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Two novel phenanthrene-based conjugated oligomers were

synthesized and used as p-channel semiconductors in field-

effect transistors; they exhibit high mobility and excellent

stability during long-time ambient storage and under UV

irradiation.

Organic field-effect transistors (OFETs) have received considerable

attention in recent years due to their potential applications in

optoelectronics, such as displays and integrated circuits (ICs).1

Organic semiconducting materials with high field-effect mobility

(mFET) and remarkable environmental stability are critical for

fabrication of OFETs. Currently, most researches on p-channel

organic semiconductors are devoted on two classes of materials,

i.e. acenes and thiophene-based oligomers/polymers. In particular,

with acene-type molecules, mFET values up to 5 cm2 V21 s21 from

vacuum deposited pentacene films2 and 15.4 cm2 V21 s21 from

rubrene single crystals3 have been reported. Recently, Ito et al.

also reported anthracene oligomers with mFET in the range of

0.01–0.22 cm2 V21 s21.4 In contrast to their promising charge-

carriers transporting properties, acene-type molecules are very

reactive and environmentally unstable, especially in the presence of

light.5 The previous studies have revealed that pentacene devices

underwent current degradation while stored in air6 and threshold

voltage (VT) shift upon ultraviolet illumination.7 As an isomer of

anthracene, phenanthrene is also one of the most important fused

aromatic compounds. It has higher resonance energy, and

therefore is more stable,8 especially less sensitive to photons. On

the other hand, although thiophene oligomers are easily oxidized

due to the relatively high-lying energy level of the highest occupied

molecular orbital (HOMO) and relatively narrow band gap,

appropriately substituted thiophene-based semiconductors9 have

shown good stability under ambient conditions with reasonably

high mobility. In the current paper, we have synthesized two

phenanthrene-based conjugated oligomers. Their optical proper-

ties, thermal properties, field-effect charge carrier transporting

properties and device stability were studied.

The structures of oligomers, i.e. 2,29;79,20-terphenanthrenyl

(Ph3)10 and 5,59-bis(phenanthren-2-yl)-2,29-bithiophene (PhT2),

are depicted in Fig. 1. Ph3 and PhT2 were synthesized by means of

Suzuki and Stille coupling reactions11 in a yield of 54 and 50%,

respectively, after double vacuum sublimation. The molecular

structures were confirmed by 1H NMR spectroscopy and

elemental analysis.

Ph3 and PhT2 show well-resolved absorption spectra in the film

state, indicating the rigid characteristics of the molecules in the

solid state (ESI{). The optical band gap (Eg), derived from the

thin-film absorption edge, is 3.11 eV for Ph3 and 2.55 eV for

PhT2. These values are larger than that of pentacene (2.20 eV)9b

and most thiophene-based oligomers/polymers (2.30–2.42 eV).12

From cyclic voltammetry (CV) measurements, the HOMO energy

level of Ph3 and PhT2 was estimated to be 25.85 and 25.40 eV,

respectively, which are lower than pentacene and most oligothio-

phenes, indicative of better environmental stability.13

Ph3 and PhT2 are quite stable under ambient conditions. The

absorption spectra of 100 nm-thick films after exposure to air and

room light for two months are identical to those of the fresh films.

Especially, they exhibit high photo-stability. The absorption

spectra were almost unchanged after UV-irradiation when excited

at 333 and 356 nm, respectively. In contrast, acene-type molecules

are quite sensitive to light in both solution and film states.5,14

Thermogravimetric analysis (TGA) reveals that Ph3 and PhT2

are highly stable and exhibit a two-step degradation process with

the first decomposition onset of 443 and 402 uC, respectively.

Differential scanning calorimetry (DSC) measurements show a

sharp melting endotherm peak at 434 uC for Ph3 and 393 uC for

PhT2, respectively.

OFETs of Ph3 and PhT2 were constructed on Si/SiO2 substrates

with top-contact geometry (ESI{). Both OFETs showed p-channel

characteristics. The performance of the devices depended on the

fabrication conditions, e.g. substrate temperature (TS). On bare Si/

SiO2 substrate, the device of Ph3 fabricated at TS of 150 uC
exhibits a highest saturation region mobility mFET of 1.1 6
1022 cm2 V21 s21 along with a current on/off ratio of 2 6 105.
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Similarly to anthracene oligomers,4 it shows a threshold voltage as

high as 246 V. PhT2 shows a much better OFET performance.

