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Abstract 

Small band gap molecular semiconductors are of interest for the development of transparent 

electronics. Here we report two near-infrared (NIR), n-type small molecule semiconductors, 

based upon an acceptor-donor-acceptor (A-D-A) approach. We show that the inclusion of 

molecular spacers between the strong electron accepting end group, 2,1,3-benzothiadiazole-

4,5,6-tricarbonitrile, and the donor core affords semiconductors with very low band gaps down 

to 1 eV. Both materials were synthesised by a one-pot, sixfold nucleophilic displacement of a 

fluorinated precursor by cyanide. Significant differences in solid-state ordering and charge 

carrier mobility are observed depending on the nature of the spacer, with a thiophene spacer 

resulting in solution processed organic field-effect transistors (OFETs) exhibiting excellent 

electron mobility up to 1.1 cm2 V-1s-1. The use of silver nanowires as the gate electrodes enables 

the fabrication of semi-transparent OFET device with average visible transmission of 71% in 

the optical spectrum.  

 

Introduction 

Molecular semiconductors have attracted great research interest due to their unique chemical 

and optical properties alongside their application in electronics and photonics. The tunability 



of their energy levels and band gap have enabled the development of unique materials that 

absorb strongly in the near-infrared (NIR).1-4 Such NIR semiconductors typically have a band 

gap smaller than 1.6 eV,5 and have been investigated for various applications in organic 

photovoltaics (OPVs), photodetectors (OPDs), and organic field-effect transistors (OFETs).6-

9,10-16 In the latter area, there has been interest in the development of flexible ²see-through² or 

²invisible² devices for various applications like transparent sensors or wearable electronics.1, 

17 18, 19  In order to achieve ²see-through² characteristics, transparent or semi-transparent 

transistor components are needed, including source, drain and gate electrodes, dielectric 

insulator, and organic semiconductor (OSC) active layer. While considerable progress has been 

made in engineering transparent electrodes and dielectric layers,8, 20-22,18, 23 there are still limited 

choices of optically transparent low band gap organic semiconductors with good transistor 

performance. This is particularly the case for n-type organic semiconductors, with few high-

performing, NIR examples reported.2, 5, 24,25, 26 Such materials are required for the development 

of circuits combining low power consumption and high noise tolerance. 

The majority of n-type NIR absorbing semiconductors displaying good transistor performance 

have been polymeric in nature, 6, 27, 28 with their solution processed molecular counterparts 

lagging behind.29 This is despite the numerous advantages of monodisperse systems, such as 

their well-defined chemical structure, high purity, device reproducibility, solution 

processability, and high crystallinity.15, 30 One challenge with molecular systems has been their 

limited conjugation length, such that lowering their band gap usually requires the presence of 

very strong donor or acceptor units.31, 32,33 An additional challenge has been to selectively alter 

the energy level of one of the two frontier molecular orbitals of such systems. Consequently, 

many low bandgap semiconductors combine a shallow HOMO (highest occupied molecular 

orbital) with a deep LUMO (lowest unoccupied molecular orbital) energy level, which when 

implemented in an OFET device, can lead to ambipolar device operation.34, 35 Although 

ambipolar operation is interesting for some applications, it can lead to high off-currents and 

power consumption. This underlines the difficulty in achieving purely n-type properties in 

combination with NIR absorption for molecular semiconductors. In order to engineer n-type 

properties, a common strategy has been the addition of strong electron-accepting functional 

groups like cyanides to the conjugated backbone.36,37, 38,39 Some examples of the low-band gap, 

cyanated small molecules, together with their transistor mobility, are shown in Scheme 1, 

including core expanded naphthalene diimide (I, NDI),40 ladder-type donor-acceptor molecule 



(II), 41 diketopyrrolopyrrole (III, DPP)42 and quinoidal oligo-thiophene (IV).43, 44 As shown in 

Scheme 1, most of examples that absorb in deep NIR operate as ambipolar semiconductors.  

