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Abstract. This paper report on the fabrication of p-type organic field effects transistor (OFET)
using low temperature spin coating deposition technique. The p-type OFETSs were fabricated
using poly (3-hexylthiophene-2,5-diyl) (P3HT) and poly (methyl methacrylate):titanium dioxide
(PMMA:TiO2) nanocomposite material were used as semiconductor and the gate dielectric,
respectively. The electrical and structural properties of OFETs were analysed using current-
voltage (I-V), atomic force microscopy (AFM) and RAMAN spectroscopy. Results from 1-V
show that the fabricated p-type OFET has moderate performance with threshold voltage, V14 is
-3V and mobility, p is 2.01 cm? Vs,

1. Introduction

Organic field effect transistor (OFET) is an example of organic electronics devices and has attracted a
great deal of attention to be utilized in integrated circuit (IC) [1]. OFET structure consists of
semiconductors, dielectric layer and electrodes that fabricate using organic or polymer material. OFETs
is suitable to be used for low voltage application such as smart labels, driving matrices for organic flat
panel displays [2], sensor [3] and food industry [4]. The innovation of OFET has grown in recent years
and have been focused on the development of improving the properties of organic semiconductor
materials and methods for improving the material to achieve high carrier mobility [5, 9-11]. Carries
mobilities is an important parameter in determining and enhancing the OFET performance because
OFET basically operates through the modulation of charge carrier flow at the interface of
semiconductor-dielectric.

In order to investigate the OFET performance, metal-insulator-semiconductor (MIS) structure
was used to investigate the behaviour between the insulator and semiconductor. The performance of
MIS capacitor is strongly depend on semiconductor and dielectric layer. The important characteristics
for MIS is the accumulation/depletion behaviour, charge transport and trapping, interface effects
between insulator and semiconductor [1]. In order to obtain good MIS characteristics, the interface
between insulator and the semiconductor layer must be well-matched because the insulator were
sandwiched between the semiconductor and ohmic metal contacts and the bias voltage is being applied
across an insulator. The same characteristics and principles was applied to the MIS that fabricated using
organic material in the case poly (3-alkylthiophene) (P3HT) and poly (methyl methacrylate): titanium
dioxide (PMMA:TiO,).

(P3HT) [18] is a stable p-type organic semiconductor material and the most prominent organic
semiconductor material that has been widely being used by other researcher in fabricating the organic
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electronic devices. Polythiophenes, in particular (P3HT), are the most prominent and investigated
representatives of semiconducting polymers and have been applied in various devices such as solar cells
and field-effect transistors. For this class of polymers, it has been well established that the morphology
of the functional layer has a significant impact on the device performance. For insulator layer, the
nanocomposite material between PMMA and TiO, was used due to its high dielectric permittivity, &’
that has been optimized from our previous work. Besides having high dielectric permittivity, (&’ ~ 12),
PMMA:TiO; also have high capacitance for storage purpose and it can be processor at low temperature
[12].

In this paper, we report the fabrication and characterization of metal-insulator-semiconductor (MIS)
and p-type organic field effect transistor (p-OFET) using PMMA:TiO, nanocomposite and P3HT as
insulator and semiconductor layer, respectively. Both thin film was deposited by spin coating onto glass
substrate and characterized by current-voltage (I-V), atomic force microscopy (AFM) and RAMAN
spectroscopy. In this work, we only concentrate on the I-V characteristics of MIS and p-type OFET.

2. Experimental Setup
Before coating, the glass substrate was clean by sonication method in acetone, methanol and de-ionized
(DI) water in ultrasonic bath for 10 min at 50 °C, then dried using nitrogen (N>) gas.

2.1. Fabrication of PMMA:TiO, Nanocomposite dielectric film

PMMA:TiO; solution was prepared by dissolving 0.3g of PMMA (Sigma Aldrich) and 3wt% of TiO»
nanopowder in 5Sml of Toluene. A few drops of TMOMS were added into PMMA: TiO; as stabilizer
between PMMA and TiO, nanopowder. Then, the solution was sonicated for 30 min at 50 °C before
being stirred for 24 hrs. The deposition of PMMA: TiO; thin film was done in a spin coater with argon
(Ar) gas at 4 mbar, 0.5 s/lit. The time and spin speed of spin coater were fixed to 4000 rpm for 60 sec
in order to obtain the uniform PMMA: TiO, nanocomposite film. 2 drops of PMMA: TiO: solution was
dropped onto the substrate and the rotation would evenly spread the solution, and stop automatically
after 60 sec. The substrate with a layer of 2 drops was then dried at 50 °C for 5 minutes to evaporate the
solvent and harden the coating. After that, the PMMA: TiO, films were annealed at 120 °C for 30
minutes, enough to sufficiently remove the remaining solvent.

