ (b and 

f), 110 ℃ (c and g) and 130 ℃ (d and h). All images in this figure have been taken upon 

cooling down to RT. Note: A shadow mask was used during molecular deposition to 

leave uncovered substrate regions (darker in the right part of the images) that were used 

as in situ reference. The measured values of step height (individual layer thickness) and 

surface potential for each case are shown in (i) and (j), respectively. 

To have a description of the observed phase transition in the real space, we measured the 

topography and surface potential of a Ph-BTBT-10 thin film (≈ 40 nm) after annealing 

at different temperatures (25 ℃, 80 ℃, 110 ℃ and 130 ℃). The results are shown in 
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Figure 3, which also includes a summary of the measured step heights separating the 

terraces (individual layer thickness) and the surface potential in each case (right panels 

in Figure 3). Because the time acquisition per image in KPFM in this case is quite large 

(9 min), to avoid the joint effect of time plus temperature, the images were acquired after 

cooling down back to RT. In order to have areas with bare surface as an accurate in situ 

reference for surface potential values, molecular deposition was made through a shadow 

mask (see experimental section). The topography of the as-prepared film (Figure 3a) 

shows the characteristic morphology consisting of terraces separated by steps with a 

height corresponding to a single-layer (≈ 2.8 ± 0.1 nm), in good agreement with the 

GIWAXS data at RT. For better visualization of the terraces, a magnified image in 

shown Figure S3. This as-deposited film shows a more positive SP (Figure 3e) with 

respect to the substrate by more than 0.5 V. Note that, due to the asymmetric structure 

of Ph-BTBT-10, the global dipole moment compensates for both, a perfect bilayer 

packing and a perfect single-layer structure with antiparallel arrangement of the 

molecules (see both in Figure 1). Not being the case for the film in Figure 3a, the more 

positive electrostatic surface potential is attributed, as already commented, to a 

unbalanced chain-up to chain-down ratio with a predominant alkyl-up arrangement.[30] 

In summary, GIWAXS gives clear proof of a single-layer stacking and in-plane 

herringbone arrangement of the cores in the as-deposited film, but KPFM indicates a 

deviation, to a certain extent, from the perfect antiparallel molecular packing of the 

reported thin film SL structure. After annealing to 80 °C, despite no changes are 

discerned in the film morphology (Figure 3b) there is a decrease of the overall SP of the 

molecular film (Figure 3f). The most plausible explanation being that the thermal energy 

provided by annealing results in a reduction of the molecular disorder, at the origin of 

the net electrical dipole, towards a more balanced chain-up to chain-down ratio. Such a 

rearrangement may imply intra-layer diffusion of molecules and/or molecular flipping 

within a layer.[37]  

Upon annealing to 110 °C, notable morphological changes occur (Figure 3c) as 

irrefutable proof of a structural conversion. On the one hand, a significant increase in the 
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lateral size of the terraces, that at this stage extend over few micrometers. On the other 

hand, the measured step height has doubled and is now 5.4 ± 0.1 nm (Figure 3i), 

correspond to the interlayer spacing of the bilayer structure. This transformation is 

accompanied by an additional, though no homogeneous, reduction of the SP (Figure 3g). 

This inhomogeneous SP can be interpreted as a lateral spatial variability in the extend 

and quality of the crystalline structure. Post-growth annealing at 130 °C leads to an 

enlargement of the bilayer terraces (Figure 3d). At this stage the surface potential of the 

film becomes quite homogeneous and drops to its minimum, nearly the substrate SP 

value (Figure 3j). The thin film behaves as transparent in terms of net dipole moment, 

indicating that the transition to the non-polar bilayer is nearly complete. But, although 

the bilayer is the predominant structure, single-layer height terraces do also exist (Figure 

3i). The coexistence of both interplanar distances on the uppermost surface, upon 

annealing at 110 and 130 °C, supports our interpretation that reaching the BL structure 

by thermal annealing starts from the lower region of the film. 

