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Abstract

Thermal annealing of organic semiconductors is critical for optimization of their electronic 

properties. The selection of the optimal annealing temperature –often done on a trial-and-error 

basis– is essential for achieving the most desired micro/nanostructure. While classical materials 

science relies on time-temperature-transformation (TTT) diagrams to predict such processing-

structure relationships, this type of approach is yet to find widespread application in the field of 

organic electronics. In this work, we constructed a TTT diagram for crystallization of the widely 

studied organic semiconductor 5,11-bis(triethylsilylethynyl)anthradithiophene (TES-ADT) from 

its melt. Thermal analysis in the form of isothermal crystallization experiments showed distinctly 

different types of behaviour depending on the annealing temperature, in agreement with classical 

crystal nucleation and growth theory. Hence, the TTT diagram correlates with the observed 

variation in the number of crystal domains, the crystal coverage and film texture as well as the 

obtained polymorph. As a result, we are able to rationalize the influence of the annealing 

temperature on the charge-carrier mobility extracted from field-effect transistor (FET) 

measurements. Evidently, the use of TTT diagrams is a powerful tool to describe structure 

formation of organic semiconductors and can be used to predict processing protocols that lead to 

optimal device performance.

Key words: thermal annealing, isothermal crystallization, time-temperature-transformation 

(TTT) diagram, organic semiconductor, field-effect transistor
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1. Introduction

Thermal annealing is one of the most versatile and widely used post-deposition treatments 

for optimization of the micro/nanostructure of organic semiconductor thin films. The active 

layers of organic electronic and optoelectronic devices such as organic field-effect transistors 

(FETs)1,2 and organic solar cells3,4 are often subjected to thermal annealing to improve their 

crystallinity and, in turn, their charge transport ability. This is particularly true for small 

molecule semiconductors whose ability to transport electronic charge is governed by the thin-

film micro/nanostructure.5 For example, grain boundaries can strongly impede charge transport 

in FETs.6–12 On the other hand, processing parameters that increase the crystal size may lead to 

the development of polymorphs that are associated with a lower charge-carrier mobility.13–20 

Changes in molecular packing due to polymorphism14,18 and orientation21 can also be a source 

for low device reproducibility. Thermal annealing is typically carried out by first placing the 

thin-film device onto a heated surface for a certain period of time, followed by cooling to room 

temperature. This process is akin to isothermal crystallization at a certain annealing temperature 

(Tanneal).22 Annealing is to be carried out in a temperature range where crystallization can 

proceed, i.e. between the glass transition temperature (Tg) and melting temperature (Tm) of the 

material (or more specifically of the desired polymorph).23

A prominent example is thermal annealing of thin films that comprise fullerene derivatives. 

Mild annealing below the Tg can facilitate the formation of percolating pathways in 

polymer:fullerene bulk-heterojunction solar cells.4,24,25 Instead, annealing above the Tg of the 

polymer:fullerene blend results in the growth of micrometre-sized fullerene crystals that impair 

the device performance.26,27 In case of fullerene based FETs, crystallization can result in a 

dramatic improvement in charge-carrier mobility.28,29 Carful selection of Tanneal was also found to 
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be critical for the development of an optimal nanostructure in case of organic solar cells based on 

non-fullerene acceptors such as indacenodithienothiophene derivatives.30 Another extensively 

studied molecular semiconductor that is often subjected to thermal annealing is rubrene. The 

selection of Tanneal was found to influence the starting time of crystal nucleation31 as well as the 

crystal growth rate,32,33 which has a pronounced impact on the crystal size as well as the 

polymorph that forms.34,35 Deposition of rubrene together with the vitrification agent 9,10-

diphenylanthracene can, upon thermal annealing, lead to extraordinary crystal quality and hence 

a high charge-carrier mobility.35 

In the majority of cases thermal annealing of organic semiconductor thin films is done at 

an arbitrary temperature. Hence, it is of utmost importance to develop means that allow to 

rationalize how Tanneal influences the resulting micro/nanostructure, and to guide the selection of 