 
Scheme 1. Examples of reported cyanated NIR small molecules for OFET operation; I. core extended 

cyanated NDI,40 II. 2OD-TTIFDM,41 III. 2DPP-6T-2DCV,42 IV. QQT(CN)4
43, 44 and novel structures 

reported herein (TCNBT Th IDT and TCNBT OMeTh IDT). 

 

In our search for systems that simultaneously absorb in NIR and have high electron mobility, 

we turned to the recently reported strong electron-accepting end group 2,1,3-benzo-thiadiazole-

4,5,6-tricarbonitrile (TCNBT).45  When attached to either end of a rigid coplanar 

indacenodithiophene (IDT) core, we found that the resulting TCNBT IDT was a n-type material 

with transistor mobility of μe sat,max  » 0.15 cm2 V-1s-1. Furthermore, TCNBT IDT was on the 

cusp of NIR absorption, with a solid-state band gap of 1.6 eV. Motivated by these promising 

properties, in this report, we focussed on developing materials with a reduced molecular band 

gap, whilst maintaining the desirable high electron mobility. In the development of non-

fullerene acceptors, it has been shown that π-extension with a spacer between the donor core 

and the acceptor end group can narrow the band gap.46, 47 Following this strategy, we hereby 

report the influence of including thiophene and 3-methoxythiophene spacers between the IDT 

core and the TCNBT end group, forming the materials TCNBT Th IDT and TCNBT OMeTh 

IDT respectively. Both materials were synthesised from fluorinated precursors, TFBT Th IDT 



and TFBT OMeTh IDT, using a six-fold aromatic substitution with cyanide. The optoelectronic 

properties of fluorinated and cyanated materials are compared and contrasted, with TCNBT Th 

IDT and TCNBT OMeTh IDT exhibiting impressively low band gap both in solution and solid-

state. TCNBT Th IDT exhibits a band gap of 1.1 eV whilst TCNBT OMeTh IDT is just 1.0 

eV, unusually low for a non-quinoidal molecular system.2 Both materials show pronounced 

solvatochromism, with a significant shift of 105 nm in absorption maxima for TCNBT OMeTh 

IDT upon changing solvent polarity. Both TCNBT Th IDT and TCNBT OMeTh IDT 

semiconductors were investigated in solution processed OFET devices and despite their 

structural similarity they performed quite differently. Whilst, both materials performed as n-

type channel OFETs, TCNBT Th IDT has an electron mobility μe, max » 1.1 cm2 V-1s-1 whereas 

TCNBT OMeTh IDT exhibited electron mobility at μe sat, max  » 9.4 x 10-4 cm2 V-1s-1. Semi-

transparent OFET devices were also fabricated with TCNBT Th IDT, combining good electron 

mobility up to μe, max » 0.21 cm2 V-1s-1 with excellent average visible transmission (AVT) of 

71% for devices using silver nanowires.    

 

Results and Discussion 

Synthesis. The key synthesis steps of TCNBT Th IDT and TCNBT OMeTh IDT are shown in 

Scheme 2. Tetraoctylindacenodithiophene (1) and its dibromo derivative (2) were prepared 

following the reported procedures45 as discussed in the Supplementary Information. Compound 

2 was coupled with commercially available 2-(tributylstannyl)thiophene via Stille cross-

coupling and 3-methoxythiophene-2-boronic pinacol ester via Suzuki coupling to afford 

compounds 3a and 3b, respectively. Intermediate 4a was further brominated using N-

bromosuccinimide (NBS) in a tetrahydrofuran (THF) and dimethylformamide (DMF) mixture. 

