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Abstract 

We demonstrate the deposition of films of the conducting charge transfer complex 

TTF-TCNQ from solution by spray coating. The benefit of spray coating is the ability to 

process large volumes of solution, therefore allowing the utilisation of compounds with 

very low solubility. The sheet resistance in the TTF-TCNQ film is similar to that of the 

commonly used organic PEDOT:PSS electrodes, with the added benefit of room 

temperature deposition and no additional thermal treatments. Spray coated TTF-TCNQ is 

used as source and drain electrodes for transistors based on the organic semiconductor 

C8-BTBT, achieving similar performances in terms of mobility and turn-on voltage than 

when conventional contacts of MoOx/Au are used, whilst exhibiting a slight improvement 

in the linearity of the output characteristics. 
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1. Introduction 

The practical production of electronic devices by printing requires the utilisation of conductors 

deposited from solution, over large areas and ideally at not excessively high temperatures. Various oxide 

(such as Zn or In based) formulations can be deposited from solution and exhibit high performance, but 

require high temperature processing in the range of 100-500 oC, which can limit applications onto 

flexible substrates and could damage the organic semiconductor layer.1 Silver nanoparticle inks can be 

printed and thermally annealed at 120 o C.2 Electrodes from aqueous solutions of the doped conducting 

polymer poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate (PEDOT:PSS) have been prepared 

achieving a typical sheet resistance of 2 kΩ·cm although they are also thermally treated above 100 oC to 

evaporate the solvent and improve performance.3-4 Conducting charge transfer (CT) complexes 

consisting of an organic acceptor and an organic donor molecule provide a clear alternative.5 A notable 

example is tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) (Fig. 1b), which has been proven 

to perform well as an electrical contact to organic semiconductors resulting in low contact resistances 

and efficient charge injection.6 Additionally, the work function of CT complexes can be finely adjusted by 

the appropriate selection of their constituents to match the highest occupied molecular orbital (HOMO) 

or lowest unoccupied molecular orbital (LUMO) level of the desired semiconductor and eliminate hence 

injection barriers at the interface.7 However due to the limited solubility of CT complexes, thermal 

evaporation is usually utilised to deposit them.8–10 To date, the solution processing of TTF-TCNQ has only 

been achieved either by the sequential deposition of the individual donor and acceptor solutions11 or by 

the formation of nanoparticle dispersions.12   

Here we demonstrate that conductive films of TTF-TCNQ can be deposited from a solution of the CT 

complex by spray-coating. The advantage of spray-coating is the ability to process large solution 

volumes in a short time and to deposit over a large area.13 Consequently, spray coating is an ideal 

technique for the deposition of compounds with low solubility, which cannot be processed by traditional 



techniques such as ink-jet printing or solution shearing, where a low volume of a concentrated solution 

of the compound is required. Additionally, the deposition is performed at room temperature with no 

need of further thermal treatments as the solvent used is highly volatile. As a proof of concept, organic 

field-effect transistors (OFETs) based on C8-BTBT:polystyrene14,15 (C8-BTBT stands for 2,7-

dioctyl[1]benzothieno[3,2-b][1]benzothiophene) as active layer and spray-coated TTF-TCNQ top-contact 

source/drain electrodes were fabricated. The devices exhibited high performances comparable to those 

achieved with conventional evaporated MoOx/Au contacts. 

2. Experiment details 

2.1 Spray coating of TTF-TCNQ 

TTF-TCNQ (Sigma Aldrich) was dissolved in HPLC grade acetone (0.30 mg/ml) by strong agitation in 

an ultrasonic bath (for four hours). The TTF-TCNQ solution remains stable over time. No precipitation or 

colour changes were observed during one month of solution storage. The spray-coating setup is shown 

in Fig. 1a. It consists of a masked substrate, in this case sandwiched between a magnetic base and a 

metal mask, and an airbrush that utilises pressurised nitrogen to aerosolise the TTF-TCNQ solution. The 

area of the metal mask used was (70 x 70) mm2. The area of the targeted substrate was (18 x 20) mm2. 