annealing parameters. A number of tools such as classical nucleation theory36 and Avrami 

analysis37 are available to predict optimal isothermal crystallization protocols.38,39 Classical 

nucleation theory was found to describe isothermal crystallization of 5,11-

bis(triethylsilylethynyl)anthradithiophene (TES-ADT) thin films.31 Avrami analysis was used to 

characterise the isothermal crystallization process of TES-ADT as well as poly(3-(2’-

ethyl)hexylthiophene) (P3EHT).37,40 Another tool that is widely used in classical materials 

science –time-temperature-transformation (TTT) diagrams– is yet to find widespread use in the 

field of organic electronics. Only few reports exist that use TTT diagrams to rationalize the 

amorphous-to-crystal transformation process of organic semiconductors.25,40 TTT diagrams not 

only describe the kinetics of isothermal crystallization but also lend predictive power with regard 

to the micro/nanostructure that develops during isothermal as well as non-isothermal 

crystallization of thin films.
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In this report we establish the TTT diagram that describes crystallization of TES-ADT 

from its melt. We chose TES-ADT as a model material because it is a well-studied small 

molecule semiconductor,16,18,41–43 and can be thermally annealed in air at relatively low 

temperatures to access its γ-phase without the risk for thermal degradation. Additionally, 

amorphous thin films of TES-ADT can be readily prepared by simply cooling molten films to 

room temperature, which provides reproducible samples for isothermal crystallization 

experiments.44 We find that the TTT diagram is in excellent agreement with the observed 

variations in micro/nanostructure and correlates with the evolution of the charge-carrier mobility 

extracted from FETs.

2. Results and discussion

2.1. Thermal analysis and bulk crystallization kinetics

TES-ADT (see Figure 1a for chemical structure) displays a rich phase behaviour that 

entails several crystalline forms, which dictates the annealing protocol that must be chosen in 

order to carry out meaningful isothermal crystallization experiments. The α-phase, which 

exhibits the highest field-effect mobilities, can be accessed by solution casting at low 

temperatures,43 solvent-assisted crystallization42 or solvent vapour annealing.44 The β-phase has 

the highest melting temperature Tm of 155 °C and the γ-phase forms through cold crystallization 

from the melt around 100 °C.18,45 The glass transition temperature Tg of TES-ADT is 27 °C.44 

Isothermal crystallization experiments were carried out with differential scanning 

calorimetry (DSC). The DSC experiments presented in Figure 1 were carried out with the same 

sample of TES-ADT quenched from its melt, which allowed us to ensure that each measurement 

commenced from a fully amorphous state. While samples solidified from solution would more 
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closely mimic processing schemes used for the preparation of thin-film devices, the use of new 

samples for each DSC experiment may affect the reproducibility of our measurements. We chose 

the following experimental procedure. First, TES-ADT was heated to 155 ºC and kept at this 

temperature for 5 min to ensure that the material is fully molten. Then, the molten material was 

cooled at a rate of -100 ºC min-1 to Tanneal and kept at this temperature for one hour. Note that a 

cooling rate of -10 ºC min-1 has been reported to result in fully amorphous TES-ADT.18 This 

cycle was repeated with the same sample while Tanneal was varied from 50 ºC to 120 ºC. A single 

broad exothermic peak due to cold crystallization for Tanneal between 60 ºC to 110 ºC was 

observed (Figure 1b). In case of annealing at 60 ºC, crystallization started after 1200 s and 

finished after about 3000 s. Instead, for Tanneal = 80-100 ºC crystallization commenced almost 

instantly. The DSC isotherm recorded for Tanneal = 110 ºC displayed two exotherms suggesting 

two crystallization events. No crystallization was observed at Tanneal = 50 ºC and 110 ºC in the 

bulk DSC sample, which we explain with the vicinity to the Tg and Tm, respectively.

