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Temperature-dependent characteristics of n-channel transistors based on 5,5'-bithiazolidinylidene-2,4,2',4'tetrathiones †

Crystal structures and temperature-dependent transistor properties of newly prepared pentyl and hexyl derivatives of the title compounds are investigated. Similarly to the propyl derivative, the pentyl derivative makes air-stable n-channel transistors in the form of evaporated films as well as single crystals, and the large as-grown single crystals obtained by the solvent-vapor annealing show mobility exceeding 1 cm 2 V -1 s -1 . Mobility in the intercolumnar direction is comparable to the columnar direction, reflecting the twodimensional S-S network and transfer integrals. The sharp rise of the transfer curve is maintained down to low temperatures, indicating absence of deep traps and a comparatively small number of total traps.

Introduction

Recently, we have reported a new class of n-channel transistor materials, 5,5'-bithiazolidinylidene-2,4,2',4'tetrathiones (Scheme 1, SS-R). [1][2][3] These materials are obtained as a side-product of single-component organic metals, 4,5 but seemingly a very stable compound, 6 and show a strong acceptor ability, whose lowest unoccupied molecular orbitals (LUMO) are located around -4.2 eV. 2 We have first found the excellently air-stable n-channel transistor properties mainly in the single-crystal transistors of the ethyl compound (SS-Et), 1 but later found similar performance and air stability in the evaporated films of the n-propyl compound (SS-Pr). 2 The alkyl chain length has been increased up to n-butyl, but the performance decreases, 2 though the 2-phenylethyl compound shows a comparatively high mobility of 0.27 cm 2 V -1 s -1 . 3 Besides these tetrathione derivatives, the 2,2'-dione-4,4'dithione derivatives (OS-R), regarded as a dimer of rhodanine, 2,7 show similar transistor properties, though the performance and air stability are slightly reduced. In the present work, we have focused on SS-R, and investigated the temperature dependence of the transistor properties. Temperature dependent measurement of transistor characteristics is a versatile tool to analyze the transistor properties. [8][9][10][11][12][13][14][15] Drain current ID at a given gate voltage VG usually follows an activated temperature dependence, and the Arrhenius plot affords the activation energy Ea as a function of VG. A variety of methods have been proposed to estimate the VG dependence of the accumulation layer depth x (Fig. 1), 9,12 but in the most naive interface approximation, the depth is assumed to be constant. [10][11][12][13][14][15] Then VG is proportional to the carrier concentration Q = CVG, and the VG dependence of Ea is regarded as the carrier number dependence of the activation energy. Since ID is proportional to the conductivity, it is equivalent to know the conductivity at various carrier concentrations.

It is customary to assume the conduction band above Ec is band transporting, but the Fermi energy EF is located in the trap states below Ec (Fig. 1); this is the reason of the observed activated transport. Therefore, it is reasonable to suppose Ea = Ec -EF, and the accumulated charge Q = CVG is regarded as the integration of the density of trap states N(E) below EF. This is represented by qN(E)dE = CdVG using the elemental charge q, and N(E) is estimated from the observed VG dependence of Ea. 3 
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Then, we can extract the density of trap states N(E) from the temperature-dependent transistor characteristics (VG dependence of Ea). Analysis along this line has been applied to various organic semiconductors such as oligothiophenes, pentacene, rubrene, C60, tetrathiafulvalenes (TTF), and perylene/naphthtlene diimides (NDI). [9][10][11][12][13][14][15] These observations indicate that the density of trap states is approximated by an exponential form.
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Distribution of the trap states is characterized by two parameters, NG and TG. Integration of the trap states below Ec affords the total number of trap states NGkTG. When VG larger than qNGkTG/C is applied, all trap states are filled, and band-like transport appears. This critical VG is usually more than 500 V in thin-film transistors, 13 which exceeds the ordinary VG, but in some high-quality devices, VG is less than 100 V even in thin-film transistors. 15,16 If the applied VG is larger than the total trap number, we can expect band transport, where ID increases with lowering the temperature. [16][17][18][19] Since temperature-dependent investigations of n-channel organic transistors are comparatively limited, 11,14,15 we have investigated the transistor properties of SS-Pr. By the solvent-vapor annealing (SVA), as-grown single crystals are obtained, which are much larger than the previous dioctylbenzothieno benzothiophene (C8BTBT) crystals. 17,19 We have also investigated preparation, crystal structure, and temperaturedependent transistor properties of the n-pentyl and n-hexyl compounds (SS-Pen and SS-Hex) in order to improve the solubility.

In particular, SS-Pen has realized higher performance together with comparatively trap-free characteristics. 

Results and discussion

Elecrtochemical properties SS-R (R = Pr, Pen, and Hex) were prepared according to the method reported in Ref. 2 

(ESI †).