Additional surrounding pieces of identical thickness were placed to maintain mask planarity. The mask 

has to be kept planar without gaps underneath since they cause vibrations and bad contact because of 

the air flow. An airbrush (Sagola junior 140, 0.8 mm nozzle diameter) was fixed 18-19 cm above the 

sample (nozzle to sample surface separation) and 40 ml of TTF-TCNQ solution were deposited. The 

deposited layer thickness is very sensitive to the nozzle to sample separation: separation distances over 

20 cm result in a significantly reduced film thickness, and distances less than 17 cm cause the formation 

of liquid droplets on the sample surface. The optimum distance can be tuned by adjusting the pressure 

of the nitrogen gas to which it is proportional. The process was performed at room temperature, in 



ambient conditions, and took approximately 4 minutes (10 ml/min solution flow rate) at a nitrogen 

pressure of 1.5 bar. The spray-coating was also performed at an elevated temperature of 80 oC, without 

giving rise to notable differences in the TTF-TCNQ sheet resistance. 

The main area limiting factor is the spray jet coverage and not the mask dimensions. To characterize 

the coating coverage, TTF-TCNQ was spray coated onto Si/SiO2 substrates with patterned four point 

probe Cr/Au bottom contacts (5 and 40 nm thick, respectively) patterned by photolithography and lift-

off (no mask was used for the spraying).  

TTF-TCNQ is also soluble in THF in a concentration of up to 0.9 mg/ml. THF is a more aggressive 

solvent and would cause damage to the underlying semiconductor layer used in this work, however it 

might be applicable to processes with other materials. Also, the sheet resistance values measured in 

TTF-TCNQ films deposited from a THF solution were four times higher than those deposited from 

acetone. 

2.2 Organic Field-Effect Transistor Fabrication 

OFETs were fabricated in the Bottom-Gate Top-Contact configuration. Sin++/SiO2 substrates (Si-Mat, 

200 nm oxide thickness) were cleaned by immersion into acetone and isopropanol in an ultrasonic bath 

for 5 minutes each. For the active layer solution, C8-BTBT (Sigma-Aldrich, used as received) was blended 

with polystyrene (Sigma Aldrich, Molecular weight 10000 g/mol) in a ratio of 4:1 and dissolved in 

anhydrous chlorobenzene (2 % wt). The solution was coated by Bar-Assisted Meniscus Shearing as 

previously reported at 105 oC and at 10 mm/s.14 The sample was placed on a magnetic base, covered 

with a metallic mask (stainless steel, 50 μm thickness) and, subsequently, exposed to TTF-TCNQ spray-

coating. The transistor channels formed were 4 mm wide with lengths of 60, 80 and 100 μm. For 

comparison, devices with MoOx/Au (15 nm/100 nm) top-contact electrodes were also fabricated. 



2.3 Scanning Probe Microscopy Characterization: 

Scanning probe microscopy (SPM) measurements were carried out at room temperature using 

different instruments with the instrument Dulcinea from Nanotec Electrónica. All data was analysed by 

using the WSxM software. Both Amplitude modulation atomic force microscopy (AM-AFM, dynamic 

mode with fixed frequency) and contact AFM working in ambient conditions were used to investigate 

the surface morphology. 

Electrostatic probe force (EFM) is a dynamic mode that measures the electrostatic force between a 

metallic tip and the sample. The tip and sample are not in direct contact but are electrically connected 

via electronics. As a result, their Fermi levels align, creating an SP, and thus, a tip−sample electrostatic 

force develops. EFM was used to accurately determine local variations in surface contact potential 

difference (ΔCPD). The electrostatic force (Fel) between a conductive AFM tip and a close metallic 

surface is given by Fel = –∂C/∂z (VDC –VCPD)2. As the phase shift of an oscillating probe is proportional to 

the force gradient, it will also present a quadratic dependence with VDC with the parabola centered in 

VCPD. In this work alternate Phase- VDC were acquired in the TTF:TCNQ electrode and in a highly 

oriented pyrolytic graphite (HOPG) reference sample, in order to assure reproducibility and to obtain an 

accurate value of the TTF:TCNQ electrode workfunction. Conducting CrPt diamond coated Si tips (by 

Budgetsensors) mounted on cantilevers with k = 3N/m were employed. 