2.2. Fabrication of P3HT Thin Film

P3HT solution was prepared by dissolving 15mg of P3HT powder (Sigma Aldrich) in 15 ml of
chloroform solvent (Eriendemann Schmidt). The solution was sonicated for 30 min at 50 °C before being
stirred for 24 hrs. The P3HT film was deposited using spin coating technique. The spin speed was fixed
at 1500 rpm for 60 sec. Then, the P3HT film is dried at 50 °C for 5 min to evaporate the solvent.

2.3. Fabrication of P3HT Thin Film

The MIS (AI/P3HT/PMMA:TiO»/Al) structure as shown in Fig. 1 were fabricated to investigate the
performance of OFETs. The MIS device were fabricate on top of glass substrate. 60 nm thick of
aluminum (Al) were evaporate on top of glass substrate to form bottom electrode. P3HT solution were
spin coated on top of Al electrode using the same technique to form P3HT thin film. Then, PMMA:TiO;
nanocomposite dielectric film were deposited on top of P3HT thin film followed by deposition of 100
nm thick Al to form top electrode.

The fabrication of p-type OFET start by depositing the P3HT semiconductor layer on glass
substrate. Al source and drain terminals were deposited using thermal evaporator technique. Then, a 500
nm thick of PMMA:Ti0, nanocomposite dielectric were deposited on top of source and drain terminal
act as dielectric layer. Then, Al gate electrode with 100 nm thick were deposited on top of PMMA:TiO,
layer. Complete p-type OFET structure as shown in Fig. 2 below.
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Figure 1. Schematic structure of the Figure 2. Schematic diagram of the OFETSs
MIS

3. Results and Discussions

3.1. Structural Properties

The Raman spectrum of PMMA:TiO, nanocomposites and P3HT thin film are shown in Fig. 3. It can
be seen that there is most of the Raman bands for PMMA:TiO; are identified are the same as Raman
band for PMMA that has been reported in the literature [21,22]. The spectrums for PMMA:TiO; occur
at 2957, 1460 cm™! and weak features at 3001 cm™ are belonging to the C-H vibration. The features at
2848 cm! is corresponding to the infrared spectrum [23]. The feature at 999 cm™! was assigned to OCH3
rock, the feature at 1081 cm™! to v(C-C) skeletal mode vibration. The observed bands are at 602, 1460
and 1736 cm-!. A new peaks which can be seen in PMMA:TiO; curve are at 141 cm™ indicate the
presence of TiO, nanoparticles which associated with rutile phase [24]. The 715 cm™ , 1380 cm™ and
1440 cm! Raman peaks indicated by squares are assigned to the P3HT C—S- C ring deformation, C—C
skeletal stretching and CLC ring stretching, respectively.
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Figure 3. RAMAN spectrum of P3HT

Raman shift (cm”) and PMMA:TiO, film.

Figure 4 and Fig.5 is an FESEM image displaying the surface morphology of PMMA:TiO,
nanocomposite films and cross-section image of P3HT/PMMA:TiO; thin film on glass substrate. As
can be observed, the surface of the nanocomposite PMMA:TiO: is not smooth and there is agglomerated
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particles at certain area. This agglomerated particle is confirmed that there is a formation of non-
homogenous organic-inorganic materials with very small domain in the nanometric scales. The root
mean square (rms) roughness of the film measured in this area is 72.903 nm for nanocomposite
PMMA:TiOs. The topography of P3HT films were observed by AFM as shown in Figure 6. The surface
roughness in root mean square (RMS) data is 0.94 nm. This suggests that the P3HT molecules are
slightly more densely packed, and hence slow down the diffusion of oxygen and moisture to the gate
dielectric interface where the holes transport takes place. This may also contribute to the improved
stability for the P3HT devices based on PMMA:TiO> coated substrates.

S

Figure 4. FESEM images of Figure 5. Cross-section image of P3HT and
PMMA:TIO; thin film. PMMA:TiO: film.
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Figure 6. AFM image of P3HT thin film.