We also investigated how the thermal history prior to Tanneal influences the crystallization 

kinetics. A sample directly cooled from 155 ºC to Tanneal = 80 ºC displayed a very similar DSC 

isotherm and hence comparable crystallization kinetics as the same material first cooled to 20 ºC 

followed by heating to Tanneal = 80 ºC (Figure S1 and Table S1). We therefore argue that the 

preparation protocol of the later on discussed thin-film samples, which involved a cooling step to 

room temperature prior to annealing, did not influence crystallization.

To calculate the relative degree of crystallinity  as a function of time (Figure 1c) we 𝑋𝑐(𝑡)

integrated the DSC isotherms to obtain the partial enthalpy , which we normalized by the ∆𝐻(𝑡)

total enthalpy  of each exotherm:∆𝐻0 = lim
𝑡→∞

∆𝐻(𝑡)
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𝑋𝑐(𝑡) =
∆𝐻(𝑡)

∆𝐻0 equation 1

All calculations were carried out with weight-fraction crystallinity instead of volume-fraction 

crystallinity, which is required by the Avrami model, because the densities of the γ-phase (ρ = 

1.128 ± 0.006 g cm-3) and amorphous TES-ADT (ρ = 1.115 ± 0.004 g cm-3) are very similar.18 

We constructed a TTT diagram (Figure 1d) by plotting, for each Tanneal, the times at which the 

relative crystallinity had reached a value of  = 5%, 50% and 95%, which was used as an 𝑋𝑐(𝑡)

approximation for the time needed for the crystallization process to commence (tonset), to be half 

complete (tmid) and to finish (tendset), as summarised in Table 1. The three corresponding iso-

crystalline lines in Figure 1d have the typical bell shape that is common for TTT diagrams. The 

TTT diagram provides an overview of the crystallization process of TES-ADT in the bulk. We 

found that tonset showed only a weak temperature dependence for Tanneal > 60 ºC as the nucleation 

started almost instantly. Crystallization proceeds most rapidly at intermediate temperatures with 

 reaching 50% and then 95% most quickly at 80-90 ºC and slows down towards lower or 𝑋𝑐(𝑡)

higher temperatures. We explain this behaviour with the influence of Tanneal on crystal nucleation 

and growth. Crystallization at temperatures close to Tg is limited by diffusion of molecules to the 

growing crystal and therefore we conclude that annealing at 60 ºC or below is hampered by slow 

diffusion, leading to an increase in the time needed for crystallization. Instead, crystallization at 

temperatures close to Tm is limited by a low driving force for the formation of crystal nuclei, 

leading to the absence of any crystallization at Tanneal ≥ 120 ºC.

To study the crystallization process of TES-ADT in more detail, we fitted the evolution of 

 with the Avrami equation (Figure 1c):34𝑋𝑐(𝑡)
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𝑋𝑐(𝑡) = 1 ― 𝑒𝑥𝑝[ ― (𝑡 ― 𝑡0

𝜏 )
𝑚] equation 2

where t0 is the crystallization lag time, τ is a time constant and m is the Avrami coefficient. We 

obtained good fits for Tanneal = 60-100 ºC, while the presence of a double peak in the isotherm at 

Tanneal = 110 ºC resulted in a poor fit. For Tanneal > 60 ºC we find that t0 = 0 (Table 1), which 

suggest instant nucleation. The lowest τ value, which represents the maximum crystallization 

rate, was observed at Tmax ~ 80 ºC, in agreement with the TTT diagram. The Avrami coefficients 

m deduced at Tanneal < 80 ºC and Tanneal = 100 ºC had a value of about 3 (Table 1). TES-ADT 

tends to undergo homogeneous nucleation in which case the Avrami coefficient corresponds to m 

= D + 1 where D is the dimensionality of crystal growth.31 Hence, the isothermal annealing 

experiments described here, which were done with bulk material in a DSC pan, lead to two-

dimensional growth of TES-ADT crystallites. For Tanneal = 80 and 90 ºC, the m values increased 

and reached 4 at Tanneal = 90 ºC suggesting that three-dimensional crystallization occurs at Tanneal 

where TES-ADT crystallizes most rapidly. Crystal nuclei can readily form just above the Tg = 27 

ºC and, therefore, the onset of crystallization can proceed relatively unhindered at most 

investigated annealing temperatures but Tanneal < 60 ºC where crystallization is sufficiently 

hampered by slow diffusion. The Avrami analysis further supported the findings inferred from 

the TTT diagram.