Remarkably, the structural transformation could be captured in real time during in situ 

imaging at 110 °C (Figure 4). The slow process of KPFM imaging permitted us to 

visualize an abrupt change in both, topography (Figure 4a) and surface potential (Figure 

4b), happening in a much shorter time scale. Note that the signaled variations are 

observed along few scanning lines, i.e., in about some seconds. 
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Figure 4. Topography (top) and surface potential (bottom) acquired during in situ 

annealing at 110 °C. The horizontal red dashed line highlights the time at which the 

sudden change in morphology related to the transition from single-layer to bilayer is 

observed. The scan direction is from top to the bottom (total acquisition time was 9 

minutes). The total color scales are 40 nm (topography) and from −150 to 550 mV for 

dark to light SP contrast. 



119 

Figure 5. Topography and surface potential maps for Ph-BTBT-10 thin films with a 

thickness of 12 nm (top) and 17 nm (bottom) as grown at RT and after post-growth 

annealing at the indicated temperatures in each column. 

Low thin film thickness (<20nm) 

   Because we know[30] that the thin-film structure (inset Figure 1a) is not fully 

developed for thicknesses below 20 nm, we address the structural transition for two 

thinner films (12 and 17 nm) grown at RT and restricting the post-growth annealing to 

temperatures between 60 and 110 °C (Figure 5). Data for intermediate temperatures (90 

and 100 °C) are given in Figure S4. The as-deposited films (left column) show single-

layered mounds like the single-layered morphology of the 40 nm-thick film at RT 

(Figure 3a). Both thin films exhibit a more positive SP than the substrate. We first note 

that while the morphology of the 17 nm-thick film remains basically unchanged upon 

annealing to 60 °C, the 12 nm-thick film (top panels) already manifests signs of the 
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transition to the BL structure at this temperature (for more detailed comparison see 

Figure S5). In particular, the thinnest film locally exhibits regions of enlarged terraces 

with bilayer step height and a correlated reduction of SP with a nearly bimodal contrast 

(one value similar to that of the substrate). For this film, the changes in morphology and 

SP, accompanying the transition towards the BL structure, are almost completed at 80 °C 

in this film, but annealing at 110 ºC still produces lateral coalescence that leaves open 

voids reaching the underneath substrate, proof of vertical mass transport. The result is a 

film of bilayer stacking with a quite flat surface. For the 17 nm-thick film (bottom 

panels), a similar behavior is observed but the onset of the transition occurs at a larger 

temperature: large bilayer terraces emerge only upon annealing at 80 °C. Similarly, to 

the described above, this onset is accompanied by the reduction in SP and followed by 

the surface flattening with evidence of vertical mass transport. The structural transition 

seems to be complete upon further annealing at 100 °C (Figure in S4). Except for the 

voids visible in the 12nm-thick, the appearance of both thin films at 110 ºC is quite 

homogenous (last column in Figure 5), though in terms of SP there are still few signs of 

molecular disorder (some unbalanced chain-up and chain-down ratio that provides small 

contrasts).  

   The described transition is quantitatively illustrated in terms of step height in Figure 6, 

for the 12 nm (a) and 17 nm (b) thin films, respectively. Additionally, the extracted onset 

temperatures for the bilayer formation are plotted in Figure 6c, including those of the 40 

nm-thick film described in the previous section and the reported for a thicker film.[31] 

We remind that for the investigated 40nm- thick film, single- and double-layer step 

heights were found even at 130 ºC. The cartoon in Figure 6d exemplifies the observed 

phenomenon. 
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Figure 6. Layer thickness or step height and surface potential data for 12 nm-thick (a) 

and 17 nm-thick (b) thin films as prepared at RT and after post-growth annealing at 

different temperatures. (c) The bilayer onset temperature for film with different thickness, 

included the reported value for a 60 nm-thick film.[31]  (d) Cartoon illustrating the 

transition between a single layer stack and a bilayer driven by post-growth annealing. 

