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Supplementary Materials 
 

Supplementary Data 1: 

 

 
Fig. S1. Typical current-voltage characteristics as a function of 

temperature. These type of curves were used to estimate the 

subthreshold swing S and the interfacial trap density NT. 

 

 

Table 1: Subthreshold swing as a function of temperature in 

devices fabricated on SAC (solvent assisted crystallization) 

grown crystals on vacuum-gap and SiO2 dielectric: 

 

T (K) S (V/dec) 

vacuum gap 

S (V/dec) 

SiO2 

210 1.59 3.10 

220 1.95 3.08 

230 2.18 2.88 

240 2.17 2.92 

250 2.51 2.85 

260 2.07 2.48 

270 2.31 1.79 

280 2.19 2.29 

290 2.22 1.77 

300 1.89 1.65 

 
Table 2: Subthreshold swing as a function of temperature and 

channel length (L) in thin-films devices fabricated on SiO2 

dielectric: 

 

T (K) S (V/dec) 

L = 10µm 

S (V/dec) 

L = 50µm 

S (V/dec) 

L = 80µm 

S (V/dec) 

L=100µm 

200 0.96 2.23 4.85 15.33 

210 1.02 2.17 4.77 14.41 

220 0.99 2.16 4.36 13.65 

230 1.03 2.14 3.82 13.00 

240 1.02 2.15 3.72 12.08 

250 1.05 2.15 3.68 11.84 

260 1.08 2.14 3.67 11.19 

270 1.10 2.13 3.69 10.86 

280 1.18 2.05 3.69 10.82 

290 1.22 2.05 3.70 10.07 

300 1.24 2.07 3.74 9.94 

Table 3: Subthreshold swing as a function of temperature in 

thin-film devices fabricated on polystyrene/SiO2 dielectric: 

 

T (K) S (V/dec) 

200 0.21 

210 0.20 

220 0.22 

230 0.22 

240 0.23 

250 0.28 

260 0.19 

270 0.24 

280 0.17 

290 0.26 

300 0.22 

 

 

Supplementary Methods 1: Calculation of the coefficient of 

thermal expansion (CTE) 

The dif-TEG ADT films with large grains, deposited 

on Au surface treated with pentafluorobenzene thiol (PFBT) 

self-assembled monolayer, exhibit a high degree of crystallinity, 

with the molecules adopting a preferred orientation along the 

(001) direction. Thus, the effective lattice constant based on the 

thermal expansion in a-b plane, where charge transport occurs, 

𝐿𝑒𝑓𝑓 , is an average of the expansion along a and b, respectively, 

𝐿𝑒𝑓𝑓 = (𝑎 + 𝑏)/2.  

Films consisting of small grains exhibit a mixed 

preferred orientation along (001) and (111) directions. The 

angles between the sides in the diF-TEG ADT unit cell are close 

to 90° (α=91.39°, β=90.51°, γ=90.09°), thus we approximated 

the projection from orthorhombic structure to simplify lattice 

constant. 𝐿 ≈ [(𝑎2𝑏2 + 𝑏2𝑐2+𝑎2𝑐2)/8]1/4 . A distribution of 

50% (001) and 50% (111) direction in small grains film finally 

gives: 

𝐿𝑒𝑓𝑓 =
[(𝑎2𝑏2+𝑏2𝑐2+𝑎2𝑐2)/8]
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Supplementary Data 2: 

 
 

Fig. S2. The increase in interfacial trap density at the 

semiconductor/dielectric interface as a function of channel 

length (black). The interfacial thermal expansion mismatch, 

ITEM, of the same films (blue) shows a similar trend. 
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Supplementary Calculations 1: Band structures at different 

temperatures 

We determined the band structures of diF-TEG ADT 

using the lattice constants derived from the temperature-

dependent powder x-ray experiments. In the molecular 

structures used for the calculations, all thiophenes in the ADT 

backbones took the “anti” configuration. The lattice constants 

at 210 K (no band structure calculated) and 300 K were 

extrapolated from XRD measurements on powders at 153 K and 

233 K. The 90 K lattice constants (a = 8.5564 Å, b = 11.753 Å, 

c = 15.533 Å) come from XRD measurements on a crystal. Note 

that the 90 K lattice parameters are smaller than those one 

would obtain by a simple extrapolation of the powder XRD 

values (see Fig. S3). All unit cells are triclinic with angles (α = 

91.39°, β = 90.51°, γ = 90.09°) taken from the measurements 

on the crystal at 90 K. 

 

 
Fig. S3. Lattice vectors as a function of temperature.  

 

 

 

Fig. S4 presents the band structures determined via 

periodic DFT calculations, as described in the main text, along 

the high-symmetry points of a triclinic lattice (TRI1b in the 

aflowlib classification). (1) In all cases, the band gap is direct 

with valence and conduction band extremes at the N point (the 

fractional coordinates are -1/2, -1/2, 1/2). In the 153 to 300 K 

temperature range, only very small differences in the band 

structures are observed. The band gap of the 153 K structure is 

larger by 15 meV compared to the 300 K structure. Larger 

differences in the band shapes are seen only for the 90 K 

structure, where the band gap is smaller by 17 meV compared 

to the 300 K structure. The total width of the valence band 

decreases by 16% when going from 90 K (466 meV) to 300 K 

(390 meV). This is comparable to the 14% band narrowing 

calculated in pentacene (120-293 K range) and 10% narrowing 

in rubrene (100-293 K range). (2) Hence, the overall effect of 

thermal expansion on carrier mobility in the bulk is anticipated 

to be relatively modest. 