Hence, we conclude from the TTT diagram that the fastest crystal growth during 

isothermal crystallization of TES-ADT is at Tmax ~ 80 ºC. Below Tmax crystallization is hampered 

by slow long-range molecular diffusion, while above Tmax crystallization is limited by a low 

driving force for the formation of crystal nuclei. Hence, we refer to the temperature range 

between Tg and Tmax as the diffusion limited (DL) region; and the temperature range between 
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Tmax and Tm as the nucleation limited (NL) region. The cooling line illustrating a non-isothermal 

crystallization process at a constant cooling rate of -0.083 ºC s-1 forms a tangent to the iso-

crystalline line representing the onset of crystallization (  = 5%, cf. Figure 1d). This cooling 𝑋𝑐(𝑡)

rate represents a lower limit for bulk TES-ADT to be quenched to an amorphous solid from its 

melt, which agrees with a previous report where a cooling rate of -10 ºC min-1 (-0.167 ºC s-1) 

allowed to fully quench molten material into an amorphous solid.18

2.2. Crystallization of TES-ADT thin films 

To elucidate to which extent the TTT diagram established with DSC for bulk material 

correlates with the crystallization process of TES-ADT thin films, we thermally annealed a series 

of thin films immediately after fabrication and evaluated their properties. We spin-coated 

amorphous thin films with a thickness of about 50 nm onto silicon wafers from a 50 ºC toluene 

solution of 10 g L-1 TES-ADT, followed by melting of samples for 5 min at 155 ºC and 

subsequent quenching to room temperature on a large metal plate kept at room temperature. The 

elevated solution temperature was selected to prevent crystallization.46 Thin-film samples were 

annealed at Tanneal = 30-130 ºC in the dark for 1 h and quenched to room temperature on a large 

metal plate kept at room temperature. All thin film preparation was performed at ambient 

atmosphere. Optical microscopy revealed plate-like crystal structures in thin films annealed for 1 

h at Tanneal = 30-110 ºC (Figure 2a). For Tanneal < 80 ºC, i.e. the DL region, we observe a high 

crystal coverage of more than 85% and 500-1400 crystal domains per mm2 (Figure 2b). The high 

crystal coverage at 30-40 ºC is in stark contrast to isothermal DSC measurements, which did not 

show any crystallization at these temperatures (cf. Figure 1). We argue that the substrate and/or 

air interfaces provide heterogeneous nucleation sites, which together with confinement induced 
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crystallization47,48 permit crystallization already at lower temperatures. For Tanneal ≥ 80 ºC, i.e. the 

NL region, the crystal size gradually increases from ~70 µm at Tanneal = 80 ºC to over 300 µm at 

Tanneal = 110 ºC while the number of crystal domains per unit area and the crystal coverage 

decreases significantly. Clear bell shapes can be found for both the number of crystal domains 

and the crystal coverage, which resemble the TTT diagram constructed for bulk material 

annealed in DSC pans (cf. Figure 1b). Furthermore, in the DL region above Tmax, a higher crystal 

coverage and fewer crystal domains were observed as compared to the NL region. We also 

notice distinct colour and brightness variations within almost every crystal domain in case of thin 

films annealed at high temperatures, e.g. Tanneal = 110 ºC, suggesting that these crystal sheets are 

twisted. TES-ADT crystallites are relatively “soft” and bending has been observed for both α-49 

and β-phase crystals.18

To obtain additional insight into the influence of Tanneal on the crystal structure, grazing-

incident wide-angle X-ray scattering (GIWAXS) was performed on these thin films. The 

GIWAXS pattern (Figure 3a) recorded for a thin film annealed at Tanneal = 60 ºC showed clear 

out-of-plane (100), (200) and (300) diffractions corresponding to the γ-phase of TES-ADT. At 