Compound 4b was more reactive to electrophilic bromination due to the electron-donating 

methoxy group, and selective bromination required reaction with NBS in THF with the 

temperature carefully kept at 0 °C. Compounds 4a and 4b were coupled with 

trifluorobenzothiadiazole (TFBT) under direct arylation conditions45 affording the fluorinated 

precursors 5a and 5b (TFBT Th IDT and TFBT OMeTh IDT) in 35-45% yield, depending on 

the scale of the reaction. Finally, both 5a and 5b were treated with excess potassium cyanide 

in DMF, in the presence of 18-crown-6 ether. Delightfully, both underwent a 6-fold 

nucleophilic substitution, in which all six fluorine atoms were substituted with six cyanide 

groups in one-step, affording TCNBT Th IDT and TCNBT OMeTh IDT in good yields over 

65%, following purification by column chromatography followed by preparative recycling gel-



permeation chromatography. TCNBT Th IDT was isolated as deep green solid while TCNBT 

OMeTh IDT was isolated as brown solid. The fluorinated precursors of both materials were 

also purified and isolated to afford TFBT Th IDT and TFBT OMeTh IDT as deep red and deep 

purple solids, respectively. All four compounds were characterised by a combination of 1H, 13C 

and 19F NMR spectroscopy together with MALDI mass spectroscopy (see supporting 

information).  

 

 
 

Scheme 2. Synthesis steps of TFBT Th /OMeTh IDT and TCNBT Th/OMeTh IDT: i) NBS, THF/DMF; 

ii) 3a – Pd2dba3
.CHCl3/P(o-tol)3, 2-(tributylstannyl) thiophene, toluene; 3b – Pd(PPh3)4, 2M (aq) 

Na2CO3, methoxythiophene-2-boronic acid pinacol ester, THF; iii) 4a NBS, THF/DMF; 4b NBS, THF, 

0 °C; iv) Pd2dba3
.CHCl3/P(o-OMePh3)3, PivOH, Cs2CO3, toluene; v) KCN, 18-crown-6, DMF, 40 °C 

(6a)/50 °C (6b).         

 

Optoelectronic Characterisation. The UV-Vis absorption spectra of TFBT Th IDT and TFBT 

OMeTh IDT precursors are shown in Figures 1a and 1b, respectively. The solution spectra 

were recorded in chloroform and the films were as-spun from chloroform solution. TFBT Th 

IDT shows two peaks at 432 nm and 517 nm in solution that are red shifted by 10 nm and 60 

nm in the solid-state, alongside a vibronic shoulder apparent at 536 nm. The optical band gap 

was estimated by the onset of the absorption spectra at 1.9 eV and 1.6 eV in solution and solid-

state, respectively.  The addition of the methoxy group in TFBT OMeTh IDT results in a red 

shift of the absorption peaks in solution, to 447 nm and 572 nm. Upon moving to the solid state, 

these are further red-shifted by 14 nm and 70 nm, respectively. It is worth noting that in both 

cases, the low energy peak becomes broader and of higher intensity compared to the high 

energy peak in the solid state compared to the solution, indicating high-order structures. The 
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optical band gap was reduced by the addition of the methoxy group to 1.7 eV and 1.4 eV in 

solution and solid-state, respectively.  

As we have previously reported,45 substitution of six fluorine atoms with cyanide groups has a 

remarkable effect on the optoelectronic properties of the resultant materials. The UV-Vis-NIR 

absorption spectra of TCNBT Th IDT and TCNBT OMeTh IDT are shown in Figures 1d and 

1e, respectively. Solution spectra were recorded in chloroform, and films were as-spun and 

annealed at 150 °C. TCNBT Th IDT shows an absorption maximum at 775 nm in solution, 

significantly red-shifted at 935 nm in the solid-state (Figure 1d). The solution’s higher energy 

peak appears at 460 nm, showing a relative decrease in intensity and red shifts by 56 nm in the 

solid-state. A clear vibronic peak is apparent at 820 nm, which appears only after annealing at 

150 °C. The annealing temperature has a significant impact on the absorption spectrum as 

shown in Figure S1. The absorption of the as-cast films appears broad and featureless, with 

little change upon annealing at 80 °C or 120 °C but the appearance of clear vibronic features 

and 100 nm red shift in λmax is apparent only after annealing at 150 °C, suggestive of alterations 

in molecular packing and enhanced molecular order (Figure S1a).48 The optical band gap was 

calculated from the onset of absorption spectra at 1.3 eV and 1.1 eV in solution and solid state 

respectively. Similar to the fluorinated material, the inclusion of the methoxy group on the 

thiophene spacer had a notable impact on the absorption spectra. Thus, TCNBT OMeTh IDT 

exhibited a λmax at 905 nm in solution, which slightly redshifted to 1000 nm in the solid state 

(Figure 1e). In this case, annealing did not result in significant changes in the absorption spectra 

until 200 °C, upon which the main peak was slightly blue shifted and a pronounced vibronic 

peak at 830 nm appeared (Figure S1b). The optical band gap was calculated by the onset of 

absorption spectra at 1.1 eV and 1.0 eV in solution and solid state respectively. 