3.2. Electrical Properties of MIS and p-type OFET

The purpose of fabricating the MIS devices is to investigate the suitability and the compatibility of
fabricated PMMA:Ti0O, nanocomposite dielectric layer with p-types semiconductor which is P3HT film.
I-V characteristics of MIS with different annealing temperature of P3HT film are shown in Fig.7 below.
The purpose of varying the annealing temperature is to obtain the optimization temperature to deposit
the P3HT thin film for OFET fabrication. The applied voltages were sweep from +10 V to -10 V to the
Al bottom electrode while top Al electrode was grounded. I-V curve for all MIS samples show nonlinear
or rectifying behaviour with different operating voltages. The operating voltages are increased
significantly when the annealing temperature of P3HT film increased. MIS device with 60 °C has the
lowest operating voltage ~ - 7 V and MIS with 180 °C has the highest operating voltage which is — 1.0
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V. Increment in the operating voltage, when different annealing temperature was used is because of the
changes in the surface roughness and also reduction of P3HT thin film. Since the surface roughness is
reduce, when the negative voltage is applied (V > -1 V) to the Al electrode, the majority carriers (hole)
are accumulated near the surface of the P3HT layer. This causes the valence band edge bends
downwards near the surfaces and closer to the Fermi level. When a small positive voltage (V <0 V) is
applied, the majority carriers (hole) are depleted because the valence band bends upward. The bands
bend even more upward when applied large positive voltage (V <+2 V) so that the intrinsic Fermi level
crosses over the Fermi level and at this point the minority carrier (electron) is larger than hole, the
surface thus inverted. These excess electrons caused increased current in the positive.

The electrical properties of p-type OFET were characterize using 4200 semiconductor
characterization system. Figure 8 shows the typical drain-source current, Ips characteristics of p-type
OFETs with PMMA:TiO; and P3HT as dielectric and semiconductor layer. The drain-source voltage,
Vps was varied from 0 ~ - 4 V in steps 0.1. For this p-type OFETs, negative Vps were applied because
P3HT is a p-type semiconductor/active material, therefore the majority carriers are holes. Figure 8 shows
that the applied gate voltage, Vi was varied from -10 to +10 V. The Ips-Vps curves indicate that our
fabricated p—type OFET, resembled the theoretically transistor curves, nevertheless, the curves are not
ideal. This is due to the parallel resistance that exists in the device. It can be also seen that, apparently
that the fabricated p-type OFET is in the depletion mode (normally-ON) state. When the no gate voltage,
Vi (Vg = 0V) is applied, the fabricated p-type OFETs are in ON state. For these devices, since the
majority carries is holes, therefore the holes channel is induced at the semiconductor-dielectric (which
is P3HT- PMMA:TiO,) interface by a negative bias applied to the gate. The current flows form source
to drain electrodes via holes channel if the —Vg is sufficiently high. At this condition, the channel acts
as variable resistors and the Ips are linear with -Vpg, which correspond to the linear region. As the -Vps
increases, the space charge region under the channel and near the drain region widens and eventually
reaches a pinch-off point condition in which the channel width becomes zero. Beyond this pinch-off
point, in the saturation region, the Ips become saturated or constant as -Vps continues to increase. By
applying positive Vg, the p—type OFET start to change state from ON to OFF state. The fabricated p-
type OFET in particular, there is no good saturation current observed. Figure 9 illustrated the Ips versus
Vs by fixing the Vps at -10 V. From these curves, the field effect mobility, pre and the threshold voltage,
Vru were determined. The prg was extracted from the slope of the linear plots of the square root of the
Ips versus the V. The Vi was estimated corresponds to the intersection dashed lines with Vgs axis is -
1V. Meanwhile, the pre of the p-type OFETs is 8 x 102 ¢cm2 /Vs™..
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4. Conclusion

The fabricated MIS capacitor with different P3HT thickness and nanocomposite PMMA:TiO, as
semiconductor and insulator, respectively on glass substrate. The results indicate that the operating
voltage, Vi of organic-MIS improve significantly improve when the P3HT thickness is reduce. Low
surface roughness was obtained when the thickness of the P3HT film is reduce. Through its electrical
properties, it was found that the insulating property of nanocomposite PMMA:TiO; are comparable to
those usually obtained for MIS structures with other material that being use as insulator. PMMA:TiO»
organic-inorganic films offer attractive opportunities due to its good electrical properties and an
effective way to reduce the operating voltage of organic-MIS but also a useful way to investigate the
interfacial capacitance that exists at the interface of semiconductor/insulator. The OFETs was
subsequently fabricated and examined to identify the characteristic of organic transistor using
PMMA:TiO, nanocomposite as dielectric layer. The fabricated p-type OFET showed a poor
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performance even though the real permittivity, €’ for PMMA:TiO, was ~ 12, about 3 times higher than
the ¢’ for SiO».

