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Composite P3HT/ZnO thin films via
FTM for improved charge transport
in OFETs

A.S. M. Tripathi***, A. Dubey?, J. F. Blach?, F. Hochede?, S. Saitzek?, Y. Boussoualem® &
A. Daoudi?

Zinc oxide (ZnO) nanorods, measuring 500 nm in diameter and 100 nm in length, were created in this
article using an optimised hydrothermal low temperature technique. Using the newly created floating
film transfer method, a large-scale oriented composite thin film of ZnO nanorod dispersion and poly
(3-hexyl thiophene) is created. A thin film of the produced nanocomposite was placed to an active area
of the p-type organic transistor in order to increase its mobility. The obtained high charge carrier hole
mobility p, of 70.08 cm?/Vs along the orientation direction is caused by the nanocomposite thin film,
as has been established. As per the prior research, the achieved result is approximately two orders
higher and represents a more than four-fold boost over the pristine polymer device. The XRD and SEM
were utilized to examine the crystalline characteristics of the nanostructure, and the atomic force
microscope was employed to investigate the thin film morphology of the nanocomposite.
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Over the past few years, solution-processable hybrid (organic/inorganic) semiconductors have attracted much
interest due to their broad potential application in electronic devices'. Hybrid optoelectronics devices, like
photovoltaic cells, organic light emitting diode, and Organic field effect transistors (OFETs), have been of great
scientific interest in current research society*>.

There are numerous OFET-based sensors in use today, including gas, light, chemical, pressure, and biological
sensors*~1%. Furthermore, OFETs can be fabricated on low-temperature solution processes and easily transferred
on several substrates, including flexible substrates'!. Hybrid materials are the main target to integrate the
important properties of both types of materials. There are a lot of hybrid materials reported in photovoltaic
and OLED applications'>!3. Despite this development, OFETs are also fabricated based on this hybrid material.
Moreover, there are more developments in this area by integrating the OFET for active matrix display, logic
circuits, and memory chips'“.

Hybrid materials have better electronic properties over the organic semiconductors and are lower compared
to inorganic semiconductors'®. On the other hand, materials with better electronic properties show high field-
effect mobility. In order to manufacture low-cost transistors, regioregular polymers (P3HT) are willing more
in organic electronics. For better device performance increasing the thin film crystalline properties and its
interchain interactions are providing high mobility. Further electrical properties are enhanced by bringing in
inorganic nanomaterials Zinc Oxide (ZnO) and Titanium oxide (TiO,) in the polymer matrix by controlling the
free charge carriers!®2°. Compared to amorphous silicon, ZnO possesses special qualities such a large band gap,
transparency, and greater field effect mobility. ZnO nanoparticles are employed in electronic devices for electron
extraction and as acceptors in hybrid materials?~%’. To make the P3HT/ZnO-based OFETs, the dispersion of
nanoparticles is still challenging in solution processing techniques. In this work, the composite thin films were
fabricated using the recently developed Floating Film Transfer Method (FTM)?8-%, This technique provides large
area thin film with minimal wastage of material and high-in-charge carrier transport>!~’. Thus we applied two
approaches changing the material properties by blending the polymer with ZnO nanoparticles and controlling
the thin-film morphology by FTM to enhance the OFET performance. Current state of art R.R. Navan et al.
reported hybrid materials (P3HT/ZnO) for enhancing the OFET performance. According to the report, 25%,
40%, and 50% of ZnO’s weight in P3HT are used for device fabrication®®. According to his observation there is
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enhancement in-charge carrier mobility from 25% to 40% and change at 50% of ZnO in P3HT. The result shows
high mobility, u = 1.8 X 10~* cm?/ Vs at 40% ZnO in P3HT and 1.15 x 10~ cm?/Vs in pristine OFET®%. M. Ba
and co-authors also worked on a blend of P3HT: ZnO with concentrations of 50 mg/ml, 100 mg/ml, and 150 mg/
ml in chlorobenzene solvent®®3. The results showing maximum charge transport p=2.0 x 1073, 7.5 x 10”3, and
1.4 x 1073 cm?/ Vs, while 3 x 10~ * cm?/Vs in pristine P3HT.