Visualization of the transition with time. 

Although films of Ph-BTBT-10 grown at room temperature on surfaces are reported 

to develop the single layer thin film structure above a given thickness,[31],[30] it has 

been established that, for all thin film thicknesses, the silicon substrate favors and 

stabilizes the formation of what is considered a first bilayer at the interface, that is, in 

direct contact with the substrate (see Figure 1). However, the existence of such a 

ubiquitous interfacial bilayer cannot be accessed by GIWAXS, nor can a direct thickness 

measurement be made by AFM unless the molecular bilayer leaves regions of substrate. 
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In addition, from the results and discussion above, the lower the film thickness the lower 

the temperature needed to start the transition from a single layer packing to the bilayer 

structure. Therefore, there is a twofold interest to address very low Ph-BTBT-C10 

depositions leaving bare regions of the substrate surface and analyzing the evolution 

over time at the growth temperature. 

Figure 7. Topography (a) and surface potential (b) images for a film with nominal 

thickness of 3 nm, acquired immediately after growth (t = 0 h) at RT and after 5 and 20 

h, respectively. A defect is marked in the images as a reference. Plots in (c) and (d) show 

the corresponding islands height and surface potential histograms. All measurements 

were taken at low HR (under N2 atmosphere). 

The evolution of morphology over time has been analyzed for a Ph-BTBT-10 nominal 

thickness of ≈3 nm deposited on the native silicon oxide substrate at RT. As can be seen 

in Figure 7a, the as-prepared sample grown at RT consists of islands with two different 

heights (around 2.5 nm and 5.0 nm), which are attributed to molecular assemblies with 

single-layer and double-layer thickness, respectively. Note that 0 h indicates that the 

sample was measured immediately after growth. The coexistence of the two types of 

islands can be attributed to the kinetics of the growth at the growth conditions. As already 

reported [30] in addition to the unequivocal differences in height, the inherent 
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asymmetry of this BTBT derivative prominently denotes distinction between bilayer and 

single-layer islands in the SP map of Figure 7b (0 h). Moreover, a two single layers stack 

and one bilayer stack have the same height but can be clearly differentiated. Whereas 

the non-polar bilayer packing denotes no appreciable net dipole moment (SP similar to 

that of the substrate), each single-layer island (i.e., polar) has a more positive SP, a value 

doubled when two of them are piled up (see Figure S6). The summary of island height 

and surface potential as a function of time are plotted in Figure 7c and Figure 7d, 

respectively. Notably, most morphological changes take place during the first 5 hours 

with negligible modifications afterwards. The evident surface diffusion leads to 

coalescence of the islands but interlayer mass transport also occurs as height and surface 

potential values indicate that all islands exhibit the bilayer stack.  

SUMMARY AND DISCUSSION 

The presented GIWAXS and KPFM investigation provides a consistent picture of the 

structural transformations for a 40 nm-thick film grown at RT. At this temperature, the 

film exhibits a single-layer packing with clear (00l) Bragg peaks along the out-of-plane 

direction and the characteristic in-plan herringbone arrangement of the BTBT cores, 

convenient for transport channel in OFETs. While the transition temperature between 

the single-layer and bilayer stacks are consistent with that reported, the surface potential 

data from KPFM demonstrate a complex scenario. The as-prepared film has a positive 

surface potential anticipated for polar layers. This result means that not all molecules in 

the film layers are in the perfect antiparallel arrangement expected for the so called thin-

film structure (Figure 1a). Conversely, there is a certain degree of orientational disorder 

rendering a net electrical dipole.  Post-growth annealing at 80 °C reduces the surface 

potential difference with respect to the substrate, suggesting a tendency towards a non-

polar arrangement. For 120 °C, the 2D GIWAXS pattern confirms the appearance of the 

bilayer structure, which develops with further heating. The reduction of FWHM of the 

(003)BL peak from 120 to 140 °C points to an increase in the coherence length or long-

range crystallographic order. Although from the GIWAXS data the structural 
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transformation seems to be completed at 130 °C, the morphology shows steps with 

single-layer height at the surface. This finding allows inferring that the SL to BL 

structural transformation occurs from the bottom part of the film towards its surface. 

