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The paper describes new organic field-effect transistors
with  1-(4-aryl-1,2,3-triazol-1-yl)-2-butylfullerene as a
semiconductor layer. The prototype transistor having
2-naphthyl moieties have higher electron mobilities
(0.090+10% cm?V-1s1) than that with with biphenyl-4-yl
moieties (0.033+10% cm?V-1s™). The thin film surfaces of
triazolylfullerenes with 3-thienyl and 2-naphthyl groups
were more uniform and had a lower roughness, which is
confirmed by atomic force microscopy studies.
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Currently, organic microelectronics has been actively developed
all over the world. The search for more economical and
environmentally friendly types of materials in the form of hybrid
organic compounds, especially soluble ones, remains relevant.
Soluble organic compounds are used as semiconductors,!
electronic  components,> memory devices,® amplifiers,
integrators,® switches,® chemical sensors,” displays and solar
batteries.812 Organic electronic devices can be manufactured
using deep, flexographic, offset, and stencil screen printing and
laser ablation.’® However, these techniques are not free from
drawbacks such as low resolution, poor productivity, risk of
polymer destruction on heating, and formation of ragged edges
of printed articles.’* These shortcomings are not typical for
inkjet printing technology, and the benefits of this technique are
high resolution, mechanical flexibility of the obtained devices,
compatibility with almost any type of substrate, the possibility of
manufacturing large area devices, and low cost.®

Organic semiconductor materials emit light, transfer charge,
and exhibit photovoltaic and thermoelectric properties, and
superconductivity.1® Fullerenes and their cyclopropane derivatives,
eg., ‘[6,6]-phenyl-Cg;-butyric acid methyl ester’ (PCBM), which
are n-type semiconductors, occupy a special position in the
development of functional materials with specified properties and
improved characteristics.” A large number of field-effect
transistors have been fabricated on the basis of fullerene
derivatives'®20 in which the mobility of charge carriers is in the
range of 103-10-1 cm2V-1sL. Previously, an original method
has been developed for the synthesis of previously undescribed
and difficult-to-obtain styryl fullerenes by the reaction of Cg, with
aromatic terminal acetylenes in the presence of EtMgBr and
Ti(OPr),.2 In addition, fullerene triazole derivatives containing
various aromatic and heteroaromatic substituents were obtained.??
This type of fullerene derivatives can be very promising for the
creation of organic thin-film field-effect transistors.
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The purpose of this work was to fabricate organic field-
effect transistors (OFETSs) with triazolylfullerenes as organic
semiconductors (Figure 1), to measure their current-voltage
characteristics, and to evaluate the mobility of charge carriers
in these semiconductors. The studied compounds were
synthesized from 1-azido-2-butyl(Cgo-1,)[5,6]fullerene 1 by
the click reaction with various terminal arylacetylenes
(Scheme 1). The target triazolylfullerenes 2—-6 were formed in
75-90% vyields; the synthetic details and full characterization
were reported previously.?2

The current-voltage characteristics (CVCs) of OFETs
(Figures 2, 3) were measured at room temperature under ambient
environment. At a positive gate voltage, the current increases for
all types of transistors; this corresponds to the electronic type of
conductivity of the OFET transport channel. The dependences
are non-linear, and no saturation regions are present in the output
characteristics of the devices. The absence of saturation sections
on the output characteristics can be due to the presence of
leakage currents.

Transistors with semiconductor layers based on triazolyl-
fullerenes 4 and 6 show the highest currents that reach

Figure 1 Structure of the experimental field-effect transistor based on
triazolylfullerenes.
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Scheme 1 Reagentsand conditions: i, Cu(OAc), (10 mol%), Na-ascorbate
(20 mol%), PhCI, room temperature, 12 h (see ref. 22).

700-800 nA at a voltage of 10 V. This may be attributable to the
structure of the obtained triazolylfullerenes. Compound 4
containing thiophen-3-yl group has a smaller band gap due to the
presence of sulfur than other five-membered oxygen- and
nitrogen-containing heterocycles. Owing to the narrow band
gap, the sulfur-containing molecule can more efficiently transfer
charges between donor and acceptor molecules. The presence of
heterocyclic units is needed to design organic semiconductors
with a broad range of electronic properties. Without heterocyclic
units, organic semiconductors would have been restricted to
conjugated chains consisting only of carbon, which emit only
blue light. Heterocyclic units are reliable building blocks
for the development of molecular and polymer organic
semiconductors with specified properties. Sulfur has a larger
atomic size and enhances the polarizability of heterocycles.
Thiophene rings experience a number of interactions such as
intramolecular and intermolecular interactions, n—n stacking,
and van der Waals forces.?® These interactions make thiophene
derivatives more appropriate for organic thin films.2* Regarding
compound 6, it can be stated that naphthalene as a part of bulky
triazolylfullerene molecule is widely used as a building block in
the synthesis of organic photoelectron materials owing to its
stable structure.?1:226 Naphthalene derivatives perform electron
transfer due to their electron-deficient nature, as indicated by
high electron affinity determined by electrochemical methods
and by the lowest LUMO level. Owing to these characteristics,
the organic semiconductors in question are stable under operating
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Figure 2 Output and transfer characteristics of OFETs based on
triazolylfullerenes 2, 3and 5.
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Figure 3 Output and transfer characteristics of OFETs based on
triazolylfullerenes 4 and 6.