The electrochemical properties were studied by cyclic voltammetry. These compounds showed reduction waves (Fig. 2(a)), from which the LUMO levels were estimated by assuming the ferrocene/ferrocenium redox couple to be -4.8 eV (Table 1). 20 The HOMO levels were estimated by subtracting the optical gaps from the LUMO levels. SS-Pen and SS-Hex show similar acceptor ability (4.2 eV) to SS-Pr, which is sufficient to realize air-stable n-channel transistor properties. [START_REF] Usta | [END_REF] Table 1. Redox potentials, energy levels, and optical gaps. a The LUMO levels were estimated from the first reduction potentials by assuming the reference energy level of ferrocene/ferrocenium to be 4.8 eV from the vacuum level. 20 The HOMO levels were obtained from the LUMO levels and the optical gaps. The values in the parentheses were calculated by using the ADF software with the B3LYP* functional and TZP basis set. 21 
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Crystal structures

Crystal data of SS-Pen and SS-Hex are listed in Table 2 together with those of SS-Pr. 2 SS-Pen and SS-Hex are isostructural, but the structure is different from SS-Pr. SS-Pr makes a stacking structure (//a), in which the molecules are displaced along the molecular short axis (Fig. 3(a)). This structure corresponds to the so-called "-phase in bisethylenedithiotetrathiafulvalene (BEDT-TTF) salts. 23 The short-axis offset and the single column structure (//b) of SS-Pen and SS-Hex are similar to SS-Pr (Fig. 3(b)), but the adjacent columns are tilted in the opposite directions (Figs. 3(c) and (d)), which remind us indigo. 24 The molecular long axes are respectively tilted by 47.4 o and 46.9 o from the a axis. This is larger than 31 o of SS-Pr, suggesting the reduced transistor performance. 25 Nonetheless, there are intercolumnar short S-S contacts of 3.41 and 3.69 Å in SS-Pen as well as 3.45 and 3.83 Å in SS-Hex, which are shorter than the intracolumnar contacts, 3.87 and 3.91 Å in SS-Pen as well as 3.89 and 3.94 Å in SS-Hex. When we estimate the transfer integrals of the LUMO, 26 the intercolumnar interaction tc = 37.9 meV is comparable to the intracolumnar interaction ta = 47.8 meV. Then, we can expect two-dimensional transport similar to SS-Pr (inter-/intra-columnar transfers = 25.2/19.2 meV). 

Thin-film properties

Evaporated films of SS-Pen and SS-Hex show sharp X-ray diffraction peaks (Fig. 4(a)). The d-values are 14.2 and 15.0 Å, respectively, which are in good agreement with the crystallographic a axes (Table 2). The molecules are arranged perpendicular to the substrate keeping the crystallographic bc plane parallel to the substrate. Atomic force microscopy (AFM) images show densely packed microcrystals (Figs. 4

(b) and (c)).

The highly crystalline manner is characteristic of these materials, where the domain size is as large as 1 m. SS-Pen shows more flat and densely packed patterns than SS-Hex. 

Transistor properties

These materials show n-channel transistor properties as depicted in Fig. 5. Mobilities of the evaporated films are not very high (0.017 and ~10 -4 cm 2 V -1 s -1 , respectively), and decrease from SS-Pen to SS-Hex(Table 3) . It has been suggested that the mobility of the thin-film transistors decreases with increasing the alkyl chain length above n-butyl. 2 The small mobility of SS-Hex may be also related to the comparatively loose packing of the thin films observed in the AFM. However, the transistor properties in air are unchanged in comparison with those in vacuum even in the thin films. By the solvent-vapor annealing, 17 we have obtained large crystals of SS-Pr exceeding 1 mm (ESI †). We have measured the transistor properties not only along the stacking axis (//a) but also along the transverse axis (Fig. 5(c)).

The intercolumnar mobility (//b) is not largely different from the intracolumnar mobility (//a, Table 3). This is not surprising because there are two-dimensional S-S networks, which result in comparatively isotropic transfer integrals. The mobility of 0.55 cm 2 V -1 s -1 in SS-Pr //a is larger than the previously reported value of the evaporated films (0.24 cm 2 V -1 s -1 ). 2 As for SS-Pen and SS-Hex, we have measured the transistor properties along the stacking (b) axis. The as-grown crystals of SS-Pen exhibit high performance exceeding 1 cm 2 V -1 s -1 . This may be related to the improved quality of the as-grown crystals prepared by SVA due to the increased solubility. The mobility of SS-Hex transistors using as-grown crystals is not very large (Table 3). However, a remarkable increase of the mobility is observed in the single-crystal transistors compared with the thin-film transistors. Lattice constants of SS-Hex increase not only along the long (a) axis but also along the other stacking (b) and side (c) axes (Table 2). As a result, tb and the overall bandwidth tb + tc decrease several% (Fig. 3). The comparatively small mobility is ascribed to the reduced intermolecular interactions.