Moreover, the heterogeneous SP map upon annealing at 110 °C becomes quite 

homogeneous at 130 °C, indicating an improvement of the lateral crystallization degree 

within this temperature range. 

For thinner films the structural transition is demonstrated to take place at a lower 

temperature. This is an opposite observation to reports for other organic films. For 

example, the metastable SIP of pentacene shows an enhanced stability for thinner films 

(i.e., the transition to the bulk phase occurs at a larger temperature than for thick 

films).[28] Similarly, Diao et al. reported enhanced kinetic stability of metastable 

polymorphs of TIPS-pentacene, although in this case the study was performed in 

confined thin films.[18] On both cases, the enhanced stability of the metastable 

polymorph can be attributed to the surface energy contribution to the Gibbs energy but 

limited contribution of the film/substrate interfacial energy.[28] In the case of Ph-BTBT-

10, an ubiquitous bilayer is formed at the substrate interface, the stability of such a 

bilayer points to a greatly optimal interfacial energy in this system. A top the bilayer 

single-layers stack, with a intralayer packing that evolves with thickness from a 

metastable polar parallel arrangement of molecules (alkyl chain-up) towards the non-

polar antiparallel arrangement of the thin-film structure (Figure 1a). With temperature, 

the metastable polar arrangement on top of the interfacial bilayer evolves to the non-

polar bilayer structure of single crystals (Figure 1b). The onset temperature for this 

structural transition is inversely dependent on film thickness (Figure 6c).    

Finally, we have shown that molecular surface diffusion and intralayer mass transport 

lead to the bilayer assembly in a time scale of hours for Ph-BTBT-10 partially covering 

the silicon oxide surface. Although out of the scope of this particular work, we remark 

that thickness effects are expected to be notable on the stability of thin films with 
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aging,[17] which would particularly concern the performance of organic thin film-based 

devices. 

CONCLUSIONS 

The influence of film thickness on the structural transition temperature of Ph-BTBT-

10 films has been investigated by GIWAXS and KPFM. Key conclusions are drawn 

from the obtained results: i) the structural transformation, from single-layer lamella to a 

bilayer structure, extends from the bottom to the top film surface. Increasing the post-

growth annealing temperature improves the vertical and lateral quality of the 40 nm-

thick film as indicated by GIWAXS and KPFM, respectively; ii) a decrease of the film 

thickness (<20 nm) reduces the transition temperature to the thermodynamically stable 

bilayer phase. This non-evident behavior of Ph-BTBT-10, compared with other materials, 

is consistent with the stability of the interfacial bilayer as a substrate induced 

arrangement; iii) such a stability of the bilayer stacking at the interface with the substrate 

is observed in real space, for a laterally discontinuous deposition (3 nm), by the 

spontaneous evolution at room temperature over a time scale of few hours. 

Some practical conclusions are also derived which are of interest for device design 

and performance optimization: i) achieving the convenient organic thin film structure 

implies careful control of the film thickness and thermal treatment processes; ii) to 

ensure uniform performance across the active layer, lateral electrostatic inhomogeneities 

(here detected by KPFM) need to be considered; iii) both aging and post-growth thermal 

annealing need to be optimized depending on the specific thickness of the Ph-BTBT-10 

thin film. With the present work we demonstrate the importance of combining real space 

nanoscale tools and reciprocal space structural techniques to provide a deeper 

understanding of the relationship between film thickness, structural transitions, and thin 

film optimization, potentially guiding the development of more efficient and reliable 

organic semiconductor devices. 
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Figure S1. XRD specular data obtained from the as prepared 40 nm-thick film of Ph-

BTBT-10. 