Tanneal = 80 ºC the intensity of these diffractions significantly increased, and an additional (400) 

diffraction appeared. For Tanneal = 100 ºC, the diffraction intensity somewhat decreased, which is 

in agreement with the reduced film coverage observed with optical microscopy (Figure 2). The 

intensities of diffractions recorded for a thin film annealed at 120 ºC were further reduced with 

only a faint (100) diffraction visible. The highest intensities for the (l00) out-of-plane diffractions 

were observed for Tanneal = 80 ºC (Figure 3b), which corresponds to Tmax as suggested by the TTT 

diagram. We note that for Tanneal = 60 ºC and 100 ºC the relative intensity of the (l00) diffractions 

differs, suggesting differences in microstructure between the two thin films. Note that Lee et al. 
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have reported that TES-ADT thin films crystallize slowly when kept at room temperature.50 

Since the here studied thin films were prepared a few days before the synchrotron measurements, 

weak (100) diffractions were observed for Tanneal = 120 ºC as well as the unannealed reference 

film. All (l00) diffractions observed are out-of-plane suggesting that the molecules within the 

crystals are oriented predominately edge-on. 

Annealing in the DL and NL regions resulted in slight differences in crystal packing. 

Examination of the (110) diffractions (compared in Figure 3c and highlighted in Figure 3a) 

revealed that the diffraction peak position shifts at higher Tanneal towards lower diffraction angles. 

While annealing in the DL as well as the NL region results in the growth of γ-phase crystals, we 

argue that slight differences in unit cell occur, which we label as the γDL- and γNL-phase, 

respectively. We also observed broadening of the azimuthal (100) diffraction for higher Tanneal 

(Figure 3c). In contrast to the thin film annealed at 60 ºC, thin films annealed at 80 ºC and 100 ºC 

show significantly broader diffractions. We calculated the Herman’s orientation factor of the 

(100) diffraction and obtained values of 0.99, 0.95 and 0.94, respectively, which indicates that 

the degree of edge-on orientation decreased with Tanneal. The broadening of the azimuthal 

distribution of the (100) diffraction observed for the γNL-phase is consistent with the crystal sheet 

twisting inferred from optical micrographs (see Figure 2). Furthermore, we analysed the in-plane 

crystal coherence length (CCL) of the (001) diffraction by means of the Scherrer equation.51 

Even though the crystal size increased with Tanneal, the CCL calculated for the thin films annealed 

at 60, 80 and 100 ºC was 8.2, 7.4 and 7.0 nm, respectively. The CCL was a few orders of 

magnitude smaller than the domain size, which is not surprising when considering the “soft” 

nature of TES-ADT crystals.18,49 
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2.3. Charge-carrier mobility from FET devices

FET devices with a TES-ADT active layer were fabricated in bottom-gate, bottom-contact 

configuration and subjected to annealing at various temperatures (see Figure 4 and Figure S2). 

The charge-carrier mobility (µFET) was extracted from the FET transfer characteristics in the 

saturation regime following standard procedures (Figure 4a).52 For the case of non-ideal devices, 

the mobility was estimated in a conservative way, using the lowest slope of this graph, as 

indicated with the red line. At least 20 samples were evaluated for each annealing procedure and 

the results were consistent. The spin-coated FET devices were briefly heated to 155 °C for 5 s 

and quenched by placing on a metal surface kept at room temperature for 5 s before immediate 

annealing at a given Tanneal for 1 h in the dark similar to the thin films. As-quenched thin films 

displayed a µFET < 10-5 cm2 V-1 s-1. In contrast, thin films annealed at 30 ºC, which is only a few 

degrees above the Tg = 27 ºC of TES-ADT, already display a drastically higher mobility of about 

10-3 cm2 V-1 s-1. We obtained the highest µFET values of (1 ± 0.4) × 10-2 cm2 V-1 s-1 for devices 

annealed at 40-60 ºC. At higher Tanneal between 70-90 ºC, the µFET decreased to about (1 ± 0.7) × 