 

 
Figure 1. UV-Vis absorption spectra of a) TFBT Th IDT  and b) TFBT OMeTh IDT  in CHCl3 solution 

(0.2 mM) and as-spun thin films; c) CV of TFBT Th IDT (top) and TFBT OMeTh IDT (bottom) in 

DCM-[n-Bu4N]PF6 solution (0.1 M) at 100 mVs-1 scan rate; UV-Vis absorption of d) TCNBT Th IDT 

and e) TCNBT OMeTh IDT in CHCl3 solution (0.2 mM) and thin films annealed at 150 °C and f) CV 

spectra in DCM-[n-Bu4N]PF6 solution (0.1 M) at 100 mVs-1 scan rate of TCNBT Th IDT (top) and 

TCNBT OMeTh IDT (bottom) and potentials are referenced against ferrocene as an internal standard. 

 

The impact of annealing temperature on both materials was further corroborated by 

ellipsometry measurements (Figure S2). The ellipsometry measurements, taking into account 

the films anisotropy, provide ordinary and extraordinary extinction coefficients, which indicate 

molecular orientation in in-plane and out-of-plane direction respectively. The ordinary 

extinction coefficient for TCNBT Th IDT increases significantly, by about two times of 

absolute intensity (Figure S2a) for annealing temperatures between 150 °C and 180 °C, 

demonstrating an improved molecular packing in the in-plane direction. The extraordinary 

extinction coefficient is less sensitive to the annealing temperature, an indication of unaffected 

molecular orientation in the out-of-plane direction at high temperatures. On the other hand, 

with increasing the annealing temperature, the film thickness gradually increases (Figure S3a) 

which considerably drops at 200 °C accompanied by decrease of the extinction coefficient 

(Figure S2b). The decreased thickness at 200 °C is attributed to the dewetting of the film. For 



TCNBT OMeTh IDT both absorption coefficient and film thickness are not greatly affected by 

annealing temperature indicative of minor intermolecular changes and less ordered system. 

(Figure S2c and S3b). The annealing temperature also had a significant impact on the Fermi 

level of TCNBT Th IDT at higher annealing temperatures, 150 °C to 200 °C, whereas in the 

case of TCNBT OMeTh IDT it remained relatively stable (Figure S4). 

Interestingly, both materials also exhibit a large solvatochromism effect in their absorption 

spectra. The UV-Vis spectra of TCNBT Th IDT in tetrahydrofuran, toluene, chlorobenzene 

and chloroform are shown in Figure S5, with similar spectra for TCNBT OMeTh IDT shown 

in Figure S6. TCNBT Th IDT shows a shift of 85 nm in λmax from THF (690 nm) to chloroform 

(775 nm), whereas TCNBT OMeTh IDT exhibits a large shift of 105 nm from THF (800 nm) 

to chloroform (905 nm), with the other solvents appearing at intermediate values. Dilution 

experiments (Figure S6a-c) suggest that the long wavelength absorption peak is intramolecular 

in nature, rather than the result of aggregation and the long wavelength peak is therefore 

assigned to an intramolecular charge transfer (ICT) from the donor core to the acceptor end 

group.  