Figure S2: (a) Crystal coherence length calculated from the FWHM of the (003)BL peak 

at the indicated temperatures. (b) Estimation of the crystal coherence length (Lc) from 

the FWHM of a diffracted peak.  
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Figure S3. (a) Magnified image of the as prepared 40 nm-thick film grown at room 

temperature. (b) Histogram of surface heights in (a). The difference between the 

adjacent peaks corresponds well to the single layer thickness (step height). (c) and (d) 

Zoomed area of the Figure 4, measured during scanning at 110°C. The total color scales 

are 40 nm (topography) and from −150 to 550 mV for dark to light SP contrast. 
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Figure S4. Topography (a and c) and surface potential maps (b and d) of 12 nm- and 17 

nm-thick thin films, taken at RT after post-growth annealing at 90°C. Additionally, the 

topography (e and g) and surface potential maps (f and h) also taken at RT but after 

annealing at 100°C. Note that the 17 nm-thick film evolves from annealing to one and 

the other temperatures, whereas the 12 nm-thick film shows negligible differences 

between them. 
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Figure 

S5. Topography (a and d) and surface potential maps (b and e) of 12 nm- and 17 nm-

thick thin films, taken at RT after post-growth annealing during 5 minutes at 60°C. Line 

profiles in (c)   and e) correspond to the topography along the segments in (a) and (d), 

respectively. 

From the surface potential map, it can be observed that for the 12 nm-thick film, some 

regions have transitioned from SL packing to BL packing after 5 minutes of post-growth 

annealing, resulting in a different surface potential. Comparison with the topography, 

indicates that the lower surface potential corresponds to a step height of 5.2 nm, which 

equals the thickness of the bilayer (BL structure). However, in the surface potential 

image of the 17 nm-thick film, there is no strong contrast, and the surface potential is 

predominantly arising from piled single layers. Indeed, the height profile shows that the 

steps are around 2.6 nm high, as expected from a SL structure. This supports that the 

thinner films require less temperature compared with thicker film for the onset of the 

structural transition. 
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Figure S6. Left: Topography and surface potential maps (time = 0h in Figure 7 

of the manuscript). Right: Magnified images of the regions indicated. 1-SL and 

2-SL stand for islands consisting of one or two single molecular layers, 
respectively, while 1-BL stands for bilayer islands.

Figure S6 illustrates the use of SP data to differentiate islands of the asymmetric 

Ph-BTBT-10 with similar height (same color in topography), but made out of one 

bilayer (1-BL) or two single layers (2-SL). Islands as the labelled 1-BL exhibit a 

surface potential similar to that of the surrounding bare substrate, but 2-SL 

islands have a more positive SP. The SP of 2-SL is twice of that of just 1-SL, 

reflecting the additive character of polar layers with same orientation.  2-SL 

consists of molecules with the same orientation within one layer and in the 
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adjacent one. Conversely, 1-BL islands are made out of the typical non-polar 

bilayer assembly reported at the substrate interface, where molecules at each 

layer have the same orientation but opposite to the adjacent layer. In this context, 

one half of BL can be seen as 1-SL. Notably, when some molecules are nucleated 

on top of the BL, the aggregates can be 1-SL and 2-SL (see aggregates on the 

indicated 1-BL island). 
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7 
SUMMARY AND PERSPECTIVES

In this study, we utilized nanoscale surface characterization techniques such as Kelvin 

Probe Force Microscopy (KPFM), X-ray Diffraction (XRD), and Ultraviolet 

Photoelectron Spectroscopy (UPS) to investigate the polymorphism of organic 

semiconductor materials. From our findings, we provide recommendations for 

optimizing and controlling thin film quality for improving the performance and 

reproducibility of OFET devices. 