The CPD values are extracted from the position of the maximum in the parabolic dependence of the 

electrostatic force with the applied voltage measured at a minimum of 15 locations and several curves 

taken at each position. 

 



3- Results and Discussion  

A solution of TTF-TCNQ in acetone (c =0.3 mg/ml) was sprayed as detailed in the experimental 

section. The surface of the TTF-TCNQ sprayed layer consists of plate and needle shaped crystals of 

approximate length of one micrometre (Fig. 1c, and Fig. S3a). X-ray analysis shows two peaks 

corresponding to d-spacing of 9.1 Å (Fig. S1), coinciding with reports of evaporated TTF-TCNQ films and 

indicating that the conducting ab plane of the crystals lies in parallel with the substrate.9  

 

Figure 1. (a) Spray-coating set-up. (b) Molecular structure the C8-BTBT semiconductor 
and TTF-TCNQ charge transfer salt. (c) SEM image of TTF-TCNQ layer surface. 

 

The sheet resistance was measured as a function of the radial distance from the centre of focus 

of the spray jet (Fig. 2a) and was found to increase from 3 kΩ·cm at a distance of 0.6 cm to 6 kΩ·cm at a 

distance of 1.5 cm (Fig. 2b). These values are very similar to reports on evaporated TTF-TCNQ films, 

where sheet resistances of 4 kΩ·cm (300 nm thick films) were found.10 Thus, for this particular 

experimental setup, the effective coating area is approximately 3 cm in diameter.  



  

Figure 2. (a) Si/SiO2 substrates with covered four-point probe structures made out of 
Cr/Au. The spray jet was focused at the centre and the sheet resistance was measured 
along the coloured lines, as a function of distance from the centre. The values are plotted 
in (b). Filled squares represent the initial measurements and empty squares 
measurements of the same samples one year later.  

 

As a proof-of-concept, the spray-coated TTF-TCNQ electrodes were used as contacts in OFETs. 

C8-BTBT was chosen as organic semiconductor since this material exhibits high field-effect mobilities 

exceeding 1 cm2/V·s.16,17 However, C8-BTBT tends to suffer contact issues due to its high Ionisation 

Potential (IP) of 5.5 eV.18 To our knowledge, the most efficient top contact is achieved by utilising a 

MoOx interfacial layer between C8-BTBT and Au,19,20 which raises the electrode work function to 5.6 

eV.21 An alternative type of contact has been achieved by doping the contact interface with FeCl3,
 which 

results in the generation of mid band-gap states and tunneling through the high Schottky barrier.22 

Solution-processed graphene oxide bottom-contacts have been also utilised though exhibiting non-

linear output characteristics.23 

 OFETs were fabricated on Sin++/SiO2 substrates with a bottom-gate top-contact configuration 

(Figure 3a). Blends of C8-BTBT with polystyrene in a ratio of 4:1 and dissolved in anhydrous 

chlorobenzene (2 % wt) were casted by bar-assisted meniscus shearing as previously reported.14 C8-

BTBT forms large plate-like domains with sizes of hundreds of microns (Fig. S2). Afterwards, TTF-TCNQ 



was sprayed on the top through a mask to fabricate the source and drain contacts (Fig.3b). For 

comparison, devices with top MoOx/Au contacts were also fabricated. 

 

 

Figure 3. (a) Cross-section of the device configuration of the transistor. (b) Microscope 
image of transistor channel with visible C8-BTBT layer and TTF-TCNQ electrodes.  

