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Abstract. The electrical properties of organic thin films are determined by 

their chemical constituents and the morphology of the films deposited. In this 

paper the morphology of vacuum sublimed (7∙10
-6

 mbar) tetrathiotetracene 

(TTT) thin films is shown to be strongly affected by the thermal deposition 

temperature (222-350 K) and rate of deposition. Mostly needle-like 

morphologies are identified by scanning electron microscopy. Optimal TTT 

purity (a pre-requisite for device preparation via subsequent oxidation) is 

evidenced by their initially low electrical conductivity. Altering the TTT 

morphology, by variation of the evaporation parameters, strongly affects this 

base electrical conductivity. Four probe conductivity measurements and 

charge extraction by linear increasing voltage methods are used to 

characterize film electrical properties. In-plane conductivity of up to 7.03∙10
-5

 

S/cm is achieved for pure TTT thin films. Subsequent aerial oxidation 

resulted in a 3.4-fold increase in electrical conductivity. 
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1. Introduction 

Thermoelectric (TE) devices which can provide direct thermal to electrical energy conversion 

of low temperature waste heat (<200 °C) could potentially help reduce global warming if their 

widespread utilisation could be realized. Presently the materials used for efficient TE devices 

are expensive, often not widely available and normally contain unsustainable or toxic 

elements such as Te and Pb [1–5]. Organic materials with good TE properties could be a 

solution to these issues. High-electrical conductivity materials are a prerequisite for TE 

generators. One class of candidates for TE devices are radical cation salts attained by 

oxidation of tetrathiotetracene (TTT, Figure 1) [6–8], such as ditetrathiotetracene triiodide 

[9]. The TE performance of these salts is often compromised if non pristine TTT starting 

material is used and (low) electrical conductivity of the initial TTT is frequently the best 

indicator of its purity [9]. 

 

Figure 1. Chemical structure of tetrathiotetracene (TTT). 

Large, good quality organic crystals with low impurity/defect concentrations often have 

higher electrical conductivity than polycrystalline films, but are challenging to grow. It is 

much easier to produce thin films of organic materials by thermal evaporation in vacuum 

techniques, but typically such films are polycrystalline. Consequently, it is necessary to 

investigate the impact of deposition technological parameters on the morphology and 

electrical properties of such films and TTT was selected for the present study. During (or 

after) evaporation TTT thin films can be doped with oxidants, such as iodide, dramatically 

increasing their conductivity. The electrical properties of such doped thin films may therefore 

depend on the initial TTT thin film morphology. For example, related morphology changes in 

polycrystalline pentacene films and their effect on electrical properties has been widely 

studied [10–12]. Some electrical properties of vacuum deposited TTT films have been 

investigated a long time ago [13–16]. For example, Inokuchi et al. reported TTT electrical 

resistivity reaching 1.3∙10
6 

Ω∙cm for thin films and 8.5∙10
3 

Ω∙cm for compressed pellets [13]. 

Webb et al. through DC and AC conduction studies attained a density of states of ~10
19

 cm
-3

 

for TTT
 
[14] with thermally activated DC transport with an activation energy of 0.28 eV. The 

latter is very close to the 0.3 eV trap level Balode et al. reported for TTT thin films [16]. To 

the best of our knowledge no investigation into how the morphology of TTT thin films affects 



 

 

electrical conductivity has been described. Recently, Fiedler et al. studied the structure of 

TTT monolayers on gold [17]. They found two different TTT monolayer phases on gold (111) 

surfaces depending on the amounts of TTT deposited. At low TTT concentrations on surface 

a disordered phase is seen which converts to an ordered phase at higher TTT surface coverage 

(the latter was assigned to ‘flat’ -adsorption of TTT, the former containing additional ‘edge-

on’ Au-S contacts). In this paper we report the influence of TTT deposition process 

parameters, including evaporation rate and substrate temperature, on the morphology and 

electrical properties of resultant polycrystalline TTT thin films of 650 nm to 2.5 µm 

thickness.  

2. Experimental details 

2.1. Tetrathiotetracene (TTT) 

The tetrathiotetracene (TTT, Figure 1) used in these experiments was synthesized in 

Bulgarian Academy of Sciences by Prof. Dr. V. Dimitrov and co-workers by a literature 

method [18] and purified several times by thermal gradient sublimation at the University of 

Wurzburg by the group of Prof. Dr. J. Pflaum. On the basis of 
1
H NMR spectroscopy [400 

MHz, ca. 0.3 mM solutions in d8-toluene, H 7.23 – 7.21 (m, 4H), 6.96 – 6.90 (m, 4H)] and 

mass spectrometry the initial material was >95% pure and the sublimed material >98% TTT. 