10-3 cm2 V-1 s-1. For Tanneal ≥ 100 ºC, we observe a significant reduction in µFET. In summary, the 

mobility varies over three orders of magnitude depending on the annealing temperature. We 

assign the poor performance of devices with an as-quenched active layer and those annealed at 

120 ºC to the amorphous nature of TES-ADT, in agreement with previous reports.18,44,50 The 

evolution of µFET with Tanneal displayed a clear bell shape akin to the TTT diagram constructed 

from DSC thermograms (see Figure 1). We extracted values of µFET  10-2 cm2 V-1 s-1 for devices 

annealed in the temperature range where crystallization –according to the TTT diagram– is most 

pronounced, while µFET decreased at both higher and lower temperatures. We attribute the 

slightly higher µFET values observed for the γDL-phase to the higher film coverage, which reduced 
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the width of grain boundaries. In the high temperature regime, the reduction in mobility results 

from the decrease in coverage (Figure 2b), as well as the reduction in crystallinity and content of 

the high mobility edge-on phase (Figure 3). A longer annealing time is expected to increase the 

crystal coverage within the NL region, which would have a positive impact on the charge-

transport mobility. The evolution of the subthreshold slope (S) with the annealing temperature 

can be described as a rotated “bell-shape”, where a high mobility coincides with a small S, while 

the threshold slope is hardly affected by the annealing temperature (Figure S4). These 

observations suggest that the changes in film nanostructure modify the relatively deep trap 

environment, which are detected in S.53 

3. Conclusions

In this work, we have studied the isothermal crystallization behaviour of the 

semiconducting small molecule TES-ADT using thermal analysis, which allowed the 

construction of a TTT diagram. For Tanneal ≥ 70 °C nucleation of the γ-phase crystal of TES-ADT 

occurs instantaneously in the bulk, as confirmed by Avrami analysis. The crystal growth rate, 

however, was limited at temperatures close to the Tg and Tm due to limited molecular diffusion 

and a low driving force for crystallization, respectively. The fastest crystallization temperature 

was found at Tmax ~ 80 °C. In a contrast to bulk samples, nucleation more readily took place even 

at lower Tanneal in case of thin films, which we attribute to surface nucleation and confinement 

induced nucleation. The number of crystals per area, the crystal coverage, crystallinity and 

saturation mobility of TES-ADT thin films followed the same bell-shape trend displayed by the 

TTT diagram. Furthermore, we have identified two temperature regions below and above Tmax. 

Thin films annealed in the diffusion limited region (Tg to Tmax) and nucleation limited region 
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(Tmax to Tm), displayed clear differences in crystal size and coverage as well as slight variations in 

the unit cell of γ-phase crystals. We conclude that TTT diagrams are powerful tools that allow to 

predict the evolution of the micro/nanostructure and hence the electronic performance of organic 

semiconductors when subjected to thermal annealing. It can be anticipated that TTT diagrams 

will also allow to investigate how aspects such as the miscibility, phase separation and the 

crystallization sequence influence the solidification behaviour of semiconductor blends.

4. Experimental section

Materials. TES-ADT was synthesised according to a previously described method.54 Toluene 

was purchased from Sigma Aldrich (Anhydrous, 99.8%) and used as received.

Differential scanning calorimetry (DSC). DSC measurements were performed under nitrogen 

using a Mettler Toledo DSC 2 equipped with a high-sensitivity sensor (HSS9+). The samples (~ 

5 mg) were placed into 20 μL Al crucible light sample pans. The samples were firstly molten at 

155 °C and kept at the same temperature for 5 minutes, followed by a rapid cooling at rate of -

100 °C min-1 to Tanneal = 50-120 °C to ensure fully amorphous structure obtained,18 subsequently, 

the isotherms were recorded for a duration of 1 h.

Thin film preparation.  Thin films used in this work were prepared by spin-coating a 50 ºC 

toluene solution containing 10 g L-1 TES-ADT onto silicon wafers to achieve amorphous thin 

films.47 The thin films were thermal treated by sequentially placing on a hotplate kept at 155 ºC 

for 5 min, followed by quenching on a large metal plate kept at room temperature for 5 s, 

transferring onto another hotplate kept at Tanneal = 30-130 ºC for 1 h in the dark and quenching 

back to room temperature on a large metal plate kept at room temperature.