 

Table 1: Energy levels of TFBT Th/OMeTh IDT and TCNBT Th/OMeTh IDT 

 E1/2 ox, V 
(HOMO, eV)[a] 

E1/2 red, V 
(LUMO, eV)[a] 

Eg, eV 
(elec)[a] 

lmax, nm 

(sol)[b] 

lmax, nm 

(film)[c] 
Eg, eV 
(opt)[d] 

TFBT Th IDT 0.3 
(-5.1) 

-1.6 
(-3.2) 1.9 517  577 1.6 

TFBT OMeTh IDT 0.2 
(-5.0) 

-1.5 
(-3.3) 1.7 572 642 1.4 

TCNBT Th IDT 0.5 
(-5.3) 

-0.8 
(-4.0) 1.3 775 935 1.1 

TCNBT OMeTh 
IDT 

0.4 
(-5.2) 

-0.7 
(-4.1) 1.1 905 1000 1.0 

[a] determined by CV in CH2Cl2 and energy values referenced versus ferrocene/ferrocenium at -4.8 eV [b] determined by 
UV-vis spectroscopy in CHCl3, [c] determined by UV-Vis spectroscopy of as-cast thin films for TFBT Th IDT and TFBT 
OMeTh IDT and annealed (150°C) thin films at for TCNBT Th IDT and TCNBT OMeTh IDT, [d] determined from the onset 
wavelength of the absorption spectra in the solid-state. 
 
The electrochemical properties of the fluorinated and cyanated compounds were investigated 

in dichloromethane solution by cyclic voltammetry (CV) and referenced against ferrocene 

(Table 1). HOMO and LUMO energy levels for all materials were estimated from the half 

peaks from the first oxidation (E1/2,ox) and first reduction potentials (E1/2,red), respectively. We 

were unable to perform CV in the solid state due to high solubility of all compounds causing 

delamination of the films during measurement. TFBT Th IDT exhibits two quasi-reversible 

oxidation peaks and one quasi-reversible reduction peak with HOMO/LUMO energy levels 



calculated at -5.1 eV/ -3.2 eV, resulting in electrochemical band gap at 1.9 eV (Figure 1c, top). 

Addition of the electron donating methoxy group in TFBT OMeTh IDT results in a modest 

reduction in the oxidation potential, with two oxidation peaks still apparent, and one quasi-

reversible reduction peak (Figure 1c, bottom), with HOMO/LUMO energy calculated at -5.0 

eV/ -3.3 eV, resulting in electrochemical band gap at 1.7 eV.  

Cyanation had a significant impact on the electrochemical response compared to their 

fluorinated analogues, particularly with respect to their reduction. For TCNBT Th IDT, the two 

oxidation peaks exhibit a modest increase in oxidation potential, but the reduction peak is 

shifted significantly to lower potential, with a second quasi-reversible reduction also appearing 

(Figure 1f, top). The HOMO/LUMO energy levels were calculated at -5.3 eV/-4.0 eV. TCNBT 

OMeTh IDT showed a similar trend, with only a modest influence on the oxidation potential 

and a much larger effect on the reduction potential (HOMO/LUMO -5.2 eV/-4.1 eV). A second 

reduction peak is also apparent at lower potential (Figure 1f, bottom). Results obtained with 

Density Functional Theory (DFT) calculations (the details of the DFT methodology are 

provided in the SI) are in reasonable agreement with the experimental energy values. In 

particular, the calculated HOMO/LUMO energy values are -5.18 eV/-3.23 eV for TFBT Th 

IDT, -4.87 eV/-3.20 eV for TFBT OMeTh IDT, -5.89 eV/-4.28 eV for TCNBT Th IDT and -

5.62 eV/-4.24 eV for TCNBT OMeTh IDT (Figure S7-S10).  

 

Thermal Properties and Thin-film Morphology. Thermogravimetric analysis (TGA) under 

dry air was performed for all materials. All materials exhibited good thermal stability, with a 

similar decomposition temperature in excess of 350 °C, respectively (Figure S11). The thermal 

properties were investigated by differential scanning calorimetry (DSC) measurements (Figure 