Temperature dependence of the transfer characteristics is measured using the as-grown crystals (Fig. 6). With lowering the temperature, ID decreases, so that these transistors exhibit hopping transport. The mobility decreases as shown in Fig 7(a). From the Arrhenius plot at respective VG, the VG dependence of Ea is obtained (Fig. 7(b)). Ea ~ 0.1 eV at large VG is comparable to other transistors. 13 If the trap density is represented by an exponential form of eqn (2), Ea shows logarithmic dependence. 13
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SS-Hex shows an increase of Ea at small VG, and basically follows this equation. This is an ordinary behaviour observed in many other transistors. 13 In SS-Pr and SS-Pen, however, the increase is not obvious because ID rises sharply at the same Vth even at low temperatures (Fig. 6(a)-(c)).

Using eqn (1), 10 the trap density of states is estimated as shown in Figs. 7(c) and (d). Owing to the lack of a large Ea part in Fig. 7 (b), N of SS-Pr and SS-Pen does not have a large Ea part in Figs. 7(c) and (d). This indicates absence of deep traps.

If the logarithmic plot is approximated by a straight line, N(E) is represented by eqn (2). From this, parameters defining the trap density of states are extracted as shown in Table 4. Both NG and TG characterize the trap distribution; NG ~ 10 15 cm - 2 eV -1 is approximately the same as other transistors showing similar mobilities. 13 The smallest value of NG ~ 3.4 × 10 14 cm -2 eV -1 in SS-Pen corresponds to the best of hexamethylene-TTF (HMTTF) transistors, though cyclohexyl-NDI, located on the boarder to band transport, shows as small NG as 4 × 10 13 cm -2 eV -1 . 15 When the trap density (Figs. 7(c) and (d)) is comparatively flat, TG becomes large, indicating a small number of shallow traps. SS-Pen exhibits the largest TG ~ 590 K.

The total trap number below EF is represented by NGkTG. There is a general tendency that NGkTG decreases with increasing mobility. If VG larger than qNGkTG/C is applied, all trap states are filled, and we can expect band transport. The critical VG of SS-Pr is as large as 1000 V, because Ea does not drop at ordinary VG (Fig. 7(b)). These values are usually 300-1500 V, 13 but as small as 80 V in some very clean TTF-based and NDI-based transistors. 15 Among the present materials, SS-Pen affords the smallest value of 480 V. This is reflected in the small Ea in Fig. 7(b), and the comparatively small temperature dependence in Fig. 6(c).

The sharp threshold in the SS-Pr and SS-Pen transfer curves (Fig. 6) is interpretable assuming a considerable number of trap states localized around 0.1 eV, but no traps at other energies. A similar localized state has been suggested by ESR. 28 In this case, the trap density of states is lower than the linear extrapolation, and the total trap number is smaller than the above estimations.

Conclusions

We have investigated thin-film and single-crystal transistors of SS-Pen and SS-Hex. Although the mobility tends to decrease with increasing the alkyl chain length, as-grown crystals of SS-Pen and SS-Hex exhibit remarkably larger mobilities than the thin-film transistors. We suppose this is due to the improved crystal quality coming from the improved solubility. SS-Pr has afforded particularly large as-grown crystals, from which we have proved mobility in the intercolumnar direction is comparable to the intracolumnar mobility. This is consistent with the two-dimensional S-S network and transfer integrals. From the temperature-dependent measurement of the transistor properties, we have estimated the trap density of states. With decreasing the temperature, the mobility decreases, suggesting hopping transport, but the sharp low-temperature rise of the transfer curve indicates absence of deep traps and a comparatively small number of total traps.

Experimental

Thin-film transistors were prepared on a heavily doped n-type silicon wafer with 300 nm SiO2. A passivation layer of 20 nm tetratetracontane (TTC,  = 2.5) was evaporated, 26 where the resulting overall capacitance was 10.4 nF cm -2 . Then, 50 nm SS-R (R = Pr, Pen, and Hex) were vacuum evaporated under a pressure of 10 -4 Pa. Gold source and drain electrodes were evaporated through a shadow mask (L/W = 100/1000 µm) to accomplish the bottom-gate top-contact transistors.

Single-crystal transistors were fabricated on a silicon wafer with 300 nm SiO2. SS-R was dissolved in dry chlorobenzene (0.75 wt%) together with polymethyl methacrylate (PMMA, 0.5 wt%,  = 5.3). 30 μL of this solution was dropped on the Si substrate. After one-hour drying, the substrate was exposed to chloroform vapor for one day, and single crystals were prepared. 17,19 Electrodes were formed with carbon paste at both ends of the crystal. The PMMA thickness, measured by Kosaka Surfcorder ET200, was 400 nm on an average and the resulting overall capacitance was 5.8 nF cm -2 . The mobilities were estimated from the saturated-region characteristics.