In this report, a polymer matrix was filled with ZnO nanorods that were synthesised in the lab in order to
create a hybrid thin film for OFET applications. The aim of this experiment is to improve the charge carrier
transport of solution-processed hybrid materials by varying the electrical properties of the P3HT solution
through the blend of ZnO nanomaterials and quality control of the hybrid thin film using a recently developed
new deposition technique. The hybrid film morphology characterized by atomic force microscopic (AFM)
reveals the presence of anosotropic ZnO nanoparticles dispersed within a P3HT polymer film. Herein, FTM-
prepared hybrid thin film (P3HT/ZnO) shows remarkable enhancement in p-type OFET mobility up to 0.08
cm?/Vs, which is more than four times over the pristine polymer.

Experimental method

ZnO nanorods were synthesized by a low-temperature hydrothermal process. Zinc acetate dihydrate
(Zn(OOCCH,),.2H,0, 98+%, Strem chemicals) and sodium hydroxide (NaOH, > 98% Sigma Aldrich) were used
as starting materials, and CetylTrimethylJAmmonium Bromide (CTAB, > 99%, Sigma Aldrich) was employed
as surfactant. First, solution A is prepared by dissolving 0.025 mol of zinc acetate in 50 mL of distilled water.
Then solution B is obtained by dissolving 0.001 mol of CTAB and 0.150 mol of NaOH. Solutions A and B were
mixed and stirred vigorously for 1 h to obtain a clear solution. The resulting mixture was then transferred into
an Equilabo stainless steel autoclave lined with Teflon and sealed tightly. For 20 h, hydrothermal treatments were
conducted at 180 °C. The autoclave was then allowed to spontaneously cool to ambient temperature. Following
opening, the white precipitate was collected by centrifugation and thrice washed with distilled water to get rid
of any unreacted materials. Finally, the powder was dried at 90 °C in air. The growth mechanism of nanorods
has already been described in the literature*®-*2. The Zn(OH), >~ complex is formed when there is a large excess
of hydroxide ions in the solution. A CTA + micelle and the Br-counterion are formed when the CTAB, an
ionic solid, ionizes in an aqueous solution. With a lengthy hydrophobic tail and a tetrahedral head, the CTA +
are positively charged. This cation allows the surfactant to function as an ionic carrier when it combines with
Zn(OH)4?~ to generate a CTA+-[Zn(OH)4]?~ complex through electrostatic interactions**. The growth units
assemble along the polar faces and thus promote growth preferentially in the [0001] direction®® (¢ — awis).
In conclusion, CTAB may be used as a capping agent to regulate ZnO nanostructure growth and morphology.

This experiment used conjugated polymer regioregular poly (3-hexyl thiophene) having ragioregularity
95.2% and molecular weight (mW) 36,600 purchased from Oscilla (Sheflield, UK). Glycerol and ethylene glycol,
which were obtained from Sigma Aldrich and VWR, were utilized as a hydrophilic viscous liquid substrate to
create the polymer floating thin film binary combination. We purchased dehydrated chloroform from Sigma
Aldrich and used it as a solvent to make the polymer solution.

A recently designed FTM has been employed to make the thin film. A P3HT/ZnO solution was made in
CHCI3, and 15 pl hybrid solution was dropped into the middle of the aiding slider. Si/SiO, substrate with oxide
thicknesses of up to 300 nm and capacitances of 10 nF/cm? were employed in the manufacturing of OFETs. Prior
to undergoing the piranha treatment, the hydrophobic substrate was washed and then bathed in a mixture of
50-50% H,SO4 and H,O,. The substrate treated with piranha was then dipped in OTS solution for 60 min, and
washed following the previous manuscript. A source-drain electrode made of ~50 nm Au and ~5 nm Cr that
had been thermally evaporated was employed. Additionally, the film that had undergone FTM processing was
placed on the substrate and allowed to dry for 30 min at 50 °C.