S12).  TFBT Th IDT exhibited a cold crystallisation peak at 82 °C upon heating, followed by 

a melting peak at 158 °C. Upon cooling, there are two exotherms at 90 °C and 77 °C. The 

addition of the methoxy groups results in a significant increase in melting point to » 226 °C, 

followed by a crystallisation at 171 °C. The change of fluorine with nitrile groups results in a 

significant increase in melting point, with TCNBT Th IDT melting at » 240 °C, an increase of 

approximately 82 °C despite the small change in mass. This may suggest increased 

intermolecular interactions upon cyanation. A cold crystallisation exotherm is observed upon 

heating at 130 °C, with a preceding change in the baseline indicating a possible glass transition 

around 110 °C. These results correlate well with the observed changes in the UV-Vis spectra 

upon annealing. These trends are repeated with TCNBT OMeTh IDT showing an increased 



melting temperature of 54 °C compared to the fluorinated analogue. Following melting at 280 

°C two endotherms are observed upon cooling, at 230 °C and 197 °C. Both cyanated materials 

presented good stability during repeated thermal cycling (Figure 2a).  

The structure of dropcast films was examined by X-ray diffraction (XRD) as a function of 

annealing temperature. Dropcast films, rather than spun-cast, were necessary to observe 

diffraction peaks from our lab-based diffractometer. Featureless traces were observed for as-

cast and 120 °C annealed films of TCNBT Th IDT (Figure 2b) suggesting largely amorphous 

films, but annealing at 150 °C and 200 °C resulted in the appearance of sharp diffraction peaks 

at q = 0.57 Å-1, q = 1.2 Å-1 and q = 1.7 Å-1, indicative of film crystallisation. The intensity of 

the peaks slightly increases upon higher temperature annealing. These changes are in good 

agreement with DSC and thin-film UV-Vis data, which corroborate the change in morphology 

upon annealing. The XRD of the as-cast film of TCNBT OMeTh IDT (Figure 2c) appears 

largely amorphous. Annealing at 120 °C results in the observation of one weak peak at q = 1.7 

Å-1 which does not increase in intensity upon annealing at higher temperatures. This suggests 

that the methoxy group on the thiophene spacer hinders crystallisation, which further clarifies 

the featureless UV-Vis absorption peaks at annealing temperatures below 200 °C (Figure S1b). 

These observations are further supported by atomic force microscopy (AFM) imaging of thin 

films as a function of annealing temperature (Figure 2d-e). As cast films of TCNBT Th IDT 

are relatively featureless, but clearly show a significant change in topography upon annealing 

at 150 °C, with large terrace-like crystal domains forming. Annealing at 200 °C results in the 

formation of very large crystallite islands. Their high surface roughness results from the 

diffusion of TCNBT Th IDT from the surrounding film into the crystallites in agreement with 

the observation in ellipsometry measurements (Figure S2a,b). TCNBT OMeTh IDT behaves 

differently (Figure 2e), with as-cast and films annealed up to 120 °C showing only small ill-

defined features apparent, whereas the film annealed at 150 °C clearly exhibits a different 

topography, with crystalline domains on the order of 120-160 nm by 200-300 nm apparent. To 

conclude this section, both materials form relatively poorly ordered films upon casting, but 

annealing above the glass transition temperature of TCNBT Th IDT results in the formation of 

more ordered thin-films. The addition of the methoxy groups in TCNBT OMeTh IDT results 

in a significant increase in melting temperature, together with the absence of any clear glass 

transition or cold crystallisation peak. As such, the influence of thermal annealing is much less 

pronounced, and films appear less ordered.  



 
Figure 2. a) DSC of TCNBT Th IDT (2nd/3rd cycle, top) and TCNBT OMeTh IDT (2nd cycle, bottom), 

scan rate 10 °C / min; powder XRD for b) TCNBT Th IDT and c) TCNBT OMeTh IDT in different 

annealing temperatures; AFM topography images (2x2 μm), d) TCNBT Th IDT i) as-cast (RMS = 0.34 

nm), ii) 120 °C (RMS = 0.57 nm), iii) 150 °C (RMS = 1.73 nm), iv) 200 °C (RMS = 19.4 nm) and e) 

TCNBT OMeTh IDT i) as-cast (RMS = 0.72 nm), ii) 120 °C (RMS = 0.77 nm), iii) 150 °C (RMS = 

10.8 nm), , iv) 200 °C (RMS = 3.9 nm),  annealing film temperatures. 