Page 14 of 25Journal of Materials Chemistry C



15 / 25

Optical microscopy. Images were taken with a Zeiss Axio Scope A1 equipped with a pair of 

polarizers placed at an angle of 45°.

Grazing-incident wide-angle X-ray scattering (GIWAXS) measurements were conducted at 

the D-line of the Cornell High Energy Synchrotron Source (CHESS) at Cornell University. Thin 

films prepared on silicon wafers were placed on a sample stage where an X-ray was directed 

onto the sample surfaces with an incident angle of 0.15° for 10 s. A Pilatus 200k area detector 

was placed 177.2 mm away from the sample stage to collect the scattered X-ray patterns. 

Organic field-effect transistors (FETs) were prepared with bottom-gate bottom-contact 

configuration. Contacts consisting of 45 nm gold on 5 nm titanium were evaporated on silicon 

wafers with a 200 nm SiO2 layer prior to the deposition of the TES-ADT layer by spin-coating a 

TES-ADT solution (10 mg mL-1, 50 °C in toluene). The device channel lengths varied between 

30 μm and 100 μm, and the channel width varied between 200 μm to 1000 μm. The as-deposited 

thin films were briefly heated to 155 °C for 5 s and quenched to room temperature before 

annealed at a given Tanneal for 1 h in the dark. The transfer and output characteristics were 

obtained from these devices using an Agilent 4155C Semiconductor parameter analyser. The 

fabrication, annealing and measurements of FET devices were conducted in a N2 filled glove 

box. Square root values of the drain current from the transfer characteristics were used to extract 

the saturation mobility (µFET).
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Figures

Figure 1. a) Chemical structure of TES-ADT. b) Isothermal DSC thermograms of TES-ADT 

recorded during annealing at various Tanneal. c) relative crystallinity  as a function of time  𝑋𝑐(𝑡) 𝑡

(symbols) and best fits with the Avrami equation (solid lines). d) Time-temperature-

transformation (TTT) diagram displaying the time for  to reach 5%, 50% and 95%. The 𝑋𝑐(𝑡)

arrow represents the slowest constant-rate cooling process that results in a close to amorphous 

solid with   5% (cooling rate  -0.083 ºC s-1).𝑋𝑐(𝑡)
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Figure 2. (a) Polarized optical microscopy images recorded with two polarizers placed at an 

angle of 45º (not fully crossed) of TES-ADT thin films annealed at various temperatures and (b) 

number of crystal domains per area and crystal coverage extracted from the optical micrographs.
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Figure 3. a) GIWAXS patterns of TES-ADT thin films annealed at various temperatures with 

the (110) diffractions highlighted and enlarged in the insets. b) Vertical line cuts of (a) depicting 

the out-of-plane (l00) diffractions. c) Comparison of the (110) diffraction of thin films annealed 

in the diffusion limited (DL) and nucleation limited (NL) region, which gives rise to slight 

variations of the -phase. d) Azimuthal distribution of the (100) diffraction.

Page 23 of 25 Journal of Materials Chemistry C



24 / 25

Figure 4. a) Transfer characteristics of a FET device with a TES-ADT active layer annealed at 

60 ºC. b) saturation mobility of FET devices (FET) annealed at various temperatures.
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Table 1. Summary of parameters describing the crystallization kinetics obtained from thermal 

analysis.

Tanneal (ºC) ΔHo (J g-1) tonset (s) tmid (s) tendset (s) t0 (s) τ (s) m

60 11.4 1303 1980 2705 800 1330 3.07

70 19.0 597 1503 2450 0 1697 2.82

80 23.6 516 949 1375 0 1059 3.53

90 24.0 493 952 1338 0 1036 4.12

100 22.3 516 1072 1730 0 1216 3.08

110 25.2 557 1461 1963 - - -

Page 25 of 25 Journal of Materials Chemistry C