 

 In order to examine the possible impact of the spray deposition on the morphology of the 

semiconductor layer and the quality of the contact, both the electrode edge and the channel were 

analysed by Atomic Force Microscopy (AFM). Typical topographic images are presented in Fig. 4 for the 

two regions. The profile relief in Fig. 4a passing along both areas reveals that the crystallites forming the 

TTF-TCNQ coating have heights ranging between 30 and 200 nm. Fig. 4b shows the edge of the OFET 

channel containing a large part of the active region and a portion of the electrode. The extreme flatness 

of the semiconductor layer in the channel (Fig. 4c) and at the electrode edge (Fig. 4d) is a clear hint 

supporting that its morphology is not affected by the electrode deposition.  

 

 



 

Figure 4: (a) Topographic image of the electrode and most of the channel area (L= 50µm). 
(b) Line profile taken along the black segment in the image. Morphologic details of the 
central part of the channel (c) and of a region including the TTF-TCNQ electrode edge (d).   

 

 OFETs contacted with MoOx/Au exhibit saturation mobilities in the range of 0.1-2 cm2/V·s with a 

mean value of 0.7 cm2/V·s over 12 measured OFETs on 4 substrates (Fig. S4a). The turn-on voltage was 

almost 0 V, subthreshold swing of 2 V/decade, and on/off ratio of 106 (Fig.5a). The OFET parameters are 

summarized in table 1. Output characteristics show low-linearity at low drain voltage (Fig. 5b inset). 

OFETs fabricated with TTF-TCNQ top-contacts exhibit peak saturation mobilities in the range of 0.2 – 1.4 

cm2/V·s with a mean value on 0.7 cm2/V·s over 17 measured OFETs on 6 substrates. The turn-on voltage, 

subthreshold swing and on/off ratio are similar to the MoOx/Au OFETs. Nonetheless, the output 

characteristic exhibits noticeably better linearity at low drain voltages than with MoOx contacts. OFETs 

with both types of contact were stable over a month in ambient conditions (Fig. S4d). 

 



 

Figure 5. (a) Forward and reverse transfer characteristics of OFETs based on C8-BTBT and 
MoOx/Au evaporated contacts (black lines) or TTF-TCNQ spray coated contacts (red lines). 
The gate currents are represented with dashed lines. The OFET channels are 4 mm wide 
and 100 μm long. The drain voltage is -30V. Representative characteristics were chosen 
for OFETs of similar saturation mobilities (0.6 cm2/V·s). (b) Output characteristics of the 
same devices for gate voltages of 0 to -40 V in steps of -10V. The inset shows 
magnification of the characteristics for VGS= -40V. 

 

Electrodes μSAT range (mean) VON range (mean) Rc range (mean) IDS-ON/OFF 

MoOx/Au 0.1 to 2 (0.7) cm2/V·s -0.22 to –3.10 (-1.3) V 18 to 20 (19) kΩ·cm 106 

TTF-TCNQ 0.2 to 1.4 (0.7) cm2/V·s 0.18 to -3.29 (-0.9) V 37 to 67 (53) kΩ·cm 106 

Table 1. Summary of OFET parameters. The mobility and turn-on voltage ranges and mean 
values and were extracted from 12 OFETs on 4 different substrates for MoOx/Au and 17 
OFETs on 6 different substrates for TTF-TCNQ. The contact resistances were calculated 
for 3 OFET of similar mobilities for each case. 

 

 The contact resistance was estimated by the Y-function method24 which permits the extraction 

of contact resistance from a single device, though the dependence on gate voltage cannot be 

ascertained. The contact resistance for the MoOx/Au OFETs was estimated to be 53±16 kΩ·cm, which is 



slightly higher than reported values, which are in the range of 8-50 kΩ·cm (gate voltage dependent, 

extracted by gated transmission line method) for similar OFETs of C8-BTBT with MoOx/Au contacts.19 For 

the devices with TTF-TCNQ electrodes the extracted contact resistance in this work was 18±3 kΩ·cm, 

almost three times lower than with MoOx/Au. 