The typical transfer characteristics of PhT2 devices are shown in

Fig. 2(a). With identical device geometry, PhT2 shows mFET of

1.9 6 1022, 4.4 6 1022 and 2.5 6 1022 cm2 V21 s21 at TS

of 50, 100 and 150 uC, respectively, with current on/off ratio of

4–30 6 104. We attribute the improvement of device performance

to better film quality and better-matched HOMO level of PhT2

(25.40 eV) with the work function of metallic gold (25.20 eV),

which results in less traps and reduced contact-resistance and

hence enhancement of the hole-injection between the electrode and

semiconductor layer.15 In fact, atomic-force microscopy (AFM)

characterizations show that PhT2 forms dense and continuous

films at TS of 50 and 100 uC. At TS of 100 uC, the size of crystalline

domains is about 500 nm. Further increasing TS to 150 uC results

in poorer continuity than that at lower temperature, even the size

of crystalline domains increased to 1–2 mm. These observations are

consistent with the highest mFET at TS of 100 uC. Modification of

substrate with a self-assembled monolayer (SAM) of octadecyltri-

chlorosilane (OTS)16 was found to greatly improve the device

performance. The transfer characteristics of the device are shown

in Fig. 2(b). The mobility (mFET) up to 0.12 cm2 V21 s21 with a

current on/off ratio of 1–3 6 105 was reproducibly obtained. This

mFET is close to that of amorphous silicon devices, even if still lower

than that of acenes. The enhanced mFET is attributed to improved

film order, indicated by thin-film X-ray diffraction.

Most importantly, devices of PhT2 exhibit great stability, no

matter if an OTS monolayer is employed or not. OFETs with

PhT2 as the active layer were stored in ambient condition

(exposure to both air and room light), and the electrical

performance was measured periodically. In a period of four

months, the devices both with and without OTS treatment

exhibited almost unchanged device performance, as shown in

Fig. 3. For devices with and without OTS treatment, mFET

of 0.12 ¡ 0.02 cm2 V21 s21 (see Fig. 3) and 0.045 ¡

0.003 cm2 V21 s21, respectively, was observed. Meanwhile, the

devices showed small variation of current on/off ratio and

VT. After four months, Ion/Ioff and VT were (4 ¡ 1) 6 105 and

2(27 ¡ 3) V (see Fig. 3) for the device with OTS treatment,

and (7 ¡ 3) 6 104 and VT = 2(12 ¡ 3) V for the device without

OTS treatment. The lower HOMO level (25.40 eV) of PhT2 than

oligothiophenes and high film quality may be responsible for the

good device stability.

To test the device photostability, a PhT2 device was irradiated

with UV light with wavelength of 365 nm in an inert atmosphere.

The device performance was almost unchanged up to 6 h with

mFET = 0.046 ¡ 0.004 cm2 V21 s21, Ion/Ioff = (7 ¡ 3) 6 104 and

VT = 2(12 ¡ 3) V, as shown in Fig. 4. This is consistent with the

great photostability of PhT2 as aforementioned.

In summary, we have successfully demonstrated a novel class of

semiconducting materials based on phenanthrene for OFET

Fig. 2 Transfer characteristics of OFETs based on PhT2 at TS = 100 uC,

without (a) and with OTS substrate treatment (b).

Fig. 3 The transfer curves of the PhT2 device with OTS substrate

treatment upon storage in ambient condition (inset: mobility and threshold

voltage time-dependence).

Fig. 4 The transfer curves of PhT2 device before and after UV

irradiation.
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application. To our best knowledge, this is the first report for high-

performance semiconductors with phenanthrene as the construc-

tion unit. These materials exhibit high OFET mobility up to

0.12 cm2 V21 s21 and current on/off ratio up to 3 6 105.

Importantly, the devices are very stable and exhibit no significant

performance variety during long-time storage under ambient

conditions and under UV irradiation.

This work was supported by 973 Project (2002CB613404) of the

Chinese Ministry of Science and Technology, NSFC (Nos.

20423003, 20521415 and 20474063), Hundreds Talents Program

of Chinese Academy of Sciences, and Distinguished Young

Scholar Foundation of Jilin Province (No. 20040101).