Further enrichment can be expected during film deposition. 

2.2. Sample preparation 

A specially designed sample configuration (Figure 2) allows for the measurement of electrical 

conductivity both laterally (in-plane) and normal to the film’s surface. For measurements of 

thin film in-plane conductivity we used four gold electrodes placed under the TTT layer. 

Basal (ITO) and top deposited (Al) electrodes were used to carry out measurements 

perpendicular to the TTT thin films. Sample preparation began by applying Scotch Crystal 

tape as mask to define the desired shape of the ITO electrode. Surplus ITO was etched away 

from the 25 by 25 mm glass slide using hydrochloride acid (concentration 10 M) and zinc 

pellets. The zinc reacts with hydrochloride acid producing hydrogen which together with the 

hydrochloride acid etches ITO. After removing the tape mask, the substrate was cleaned in 

turn with deionized water, acetone, chloroform and Helmanex III detergent dilution 2%, more 

deionized water and finally isopropanol using 15 min cycles in an ultrasonic bath. After 

cleaning the sample was fixed on a special sample holder and loaded into the vacuum 

chamber. Four gold electrodes were deposited by thermal evaporation in vacuum (7∙10
-6

 

mbar) using shadow masks. Various TTT thin films were then deposited by thermal 



 

 

evaporation under vacuum by altering the substrate temperatures and TTT evaporation rates. 

Substrate temperatures in the range 222-350 K, and TTT mass evaporation rates between 45 

ng∙cm
-2

∙s
-1

 and 363 ng∙cm
-2

∙s
-1

 were used. Finally, the top Al electrodes were deposited the 

same way as gold under the same pumping cycle. Substrate temperature was controlled by a 

Peltier element built into the sample holder. Evaporation rates were monitored by in house 

fabricated quartz crystal resonators. The base pressure in the vacuum chamber was 7∙10
-6

 

mbar. The actual thickness of the TTT films obtained was measured with profilometer Dektak 

150. In all runs the same amount of TTT was used (20 mg), but as measured by the 

profilometer, the film thickness varied in range of 650 nm to 2.5 µm depending on the 

deposition parameters and the resultant film morphology.  

 

Figure 2. Schematic representation of the sample. Four Au electrodes under the TTT films were used 

for measurements of thin film conductivity in-plane. Bottom ITO and top Al electrodes were used to 

carry out conductivity measurements perpendicular to the TTT thin film. 

2.3. Experimental setups 

Electrical conductivity in the plane of film was measured by a four probe technique using the 

Au electrodes. A Keithley 6487 picoampermeter was used as the current source and voltage 

measurements were carried out with a Keithley 6514 instrument. The length of Au electrodes 

was 6 mm and the distance between them was 2 mm; I-V curves with ohmic behaviour were 

obtained.  

Charge carrier mobility and electrical conductivity perpendicular to the plane were measured 

using the Charge Extraction by Linear Increasing Voltage (CELIV) method [19,20]. Current 

transients were measured with a Tektronix DPO 2012 oscilloscope. Linear increasing 

voltages (up to 5 V with increasing at 5∙10
3
 to 1∙10

6
 V/s) were applied to the sample by a 

Tektronix AFG3021B arbitrary function generator. 

Both in-plane and perpendicular to the plane electrical measurements were performed in 

ambient temperatures (ca. 20 
o
C). 

Thin film morphology was studied by scanning electron microscopy using a Tescan Lyra 3 

FEF-SEM×FIB with a 5 keV electron beam. The conductivity of the TTT layers were high 



 

 

enough to avoid surface charging and therefore additional sputtering of the thin film with a 

conductive metal layer was not necessary. 

3. Results and Discussion 

Our sample configuration (Figure 2) allows us to characterize TTT morphology on different 

substrates – bare glass, ITO and gold covered glass were selected for the present study. The 

effect of substrate type was compared using identical deposition conditions. The 

morphologies of the TTT films deposited with an evaporation rate of 45 ng∙cm
-2

∙s
-1

 on the 

three substrates types above at three different temperatures (350, 300 and 222 K) are shown in 

Figure 3. 

 

Figure 3. SEM images of the TTT thin films on different substrates at different temperatures during 

sublimation. Deposition rate 45 ng∙cm
-2

∙s
-1

. 

A characteristic basal layer of small TTT grains was initially deposited on thin films grown 

on bare and ITO covered glass. Above this basal layer larger needle-shaped crystals grew. In 

case of ITO these needle-shape crystals were more pronounced. No base layers of smaller 

grains were seen for TTT films grown on bottom gold electrodes – needle-shaped crystals 

deposited spontaneously. Fiedler et al. has shown that on gold (111) surfaces TTT lies flat 

(planar orientation) and forms ordered structures above 270 K [17]. As amorphous 

(evaporated) gold thin films are used in our experiments the initial orientation of crystals is 

not expected to be very pronounced.   