conditions and against electron capture, which facilitates the
charge transport in thin solid layers.

For transistors based on layers made of triazolylfullerenes 5,
2, and 3, the currents reach 300-400 nA at the same voltage of
10V.

The charge carrier mobilities for the u OFET active layers
were calculated by the formula?”

Ips = (WIL)UC(V — Vi = Vps/2)Ups, €]

where W is the channel width, L is the channel length, p is the
mobility, C is the capacitance per unit area of the gate insulator
AlOXx (for the 400 nm thickness, C = 8.9 nF cm=?), Ug is the gate
voltage, and Upg is the drain—source voltage, Uy, is the threshold
voltage. The threshold voltage Uy, is found from the plots of the
current root 142 versus the voltage Upg at Ug = const.28 The
mobility values p for structures with triazolylfullerene-based
n-semiconductor layers calculated in this way are presented in
Scheme 1. The values are comparable with analogous data?®:3°
for fullerene Cgy-based transistors and PCBM.?* The ON/OFF
current ratios were calculated based on the maximum and
minimum values of the transistor output current in the on and off
states of the transistor. The values of these ratios are in the range
1800-3700.

In view of the fact that the charge mobility depends on the
ordering of film molecules on the surface3! and in order to
explain the differences between the output and transfer
characteristics of the obtained devices, we studied the film
morphology. The film surfaces were explored using a scanning
probe microscope in the atomic force microscopy mode. The
morphology of the surfaces of the films was also studied. Atomic
force microscopy (AFM) images (see Online Supplementary
Materials, Figure S1) were obtained using a Nanoeducator Il
NT-MDT instrument; the scan size was 20 by 20 um. As can be
seen from Figure S1, the films formed from compounds 4 and 6
have a smoother surface that the films based on compounds 2, 3
and 5 and have a lower mean roughness.

The parameter values characterizing the surface of fullerene
derivatives were determined: average roughness Ra, root-mean-
square roughness Rq and maximum peak height Rz, using the
Gwyddion program with an error of 10% (Figure 4). The
consideration of thin films based on compounds 4 and 6 is
associated with insignificant roughness values, that is, they are
the most uniform and ordered. In field-effect transistors based on
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Figure 4 Surface roughness for triazolylfullerenes 2-6.

these compounds, the electron mobilities have higher values
compared to the rest.

In conclusion, thin films based on triazolylfullerenes 2-6
were tested as transport layers for organic field-effect transistors.
Measurements of the output and transfer current-voltage
characteristics for these transistors demonstrated that the output
currents reach rather high values of 700-800 nA. Using these
results, charge carrier mobilities were calculated. The resulting
values for the triazolylfullerene films were comparable with the
charge carrier mobilities for fullerene Cgy and PCBM thin films.
The charge carrier mobilities for prototype transistors based on
triazolylfullerenes 4 and 6 have a high mobility, which is
explained by the nature of these compounds. In addition, AFM
examination of the film morphology showed that film surfaces of
these compounds were more uniform and had a lower roughness.
Thestudiesshowed thatthe compounds of these triazolylfullerenes
are quite applicable for manufacturing field-effect transistors.

This research was funded by the Ministry of Science and
Higher Education of the Russian Federation (scientific code
FZWU-2023-0002) and the Russian Science Foundation (grant
no. 21-73-00029)

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2023.04.007.

References

1 Y. Qian, X. Zhang, L. Xie, D. Qi, B. K. Chandran, X. Chen and W. Huang,
Adv. Mater., 2016, 28, 9243.

2 C. Larson, B. Peele, S. Li, S. Robinson, M. Totaro, L. Beccai, B. Mazzolai
and R. Shepherd, Science, 2016, 351, 1071.

3 C.-C. Shih, W.-Y. Lee and W.-C. Chen, Mater. Horiz., 2016, 3, 294.

4 H. Marien, M. S.J. Steyaert, E. van Veenendaal and P. Heremans, |EEE J.
Solid-Sate Circuits, 2011, 46, 276.

5 S. Ahmad, J. Polym. Eng., 2014, 34, 279.

6 T.A.Welsh and E. R. Draper, RSC Adv., 2021, 11, 5245.

7 C. G. Branchini, F. Dini, I. Lundstrom, R. Paolesse and C. Di Natale,
Procedia Eng., 2014, 87, 1441.

8 J.-L. Bredas, Science, 2014, 343, 492.

9 J. R. Tumbleston, B. A. Collins, L. Yang, A. C. Stuart, E. Gann, W. Ma,
W. You and H. Ade, Nat. Photonics, 2014, 8, 385.