 

Transistor Performance and Transparent Properties. The electron transport properties of 

the fluorinated precursors were not investigated in this study, since their molecular energy 

levels suggested they were not suitable candidates. Our earlier studies on TFBT end-capped 

materials also supported this conclusion.45 The charge transport properties of TCNBT Th IDT 

and TCNBT OMeTh IDT were tested in a top gate bottom contact (TG/BC) transistor 

architecture initially, using Au source/drain (S/D) electrodes, a Cytop dielectric and Al gate. 

Significantly different transistor performance was observed for both materials, thus whilst as-

cast films of TCNBT Th IDT exhibited clean electron transporting characteristics albeit with 

moderate mobility (Table 2), TCNBT OMeTh IDT showed almost no current modulation with 

gate voltage (Figure S13 and Figure S14). Annealing temperature had a significant impact on 



the performance of TCNBT Th IDT (Figure S15), with the optimal device performance found 

for films annealed at 150 °C - 180 °C, in agreement with morphological changes observed at 

these temperatures. 

 
Table 2: Performance for TG/BC n-channel OFETs based on TCNBT Th IDT. Comparison between 
different film annealing temperatures, S/D electrodes (Au or Ag) and calculation of reliability (R) 
factor.  

TCNBT Th IDT μe,sat. ave (μsat, max cm2 V-1 s-1) μe,lin. ave (cm2 V-1 s-1) Ion/off VT (V) R 
factor 

Au / as-cast 1.1 × 10-3 ± 0.2 × 10-3 (1.3 × 10-3) 7.5 × 10-4 ± 1.2 × 10-4 102 30 ± 1 44.1% 

Au / 120 °C 0.070 ± 0.014 (0.084) 0.045 ± 0.005 103~104 48 ± 3 42.1% 

Au / 150 °C 0.64 ± 0.21 (0.85) 0.22 ± 0.02 103~104 52 ± 4 40.7% 

Ag / 150 °C 0.83 ± 0.27 (1.10) 0.30 ± 0.02 103~104 33 ± 3 57.8% 

Au / 200 °C 0.24 ± 0.11 (0.35) 0.11 ± 0.03 104 31 ± 2 50.7% 

 
 

The good performance observed, with μe sat around 0.6 cm2/Vs, prompted the investigation of 

silver as an S/D electrode, due to its lower work function. Gratifyingly, this resulted in 

improved performance, with the device characteristics shown in Figure 3. TCNBT Th IDT 

exhibits an electron mobility that reaches μe sat, max » 1.1 cm2 V-1 s-1 in this device architecture, 

that in the best of our knowledge, is one of the highest reported for spin-cast n-type small 

molecules in undoped devices.15, 49,50 The device exhibited reasonable characteristics with an 

on/off current ratio Ion/off  » 103 to 104 and threshold voltage VT » 33 V (Table 2). Notably, the 

square root plot of the drain current was linear, with no evidence of the device non-idealities 

apparent in some high-mobility devices.15 To further support this, we also calculated the 

reliability factor (R), Table 2, as suggested by Podzorov, Sirrringhaus, Frisbie et al. using the 

formula as shown in eq. (1) in Supporting Information.51 In comparison to the excellent 

performance of TCNBT Th IDT, thermal annealing of TCNBT OMeTh IDT resulted in limited 

improvement (Figure S14), with the optimal temperature of 160 °C only resulting in device 

with μe sat, max » 9,4 x 10-4 cm2 V-1 s-1. Annealing to higher temperature (200 or 220 °C) resulted 

in reduced performance. The low performance is in agreement with the low crystallinity 

observed for this material.   



 
 Figure 3: a) TG/BC OFET architecture with Al as gate electrode, Ag as S/D electrodes (W/L = 1000/40 

μm) b) transfer curves in the saturation regime at VDS = 120 V (black), the linear regime at VDS = 20 V 

(red) and mobility calculated from the linear fit of the drain current square root (blue), c) output curve 

for gate voltage VG = 0 V to VG = 120 V, in 20 V steps. 