As expected, temperature influences the size of the crystals on all types of substrates. In thin 

films deposited at low substrate temperature the crystallites are smaller and consequently can 



 

 

pack more densely than those deposited at higher temperatures (Figure 3). Further evidence 

for more dense packing at lower temperature is provided by thin film thickness. Films 

deposited at lower temperature substrates were thinner than those deposited at higher 

temperatures. On gold substrates using the same amount of TTT (20 mg) and evaporation rate 

(45 ng/cm
2
s) the thicknesses of obtained films at different temperatures were: 2.50 µm (350 

K), 1.40 µm (300 K) and 0.88 µm (222 K). At higher substrate temperatures different types of 

crystal packing occur which are substrate dependant. On gold the TTT crystals show a wide 

angular distribution but are more vertically oriented, whereas those crystals on ITO and glass 

are oriented largely in the thin film plane (Figure 3). Due to the different crystallite packaging 

one could expect different electrical properties of the TTT thin films. 

In-plane electrical conductivity measurements were made during film deposition process. For 

the sample deposited on glass at a substrate temperature of 222 K the electrical conductivity 

dependence on the mass of deposited TTT is shown in Figure 4. The deposited mass is used 

(rather than film thickness) as the quartz crystal oscillator measures the former accurately, 

while the latter cannot be determined during the run and is morphology dependant. As one 

can see from the logarithmic inset, the conductivity increases exponentially up to 33 µg/cm
2
. 

One explanation for this is that this initial conductivity does not describe bulk material. If the 

initial deposition is not uniform but consists of small clusters of TTT forming a percolation 

network, the conductivity between the neighbouring clusters will be defined by tunnelling 

mechanism. After 33 µg/cm
2
 of TTT have been deposited film growth becomes linear and 

describes bulk material conductivity changes with growing cross-section of the layer. We 

estimate that this onset corresponds to film thicknesses of ~300 nm, but this value is rather 

dependant on the film morphology – crystal size, crystal orientation and packing density.  

 

Figure 4. Linear and exponential electrical conductivity dependence on TTT thin film 

thickness Deposited with rate of 45 ng/cm
2
s on glass at 222 K. 

The electrical properties measured under ambient laboratory conditions in air at room 

temperature for a representative TTT film sample are summarized in Table 1. Charge carrier 



 

 

mobility and conductivity perpendicular to the plane for the sample prepared at a substrate 

temperature of 350 K could not be determined. The TTT crystal spacing was so large (Figure 

3) that attempted deposition of the top (Al) electrode lead only to short circuiting through 

penetration to the basal electrode. In the case of needle-shaped organic crystals electrical 

conductivity measured longitudinally can be several orders of magnitude higher than 

transversal conductivity [9]. Hilti et al. reported the anisotropy of conductivity in (TTT)2I3 

crystals is between 100 and 1000 [21]. Our highest in-plane conductivity is for thin film, 

made at substrate temperatures of 350 K on glass (Table 1). Only in this case most of the 

crystals are placed with their long axes strongly orientated in the plane of thin film, however 

not in one dominant direction (Figure 3, glass and 350 K). Nevertheless, charge carriers 

moving laterally in such films could use easy pass along the crystals supported by carrier 

hopping from one crystal to another. At lower substrate temperatures in-plane conductivity 

decreases with the crystal size (Table 1). The highest conductivity and charge carrier mobility 

perpendicular to the thin film plane is for the sample made at lowest (222 K) substrate 

temperature where the crystals are the smallest with mixed orientations. This means that we 

cannot deconvolute the specific in-plane and perpendicular contributions to the electrical 

conductivity for the same sample. For crystal anisotropic reasons in-plane orientation of 

crystals is optimal for achieving high lateral conductivity. For the same samples the 

conductivity perpendicular to the film plane is two orders of magnitude lower despite the fact 

that the charge carrier pathway through the crystal is short (Table 1). Unfortunately, in these 

randomly oriented small crystals the charge carrier mobility for such polycrystalline films is 

limited by the grain boundaries. In the case of closer packing, due to the smaller distance 

between them, the electron hopping and transport routes are smaller, closer and parallel to the 

surface. 

Table 1. Electrical properties of the TTT thin films obtained at different substrate temperatures during 

sublimation. TTT deposited with rate of 45 ng/cm
2
s on glass for in plane measurement and on ITO for 

perpendicular to the plane measurement. 