Scheme 1 .

 1 Scheme 1. Molecular structures of SS-R and OS-R.

A c c e p t e d m a n u s c r i p tFigure 1 .

 1 Figure 1. Energy diagram of an organic transistor at the gate interface. The blue triangle represents the charge accumulated by VG, and the total traps corresponding to the triangular area below Ec is NGkTG.

Figure 2 .

 2 Figure 2. (a) Cyclic voltammograms, and (a) absorption spectra of SS-Pen and SS-Hex.
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Figure 3 .

 3 Figure 3. (a) Crystal structure of SS-Pr viewed along the molecular long axis. 2 (b) Crystal structure of SS-Pen viewed along the molecular long axis. (c) Crystal structure of SS-Pen viewed along the b axis, and (d) along the c axis. Transfer integrals of the LUMO-LUMO interactions are tb = 47.8 and tc = 37.9 meV for SS-Pen, and tb = 42.3 and tc 41.6 meV for SS-Hex.

A c c e p t e d m a n u s c r i p tFigure 4 .

 4 Figure 4. (a) X-ray diffraction patterns of SS-Pen and SS-Hex evaporated films. Atomic force microscopy (AFM) images of (b) SS-Pen and (c) SS-Hex.

Figure 5 .

 5 Figure 5. Transfer characteristics of (a) SS-Pen, and (b) SS-Hex thinfilm transistors. The solid curves are measured in vacuum, and the dotted curves in air. (c) Transfer characteristics of as-grown SS-Pr single-crystal transistors. (d) Transfer characteristics of as-grown SS-Pen single-crystal transistors.
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  Evaporated films measured in vacuum (vac) and in air (air). As-grown single-crystal transistors measured along the //a and //b axes.

A c c e p t e d m a n u s c r i p tFigure 6 .

 6 Figure 6. Temperature dependence of transfer characteristics in (a) SS-Pr //a, (b) SS-Pr //b, (c) SS-Pen //b, and (d) SS-Hex //b.

Figure 7 .

 7 Figure 7. (a) Temperature dependence of the mobility, (b) VG dependence of Ea, (c) Ea dependence of the density of trap states N(E) (d) Ea dependence of the density of trap states N(E).
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 4 Trap parameters.NG (cm -2 eV -1 ) TG (K) NGkTG (cm -2 ) qNGkTG /C (V)

Table 2 .

 2 Crystallographic data.

		SS-Pr a	SS-Pen	SS-Hex
	Formula	C12H14N2S6	C 16 H 22 N 2 S 6	C 18 H 26 N 2 S 6
	Formula weight	378.62	434.72	462.78
	Crystal System	Triclinic	Monoclinic	Monoclinic
	Space Group	P-1	P2 1 /c	P2 1 /c
	Shape	Orange plate	Black plate	Black plate
	a (Å)	4.3845(2)	13.9523(4)	14.970(8)
	b (Å)	7.1311(4)	5.0179(1)	5.028(4)
	c (Å)	12.7965(6)	14.7127(3)	15.075(6)
	α (deg)	90.248(2)	90	90
	β (deg)	97.646(2)	91.339(1)	90.05(4)
	γ (deg)	98.184(2)	90	90
	V (Å 3 )	392.39(3)	1029.78(4)	1134.6(12)
	Z-value	1	2	2
	T (K)	150	275	275
	Dcalc (g cm -3 )	1.602	1.402	1.354
	Total reflns.	1789	1870	2472
	Unique reflns. (Rint)	1703 (0.0202)	1527 (0.0706)	1147 (0.0673)
	R1 [F 2 > 2σ(F 2 )]	0.0187	0.0471	0.0694
	wR2 [All reflns.]	0.0476	0.1248	0.2494
	GOF	1.071	1.101	0.985

a Taken from Ref. 2.

Table 3 .

 3 Transistor characteristics of thin-film and single-crystal transistors.

		Conditions a	μmax [μave]	Vth (V)	On/off ratio
			(cm 2 V -1 s -1 )		
	SS-Pr	F (vac)	0.24 [0.14]	17	2 ×10 7
		F (air)	0.26 [0.15]	11	2 ×10 7
		//a	0.55	31	6 ×10 7
		//b	0.36	36	6 ×10 6
	SS-Pen	F (vac)	0.028 [0.017]	14	2 ×10 5
		F (air)	0.027 [0.017]	24	5 ×10 5
		//b	1.1	16	2 ×10 5
	SS-Hex	F (vac)	2.2 × 10 -4 [1.3 × 10 -4 ]	1	3 ×10 3
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