References

(1]

(2]
(3]
(4]

[3]

[7]
[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

A. Fian, A. Haase, B. Stadlober, G. Jakopic, N. B. Matsko, W. Grogger, and G. Leising, "AFM,
ellipsometry, XPS and TEM on ultra thin oxide/polymer nanocomposite layers in organic thin
film transistors," Analytical and Bioanalytical Chemistry, vol. 390, pp. 1455-1461, 2007.

C. G. Choi and B.-S. Bae, "Organic-inorganic hybrid materials as solution processible gate
insulator for organic thin film transistors," Organic Electronics, vol. 8, pp. 743-748, 2007.

I. Kymissis, "OFET applications," in Organic Field Effect Transistors, A. Chandrakasan, Ed., ed:
Springer US, 2009, pp. 1-6.

S. Uemura, A. Komukai, R. Sakaida, T. Kawai, M. Yoshida, S. Hoshino, T. Kodzasa, and T.
Kamata, "The organic FET with poly(peptide) derivatives and poly(methyl-methacrylate) gate
dielectric," Synthetic Metals, vol. 153, pp. 405-408, 2005.

C. R. Newman, C. D. Frisbie, D. A. d. S. Filho, J.-L. Bredas, P. C. Ewbank, and K. R. Mann,
"Introduction to Organic Thin Film Transistors and Design of n-channel Organic
Semiconductors," Chem. Mater, vol. 16, pp. 4436-4451, 2004.

V. Subramanian, M. Toita, N. R. Ibrahim, S. J. Souri, and K. C. Saraswat, "Low-leakage
germanium-seeded laterally-crystallized single-grain 100-nm TFTs for vertical integration
applications," Electron Device Letters, IEEE, vol. 20, pp. 341-343, 1999.

G. Crawford, Flexible flat panel displays: Wiley. com, 2005.

J. T. Mabeck and G. G. Malliaras, "Chemical and biological sensors based on organic thin-film
transistors," Analytical and Bioanalytical Chemistry, vol. 384, pp. 343-353, 2006.

A. L. Deman and J. Tardy, "Stability of pentacene organic field effect transistors with a low-k
polymer/high-k oxide two-layer gate dielectric," Materials Science and Engineering: C, vol. 26,
pp. 421-426, 2006.

G. Horowitz, "Organic thin film transistors: Fron theory to real devices," Journal of Material
Research vol. 19, pp. 1946-1962, 2004.

Y.-Y. Noh and H. Sirringhaus, "Ultra-thin polymer gate dielectrics for top-gate polymer
fieldeffect transistors," Organic Electronics, vol. 10, pp. 174-180, 2009.

L.N. Ismail, Z. Habibah, N. S. M. Sauki, Z. Aznilinda, S. H. Herman and M. Rusop,
“Characterization of Metal-Insulator-Semiconductor Capacitor with Poly(methyl methacrylate):
Titanium Dioxide as Insulator,” Japanese Journal of Applied Physics, vol.52, pp.06GG02,2013.
M. Morales-Acosta, M. Quevedo-Lopez, B. Gnade, and R. Ramirez-Bon, "PMMA-SiO2 organic—
inorganic hybrid films: determination of dielectric characteristics," Journal of Sol-Gel Science
and Technology, vol. 58, pp. 218-224, 2010.

S. Liwei, M. Liu, T. Deyu, G. Liu, L. Xinghua, and J. Zhuoyu, "Low-Voltage Organic FieldEffect
Transistor With PMMA/ZrO2 Bilayer Dielectric," Electron Devices, IEEE Transactions on, vol.
56, pp. 370-376, 2009.

N. B. Ukah, J. Granstrom, R. R. S. Gari, G. M. King, and S. Guha, "Low operating voltage ad
stable organic field-effect transistors with poly (methyl methacrylate) gate dielectric solution
deposited from a high dipole moment solvent," Applied Physics Letters, vol. 99, p. 243302, 2011.
J. Robertson, "High dielectric constant gate oxides for metal oxide Si transistors," Reports on
Progress in Physics, vol. 69, p. 327, 2006.