 Ts=350 K Ts=300 K Ts=222 K 

σplanar, S/cm (2.67±0.21)∙10
-5

 (2.37±0.21)∙10
-5

 (1.75±0.21)∙10
-5

 

σnormal, S/cm - 1.21∙10
-7

 1.76∙10
-6

 

µnormal, cm
2
/V s - 1.19∙10

-3
 1.9∙10

-3
 

 

Evaporation rate also has an impact on the morphology of TTT thin films grown on bare glass 

substrates at temperature 300 K as shown in Figure 5. The evaporation rate is determined by 

quartz crystal resonator frequency shift in time. As expected, films obtained at the lowest 

evaporation rate have more pronounced crystalline appearance. By increasing evaporation 



 

 

rate the size of crystallites in thin film decreases resulting in more dense packing. The in-

plane conductivity and thin film density is summarized in Table 2. The highest in-plane 

conductivity 7.03∙10
-5

 S/cm is for the sample with the highest density obtained at evaporation 

rate 363 ng/cm
2
s which is equivalent to 2.5 nm/s. In this case obtained thin film is with the 

smallest crystallites with the closest inter-crystal distances. 

 

 

Figure 5. SEM images of the TTT thin films obtained at different evaporation rates on glass at 300 K. 

 

The conductivity dependence on crystallite size in Table 2 is opposite to the temperature 

dependence studies of Table 1. Both low temperatures and high initial TTT surface coverage 

favour molecular nucleation and this leads to the growth of dense films. The packing density 

has the dominant role in the electrical conductivity over crystallite size and orientation. Our 

electrical conductivity values for TTT thin films are higher than Inokuchi et al. who reported 

7.69∙10
-7

 S/cm for his TTT films [13]. Matsunaga reported even higher values of 10
-4

 S/cm 

for TTT [22], but the sample preparation method and its type is unknown in this case. 

Table 2. Density and electrical in-plane conductivity of TTT thin film obtained with different 

evaporation rates at substrate temperature 300 K on bare glass substrates. 

Evaporation rate, 

ng/cm
2
s 

Thin film density, 

g/cm
3 

σplanar, S/cm 

45 0.93 (2.37±0.21)∙10
-5

 

136 1.22 (6.04±0.21)∙10
-5

 

363 1.80 (7.03±0.21)∙10
-5

 

 

Matsunaga suggested that low resistivity of his TTT samples resulted from oxidation and 

formation of TTT-oxygen species [22]. Inokuchi et al. [13] has reported a change of one order 

of magnitude in the electrical conductivity for TTT prepared in high vacuum and then 

exposed to oxygen. Similar conductivity changes were observed for our samples by four 

probe conductivity measurements made after admittance of air at the termination of our runs. 

In a representative example (Figure 6) the chamber was first re-pressurized with N2 to 1 bar 



 

 

and no changes in TTT film conductivity were observed. Subsequently the chamber was 

exposed to the air resulting in an increase of thin film conductivity by 3.4 times from 

5.13∙10
-6

 to 1.75∙10
-5

 S/cm. In control experiments repeated evacuation of the air from 

chamber did not cause any further change or reversibility in the measured conductance. We 

conclude that irreversible oxidation of at least some of the TTT takes place but the resultant 

products could not be characterised. 

 

Figure 6. Air impact on TTT thin film conductivity. 1 - Vacuum, 6∙10
-4

 Pa, turbo pump decelerating, 

2 - N2 is inflated in the chamber, 3 – Chamber is exposed to the air, 4 – turbo molecular pump 

accelerating, vacuum. Sample grown on glass at 222 K and deposition rate 45 ng/cm
2
s. 

4. Conclusions 

Threshold amounts of deposited TTT (>33 µg/cm
2
) are necessary to attain bulk material 

which has the highest electrical conductivity. We suggest two charge carrier transport 

mechanisms: Charge carriers tunnelling between TTT clusters take place at the beginning of 

film growth due to the formation of percolation network. Hopping mechanism becomes 

dominant at certain film thickness of material where bulk material conductivity occurs. The 

conductivity in the TTT films is anisotropic and depends on crystal size, packing density and 

alignment. It can be partially moderated by appropriate control of substrate type and 

temperature and TTT deposition rate. Larger and more in-plane orientated crystals are 

favoured by increasing substrate temperature to 350 K. This increases the in-plane 

contribution to the electrical conductivity at the expense of the perpendicular component. 

Higher packing density and smaller crystals are favoured by increasing TTT deposition rates 

and lower temperatures. The improved packing of smaller poorly ordered TTT crystals 

provides higher in-plane conductivity than films with higher proportions of in-plane 

orientated larger crystals. Packing density has the pivotal role in the conductivity rather than 

crystallite size. Oxidation of TTT films offers the potential to access materials with useful 

electrical conductivities and this will be reported in due course.  
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