 
Fig. S4. Band structure of unit cells at different temperature.  

 

 

Supplementary Calculations 2: A model of tensile strain 

based on benzene 

To explore the potential impact of tensile strain based 

on the hypothesis depicted in Fig. 1d and 1e of the main 

manuscript, we developed a toy model composed of a one 

dimensional array of benzene molecules oriented edge-on on a 

substrate, though we note that there is no substrate explicitly 

included (we simply use the term to describe the orientation). 

Although the model is simple, and the applied strain is 

exaggerated, it illustrates well the main concepts. We model 

both the “vacuum-gap” and SiO2 dielectric device at the two 

temperature extremes. At high temperature (e.g. 300 K) we 

consider the crystal to be defect-free for both devices, i.e. we 

neglect any intrinsic defects. The benzene model supercell 

contains four benzene molecules (see Fig. S5). The equilibrium 

lattice constant of the benzene array is set to 4.0 Å. As the 

molecules are equally spaced, one obtains a delocalized charge 

density for the valence band (see Fig. S5), as expected. Four 

valence bands span ~0.4 eV; note that in reality this is a single 

band that is “folded”, with the result here arising from the fact 

that we use a supercell instead of a unit cell.  

When the “vacuum-gap” device is cooled (e.g. to 210 

K), the full crystal is allowed to relax as it is assumed to not be 

directly attached to the substrate (e.g., we assume that the 

organic layer can slide over the metal contacts; in other words, 

that the van der Waals forces between the organic layer and Au 

contacts are weak in the crystal orientation). Here, the valence 

band charge density remains delocalized, as the intermolecular 

spacings between the benzenes are constant. The closer inter-

benzene spacings assumed at low temperature, when compared 

to high temperature, lead to larger overlap among neighboring 

π orbitals and, in turn, a broader valence band.  

In the SiO2 dielectric device, the situation is different. 

The reduced temperature will allow the intermolecular spacing 

to diminish. The supercell size is, however, fixed at the 300 K 

value as a function of the CTE mismatch that induces the tensile 

strain. The competition between these two characteristics 

inevitably leads to the formation of extra space in the molecular 

array. The size of the induced intermolecular separation is 

determined by the difference between the supercell sizes at 210 

and 300 K (2 Å in this case). An inhomogeneous molecule 

distribution leads to a higher charge density, or a localization of 

holes, in areas where the molecule density is higher. Conversely, 
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the charge densities where the molecules are spaced further 

apart is diminished. The localization of charge is also visible in 

the electronic band structure for the low-temperature model, as 

flat bands are now observed.  

 
Fig. S5. (top) Band structure of the benzene 1×4×1 supercell. 

(bottom) Valence band charge density averaged over the x- and 

z-axes and plotted along the y-axis. Benzene molecules are 

depicted as gray ellipses.  

Supplementary Calculations 3: A model of tensile strain in 

diF-TEG ADT 

To explore the impact of temperature and tensile strain 

on diF-TEG ADT, we take the same approach as in the benzene 

model and apply it using lattice parameters derived from the 

temperature-dependent powder x-ray studies. In Fig. S6, the 

band structure for the three different supercells are presented. 

As was the case in the benzene model, supercells at 300 K and 

the “vacuum-gap” device supercell at 210 K show dispersive 

bands that are “folded” versions of the unit-cell band structures. 

In the supercell of the SiO2 device, there is an opening among 

the bands at the high-symmetry points. Although the openings 

are much smaller than in the benzene model (where the strain 

was exaggerated), there is still a considerable localization of 

valence band states.  

In this model, we assume that the majority of the 

molecules can slide over the SiO2 substrate – e.g. the 

noncovalent interactions with the substrate are fairly weak – 

and only a few of them interact strongly enough to keep the 

supercell fixed. We do note that an alternative explanation is 

that all molecules interact equally with the substrate and the 

tensile strain leads to increased tilting among the standing-up 

diF-TEG ADT molecules. Here, the spacings among the side 

alkyl groups contacting the surface would remain equal, and the 

disorder occurs in the degree of tilting among the other portions 

of the molecules. Notably, this situation leads to the same 

qualitative picture, where the tensile strain induces structural 

disorder that leads to localization of holes. 

 

 
Fig. S6. Band structure of a 1×4×1 supercell based on diF-TEG 

ADT. Only the top portion of the valence band is shown along 

the X-Γ-Y path. Valence band maxima are used for alignment. 
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Supplementary Data 3: 

 
Fig. S7. Activation energy (EA) versus the dielectric constant of 

the gate dielectric (εr) for the different semiconductor and 

dielectric pairings included in Fig. 7 of the manuscript. 
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