In the first part of this work, we used Grazing Incidence Wide-Angle X-ray Scattering 

(GIWAXS) and Atomic Force Microscopy (AFM) to study the impact of substrate 

temperature on the morphology and structure of C8O-BTBT-OC8 films grown via 

physical vapor deposition. After annealing at 90 °C or beyond we observed a structural 

transition from the substrate-induced phase (SIP) at room temperature to a new 

polymorph called high-temperature phase (HTP). In the HTP, molecules are tilted from 

the normal direction with an average angle of approximately 39°, leading to a reduced 

inter-planar spacing and slightly expanded in-plane unit cell. AFM results indicated that 

this structural transition is reversible for annealing temperatures below 150 °C. Upon 

cooling to room temperature, the HTP reverts to SIP. However, molecular layers at the 

SiO2 interface may retain the HTP structure, overlaid by the SIP structure, potentially 

resulting in SIP and HTP coexistence at the interface, influenced by annealing 

temperature and cooling rate. This could negatively impact OFET field-effect mobility. 

Annealing temperatures above 150 °C leads to film dewetting and more complex 

morphology due to coexisting molecular angles during cooling. 

In the second study, we investigated the polymorphism of another BTBT derivative, Ph-

BTBT-10. Understanding its structure and polymorphism is crucial for optimizing 
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OFETs using Ph-BTBT-10 as the conducting channel, given that high carrier mobility 

in Ph-BTBT-10 films is linked to the bilayer structure. Systematic nanoscale 

morphology analysis and KPFM revealed that Ph-BTBT-10 films exhibit a complex 

structure beyond the reported single-layer to bilayer transition model. For films thinner 

than 20 nm, a polar thin film structure, intermediate between bilayer and thin film phases, 

was identified directly at the substrate surface. Density Functional Theory (DFT) 

calculations quantified a vacuum level shift by -0.273 eV for one layer with all molecular 

dipoles in an alkyl-up configuration, consistent with the measured surface potential shift 

in one molecular layer. With increasing thickness, the vacuum energy level decreases in 

a non-linear manner, attributed to an increased percentage of molecules with an alkyl-

down orientation, leading to the non-polar antiparallel configuration of the thin film 

phase observed at higher thicknesses.  This study underscores that KPFM is a valuable 

tool to evaluate electrostatic disorder and the emergence of polar polymorphs in thin 

films. The reported film structure has dramatic consequences in the electronic properties, 

in particular, we demonstrated a decrease in the work function with increasing thickness 

up to ∼1 eV and a broadening of the HOMO attributed to electrostatic disorder.  

Building on the second study, we further examined the role of interfaces in the structural 

transitions of Ph-BTBT-10 films and the impact of thickness on film stability. Using 

KPFM and GIWAXS, we monitored structural changes in Ph-BTBT-10 films of varying 

thicknesses during thermal annealing. We concluded that reduced thickness enhances 

bulk phase stability, as evidenced by a lower critical temperature for the transition to the 

bilayer structure. Studies on ultra-thin films revealed diffusion and reorganization 

processes over several hours, leading to an evolution from a stacking of polar single-

layers towards the bilayer structure. Our results demonstrated that reducing film 

thickness lowers the temperature required for transition to the thermodynamically stable 

bilayer phase, contrary to reports on other organic semiconductor films. 

Outlook: 
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In our investigation of C8O-BTBT-OC8, we found and proposed that growing films at 

appropriate substrate temperatures is more suitable for enhancing the electrical 

performance of thin films than post-annealing. After post-annealing and cooling, there 

is a possibility of SIP and HIP structures coexisting at the interface, which can negatively 

impact the carrier mobility of OFETs. Therefore, further research on the effects of 

different annealing and cooling process parameters on the organic film/SiO2 interface 

structure is crucial. 

In our study of Ph-BTBT-10, we first identified for thin-films a polar arrangement of the 

molecules that indicate the importance of dipolar electrostatic interactions. We suggest 

that polar assembly may be a common issue for other asymmetric BTBT derivatives, 

necessitating consideration for understanding structure-performance relationships in 

OFETs. Accurately determining polar assemblies near interfaces is crucial for the 

strategic design and development of high-performance OFETs. 
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