Commonly, the reported work function (φ) values of organic CT complexes are inferred from 

considering the energy of the HOMO and LUMO of the isolated components and might differ from that 

of the compound. To have a realistic value, the work function of the TTF-TCNQ employed here was 

experimentally evaluated from the measured contact potential difference (CPD) between the electrodes 

of the particular devices and a conductive AFM tip. The CPD values are extracted from the position of 

the maximum in the parabolic dependence of the electrostatic force with the applied voltage (see 

Experimental Details) measured at a minimum of 15 locations and several curves taken at each 

position.25 In order to discard tip work function uncertainty and any possible tip change, the absolute 

value of the φ was determined, under the same conditions and with the same tip, using as a reference a 

highly oriented pyrolytic graphite (HOPG) sample26 before and after measuring over the TTF-TCNQ 

electrode (Fig. 6). Though the obtained φ ≈ 4.9 ± 0.1 eV is somehow higher than the reported range 

(4.64 to 4.78 eV),9 this value is insufficiently high to account for the more efficient contact with the 

semiconductor and lower contact resistance as compared to devices with MoOx/Au electrodes. If there 

was vacuum level alignment between C8-BTBT and TTF-TCNQ, there would be a significant injection 

barrier of 0.8 eV which would noticeably affect device performance. According to our results this is not 

the case, as TTF-TCNQ actually seems to form a better contact than MoOx/Au. Therefore, it must be 

concluded that the specific electronic coupling of both organic compounds at the, semiconductor/TTF-

TCNQ interface, favours the hole injection most likely due to the formation of interface dipoles. Such 

dipoles have been observed for a variety of organic-organic and organic-metal interfaces and can exceed 

1 eV.27 For organic-organic interfaces, it has been shown that charge-transfer as well as polarization 



effects are factors contributing to the sign and magnitude of the dipole.28 Interface dipoles are indeed 

commonly observed in donor-acceptor systems such as in multilayers of TTF/TCNQ, where the HOMO of 

the TTF donor and the LUMO of the TCNQ acceptor align at the interface between the two materials. 29 

It is likely that in our case at the interface between the TTF-TCNQ and C8-BTBT films a dipole is induced. 

Another cause that could lead to a more efficient contact could be the intermixing of the organic metal 

with the organic semiconductor. This effect was previously observed in solution grown single crystals of 

a TTF derivative semiconductor on evaporated TTF-TCNQ contact, which gave rise to devices exhibiting a 

lower contact resistance.8 

 

 

Figure 6: Phase -VBias  curves performed on top of the TTF-TCNQ electrode and on a 
reference HOPG sample. The corresponding work function values, obtained from the 
parabolic fit of the data, are given at the top panel along with that of gold (φ ≈ 5.1 eV), 
where the width of the colour scales indicate the statistical error of the measurements.  

 



4. Conclusions 

 In summary we demonstrate the deposition of TTF-TCNQ charge transfer complex from solution 

by spray-coating. The resulting films exhibit the same crystal phase and sheet resistance as the 

evaporated TTF-TCNQ ones. Such values are also similar to the commonly used PEDOT:PSS electrodes 

with the added benefit here that there is no need of applying additional thermal treatments. OFETs 

were fabricated with C8-BTBT top contacted with spray-coated TTF-TCNQ, as well as with conventional 

evaporated MoOx/Au source/drain contacts. Performance was similar between the two types of 

contacts in terms of mobility (mean of 0.7 cm2/V·s), turn-on voltage (near 0 V), subthreshold swing (2 

V/decade), and on/off ratio (106). The only notable difference was better linearity in output 

characteristics and lower estimated contact resistance for the TTF-TCNQ contacts, which has been 

attributed to the formation of interface dipoles at the organic semiconductor/organic metal interface. 
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