10 Y. Zhang, T. P. Basel, B. R. Gautam, X. Yang, D. J. Mascaro, F. Liu and
Z.V. Vardeny, Nat. Commun., 2012, 3, 1043.

11 K. Cnops, B. P. Rand, D. Cheyns, B. Verreet, M. A. Empl and
P. Heremans, Nat. Commun., 2014, 5, 3406.

12 R. B. Salikhov, Yu. N. Biglova, Yu. M. Yumaguzin, T. R. Salikhov,
M. S. Miftakhov and A. G. Mustafin, Tech. Phys. Lett., 2013, 39, 854.

13 H. Matsui, Y. Takeda and S. Tokito, Org. Electron., 2019, 75, 105432.

14 K. Fukuda, Y. Yoshimura, T. Okamoto, Y. Takeda, D. Kumaki,
Y. Katayama and S. Tokito, Adv. Electron. Mater., 2015, 1, 1500145.

15 K.-S. Kwon, M. K. Rahman, T. H. Phung, S. D. Hoath, S. Jeong and
J. S. Kim, Flex. Print. Electron., 2020, 5, 043003.

16 N. Lu, L. Li and M. Liu, in Thermoelectrics for Power Generation:
A Look at Trends in the Technology, eds. S. Skipidarov and M. Nikitin,
IntechOpen, 2016, ch. 5, doi: 10.5772/65872.

17 S.H.Han, G. M. Kimand S. Y. Oh, J. Nanosci. Nanotechnol., 2015, 15,
5446.

18 M. Mamada, H. Katagiri, T. Sakanoue and S. Tokito, Chem. Lett., 2016,
45, 1421.

19 J. Liu, L. Qiu and S. Shao, J. Mater. Chem. C, 2021, 9, 16143.

20 S.-T.Kim, S.Y. Cho, C. Lee, N. S. Baek, K.-S. Lee and T.-D. Kim, Thin
Solid Films, 2010, 519, 690.

21 A. R. Tuktarov, N. M. Chobanov, Z. R. Sadretdinova, R. B. Salikhov,
I. N. Mullagaliev, T. R. Salikhov and U. M. Dzhemilev, Mendeleev
Commun., 2021, 31, 641.

22 Z.R.Sadretdinova, A. R. Akhmetov, A. R. Tulyabaev, Yu. H. Budnikova,
Yu. B. Dudkina, A. R. Tuktarov and U. M. Dzhemilev, Org. Biomol.
Chem,, 2021, 19, 9299.

23 E.A. Marseglia, F. Grepioni, E. Tedesco and D. Braga, Mal. Cryst. Lig.
Cryst., 2000, 348, 137.

24 H. E. Katz and Z. Bao, J. Phys. Chem., 2000, 104, 671.

25 H. Tian, J. Shi, D. Yan, L. Wang, Y. Geng and F. Wang, Adv. Mater.,
2006, 18, 2149.

26 H.-S. Kim, Y.-H. Kim, T.-H. Kim, Y.-Y. Noh, S. Pyo, M. H. Yi,
D.-Y. Kim and S.-K. Kwom, Chem. Mater., 2007, 19, 3561.

27 Y. Zhou, X. Wang and A. Dodabalapur, Adv. Electron. Mater., 2022, 9,
2200786.

28 X. Zhou, Z. Wang, R. Song, Y. Zhang, L. Zhu, D. Xue, L. Huang and
L. Chi, J. Mater. Chem. C, 2021, 9, 1584.

29 S. P. Tiwari, E. B. Namdas, V. R. Rao, D. Fichou and S. G. Mhaisalkar,
|EEE Electron Device Lett., 2007, 28, 880.

30 J. Dong, S. Sami, D. M. Balazs, R. Alessandri, F. Jahani, L. Qiu,
S. J. Marrink, R. W. A. Havenith, J. C. Hummelen, M. A. Loi and
G. Portale, J. Mater. Chem. C, 2021, 9, 16217.

31 C.D. Dimitrakopoulos and D. J. Mascaro, IBM J. Res. Dev., 2001, 45, 11.

Received: 12th December 2022; Com. 22/7066

- 322 -