M. Ahmadi, N. Phonthammachai, T. H. Shuan, T. J. White, N. Mathews, and S. G. Mhaisalkar,
"Solution processable nanoparticles as high-k dielectric for organic field effect transistors,"
Organic Electronics, vol. 11, pp. 1660-1667.

H. Wong and H. Iwai, "On the scaling issues and high-[kappa] replacement of ultrathin gate
dielectrics for nanoscale MOS transistors," Microelectronic Engineering, vol. 83, pp. 1867- 1904,
2006.

D. A. Buchanan, "Scaling the gate dielectric: materials, integration, and reliability," IBM J. Res.



ICEDSA 2017 IOP Publishing

IOP Conlf. Series: Materials Science and Engineering 340 (2018) 012005 doi:10.1088/1757-899X/340/1/012005

[29]

[30]

[31]

[32]
[33]

[34]

Dev., vol. 43, pp. 245-264, 1999.

Y. YoungJun, "Pentacene Based Organic Electronic Devices," PhD, Durham University, 2010.
N. G. Semaltianos, "Spin coated PMMA films," Microelectronic Journal vol. 38, pp. 754 - 761,
2007.

T. S. Huang, Y. K. Su, and P. C. Wang, "Poly(methyl methacrylate) Dielectric Material Applied
in Organic Thin Film Transistors," Japanese Journal of Applied Physics, vol. 47, pp. 3185 - 3188,
2008.

D. D. L. Chung, Functional Materials : Electrical, Dielectric, Electromagnetic, Optical and
Magnetic Appliecations vol. 2. Singapore: World Scientific Publishing Co. Pte. Ltd, 2010.

H. S. Nalwa, Handbook of Low and High Dielectric Constant Materials and Their Applications,
Two-Volume Set: Academic Press, 1999.

T. Osaka and M. Datta, Energy Storage Systems in Electronics: CRC Press, 2000.

R. Arora and W. Mosch, High voltage insulation engineering: behaviour of dielectrics, their
properties and applications: New Age International, 1995.

T. Dakin, "Conduction and polarization mechanisms and trends in dielectric," Electrical
Insulation Magazine, IEEE, vol. 22, pp. 11-28, 2006.

W. Sarjeant, R. Dollinger, J. Zirnheld, F. MacDougall, and H. Goldberg, "Capacitors-past,
present, and future: a trans-national perspective," in Power Modulator Symposium, 1996.,
Twenty-Second International, 1996, pp. 209-212.

N. B. UKAH, "Low Dielectric Constant-Based Organic Field Effect Transistors and
Metallnsulator-Semiconductor Capacitors," Doctor of Philoshopy, Faculty of the Graduate
School, University of Missouri, 2012.

J. Puigdollers, C. Voz, A. Orpella, R. Quidant, . Martin, M. Vetter, and R. Alcubilla, "Pentacene
thin-film transistors with polymeric gate dielectric," Organic Electronics, vol. 5, pp. 67-71, 2004.
S. P. Tiwari, V. R. Rao, T. Huei Shaun, E. B. Namdas, and S. G. Mhaisalkar, "Pentacene Organic
Field Effect Transistors on Flexible substrates with polymer dielectrics,"” in VLSI Technology,
Systems and Applications, 2007. VLSI-TSA 2007. International Symposium on, 2007, pp. 1-2.
J.-S. Lim, P.-K. Shin, B.-J. Lee, and S. Lee, "Plasma polymerized methyl methacrylate gate
dielectric for organic thin-film transistors," Organic Electronics, vol. 11, pp. 951-954, 2010.

A. Facchetti, M. H. Yoon, and T. J. Marks, "Gate dielectrics for organic field-effect transistors:
New opportunities for organic electronics," Advanced Materials, vol. 17, pp. 1705-1725, 2005.
M. D. Morales-Acosta, C. G. Alvarado-Beltran, M. A. Quevedo-Lopez, B. E. Gnade, A.
Mendoza-Galvan, and R. Ramirez-Bon, "Adjustable structural, optical and dielectric
characteristics in sol-gel PMMA-SiO2 hybrid films," Journal of Non-Crystalline Solids, vol. 362,
pp. 124-135,2013.

Acknowledgments

Authors are grateful to the Research Management Unit (RMU), Universiti Teknologi MARA for
providing us the RAGS grant (600-RMI/RAGS 5/3 (205/2014)). The authors also would like to
acknowledge NANO-SciTech Centre, UITM Shah Alam, for the use their AFM equipment.