 

Encouraged by the excellent transistor performance and reproducibility of TCNBT Th IDT, we 

investigated the fabrication of OFET devices using silver nanowires (Ag NWs) as a semi-

transparent gate electrode, in a TG/BC architecture using Au S/D electrodes (Figure 4a). In this 

case, the dielectric layer was changed to a Cytop/PVDF-trFE-CFE bilayer due to improved 

wettability of Ag NWs on PVDF-trFE-CFE film (we were unable to coat directly on Cytop). 

Pleasingly, working devices with good transistor characteristics were produced with Ion/off » 

105 and VT » 10 V, although the electron mobility dropped in comparison to the opaque device 

with evaporated Al gate electrodes to μe sat, max » 0.21 cm2 V-1 s-1. The transfer and output 

characteristics are depicted in Figure 4b and 4c, respectively. One of the possible origins of the 

lower electron mobility in the semi-transparent devices is that the spin-coated Ag NWs might 

not form a continuous gate electrode laver, which leads to less gate coupling in the devices. 

This, consequently, can result in a lower effective carrier concentration accumulated at the 

semiconductor/dielectric interface with the application of gate voltage. Despite the slight drop 

in performance, the transparency of the device, as shown in Figure 4d, was excellent with 

average visible transmission (AVT) up to 77.5 % without Ag NWs and 71 % with Ag NWs 

(Figure 4e). While studies on semi-transparent OFETs have been dominated on p-type and 

ambipolar small molecules, the measured AVT together with high electron mobility and on/off 

ratio represents as one of the best reported values in semi-transparent and high performance n-

type small molecule OFETs. 



 
Figure 4. a) TG/BC OFET architecture with Ag NWs as gate electrode, Au (35 nm) as S/D electrodes; 

b) transfer curve in the saturation regime at VDS = 60 V (red) and mobility calculated from the linear fit 

of the drain current square root (blue); c) output curve for gate voltage VG = 0 V to VG = 60 V, in 10 V 

steps; d) photograph of the TCNBT Th IDT channel semi-transparent OFET and e) average visible 

transmission for glass (black), OFET without Ag NWs (red) and with Ag NWs (blue).



Conclusions 

We have successfully shown that the inclusion of electron rich thiophene and 3-

methoxythiophene spacers between D and A units is a very effective way to reduce the band 

gap of molecular semiconductors, resulting in NIR absorbing molecular materials. We have 

further demonstrated the utility of the high electron deficient end group 2,1,3-benzo-

thiadiazole-4,5,6-tricarbonitrile (TCNBT) in promoting small band gaps. In the case of 

thiophene spacer, TCNBT Th IDT showed maximum absorption at 935 nm in the solid state 

whereas TCNBT OMeTh IDT has maximum absorption at 1000 nm resulting in very narrow 

optical band gaps in the solid state for both materials, at 1.1 eV and 1.0 eV respectively. Both 

materials exhibited strong solvatochromism in their absorption spectra, with a shift of over 100 

nm in the maximum absorption peak observed depending on solvent polarity. While both 

materials are chemically similar, we observed significantly different thermal, structural and 

semiconducting properties. TCNBT OMeTh IDT being less crystalline, performed poorly as 

electron transporting material in OFET devices with μe sat, max » 9.4 x 10-4 cm2 V-1 s-1. In contrast, 

TCNBT Th IDT formed more ordered thin films and had a maximum electron mobility at μe 

sat, max » 1.1 cm2 V-1 s-1, which is one of the highest electron mobilities for solution processed 

small molecule semiconductors. The use of silver nanowires as a gate electrode enabled the 

fabrication of semi-transparent TCNBT Th IDT devices, combining an electron mobility at μe 

sat, max » 0.21 cm2 V-1 s-1 with an average visible transmission of 71%. These findings highlight 

the potential of strong electron acceptors like TCNBT, as well as π-extension of molecular 

systems, in achieving materials with NIR absorption and n-type characteristics.   
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