Notes and references

1 For recent reviews, see: (a) C. D. Dimitrakopoulos and P. R. L.
Malenfant, Adv. Mater., 2002, 14, 99; (b) T. W. Kelley, P. F. Baude,
C. Gerlach, D. E. Ender, D. Muyres, M. A. Haase, D. E. Vogel and
S. D. Theiss, Chem. Mater., 2004, 16, 4413; (c) M. L. Chabinyc and
A. Salleo, Chem. Mater., 2004, 16, 4509; (d) H. E. Katz, Chem. Mater.,
2004, 16, 4748.

2 T. W. Kelley, D. V. Muyres, P. F. Baude, T. P. Smith and T. D. Jones,
Mater. Res. Soc. Symp. Proc., 2003, 771, L6.5.1.

3 V. C. Saudar, J. Zaumseil, V. Podzorov, E. Menard, R. L. Willett,
T. Someya, M. E. Gershenson and J. A. Rogers, Science, 2004, 303,
1644.

4 (a) K. Ito, T. Suzuki, Y. Sakamoto, D. Kubota, Y. Inoue, F. Sato and
S. Tokito, Angew. Chem., Int. Ed., 2003, 42, 1159; (b) Y. Inoue,
S. Tokito, K. Ito and T. Suzuki, J. Appl. Phys., 2004, 95, 5795.

5 (a) A. Maliakal, K. Raghavachari, H. Katz, E. Chandross and
T. Siegrist, Chem. Mater., 2004, 16, 4980; (b) P. Coppo and
S. G. Yeates, Adv. Mater., 2005, 17, 3001.

6 (a) C. Pannemann, T. Diekmann and U. Hilleringmann, J. Mater. Res.,
2004, 19, 1999; (b) Y. Qiu, Y. Hu, G. Dong, L. Wang, J. Xie and Y. Ma,
Appl. Phys. Lett., 2003, 83, 1644.

7 A. R. Völkel, R. A. Street and D. Knipp, Phys. Rev. B: Condens. Matter
Mater. Phys., 2002, 66, 195336.

8 J. D. Hepworth, D. R. Waring and M. J. Waring, Basic Concepts
in Chemistry: Aromatic Chemistry; John Wiley & Sons, New York,
2003.

9 (a) H. Meng, Z. Bao, A. J. Lovinger, B. Wang and A. M. Mujsce, J. Am.
Chem. Soc., 2001, 123, 9214; (b) H. Meng, F. Sun, M. B. Goldfinger,
G. D. Jaycox, Z. Li, W. J. Marshall and G. S. Blackman, J. Am. Chem.
Soc., 2005, 127, 2406; (c) J. A. Merlo, C. R. Newman, C. P. Gerlach,
T. W. Kelley, D. V. Muyres, S. E. Fritz, M. F. Toney and C. D. Frisbie,
J. Am. Chem. Soc., 2005, 127, 3997; (d) C. Videlot-Ackermann,
J. Ackermann, H. Brisset, K. Kawamura, N. Yoshimoto, P. Raynal,
A. E. Kassmi and F. Fages, J. Am. Chem. Soc., 2005, 127, 16346; (e)
Y. Noh, R. Azumi, M. Goto, B. Jung, E. Lim, H. Shim, Y. Yoshida,
K. Yase and D. Kim, Chem. Mater., 2005, 17, 3861; (f) H. K. Tian,
J. Wang, J. W. Shi, D. H. Yan, L. X. Wang, Y. H. Geng and F. S. Wang,
J. Mater. Chem., 2005, 15, 3026.

10 H. Guenther and P. Kovacic, Synth. Commun., 1984, 14, 413; in this
paper, Ph3 was obtained as a byproduct, and no structural information
or properties were provided.

11 (a) N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457; (b) Z. Bao,
W. Chen and L. Yu, J. Am. Chem. Soc., 1995, 117, 12426.

12 (a) F. Garnier, Acc. Chem. Res., 1999, 32, 209; (b) H. Meng, J. Zheng,
A. J. Lovinger, B.-C. Wang, P. G. Van Patten and Z. Bao,
Chem. Mater., 2003, 15, 1778; (c) C. Videlot, J. Ackemann,
P. Blanchard, J. Raimundo, P. Frére, M. Allain, R. Berrignies,
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