We obtained the AFM image using the Veeco (Bruker) Multimode III and an optional C-AFM module.
Two source meters (SMU B2901) were used to characterize the device’s current-voltage (I-V). The driving gate
voltage was applied via Channel 1, and the dielectric leakage current was measured. The drain current under
ambient conditions was generated by using Channel 2 to supply the voltage between the source and drain.

Result and discussion

ZnO characterization

Rigaku ULTIMA- 1V diffractometer fitted with a Cu anticathode, Soller slits to control the divergence of X-ray
beam, and a foil filter (nickel) to weaken the Cu K, line, X-Ray diffraction (XRD) patterns were obtained. By
utilizing the Bragg-Brentano setup, the registered angular range is 20°-70°, with a scanning rate of 0.15° per
minute.

SEM images were recorded on a Hitachi SU3800 microscope using the Secondary Electron (SE) detector. The
absorbance spectra obtained using an integrating sphere on a UV-2600 spectrophotometer (Shimadzu) were
used to compute optical band gaps.

Figure 1(a) displays the XRD pattern obtained for ZnO nanorods. All observed reflections can be indexed to
the hexagonal wurtzite structure (ICSD # 26170, a = 0.324986(1) nm, ¢ = 0.520662(1) nm)*, and no impurities
were observed.

SEM micrographs in Fig. 1(b) present the morphology of ZnO powders where one observes the formation of
rods whose average size is 500 and 100 nm for length and width, respectively. ZnO is n-type semiconductor with
a direct bandgap®’. We can determine this value using the absorbance spectrum and using the Tauc method by
plotting (ahv)? vs. hv (Inset Fig. 1a). The gap value is obtained by extrapolating the linear part of the curve with
the intersection of the x-axis. This one was determined to be 3.22 eV and agrees with the literature?®.
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Fig. 1. (a) XRD pattern and Tauc plot (inset) of ZnO synthesized by hydrothermal method (b) SEM image
showing the morphology of ZnO.
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Fig. 2. Schematic process of composite thin film preparation for OFET device.

Hybrid thin film and OFET fabrication

Figure 2 shows the step-wise process for the OFET fabrication. In the first stage, a hybrid solution (P,HT/ ZnO/
CHCI,) was prepared in proportion to 10% ZnO. For this, separate solutions of 1% P3HT/CHCI, and 0.1% ZnO/
CHCI3 w/w were mixed in 9:1. In the 2nd stage, a composite thin film is prepared by newly created single dirction
FTM technique. Film morphology optimization is followed by the previous casting parameter?. Previous work
has provided further information about high-quality thin-film optimization and preparation?*3°.

Without the need for a costly setup or an external force, this approach is comparable to the Langmuir-Blodgett
method. It supplies the orientated thin film and then allows a natural process of self-assembly, unlike external
forces. The direction of the film is reversed in this instance from the direction of spreading. The solvent’s volatile
nature leads to the formation of a floating solid film on the liquid substrate. This reliable film orientation process
was based on solvent evaporation and the liquid substrate’s opposing viscous force.On the liquid substrate, a
floating solid film forms due to the solvent’s volatile nature. The reliable mechanism of film orientation was based
on the opposite viscous force of the liquid substrate and solvent evaporation. Film orientation can be easily seen
by necked eyes using a polarizer sheet. The Fig. 2 shows the polymer film at a large scale up to ~21 cm X 2 cm in
length and width having thickness ~ 40 to 50 nm. The solid film was further transferred onto solid OFET chips
between source and drain electrods.
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Hybrid thin film morphology

A key factor in enhancing the device’s performance is the thin film morphology. Atomic force microscopy
(AFM) was used to precisely characterize the film’s morphology and to analyze the distribution of the polymer
and P3HT/ZnO using FTM methods, as shown in the complete analysis in Fig. 3 (a)-(d). As seen a featureless
surface was found in the spin-coated film of pristine, However for FTM cast P3HT polymer film, nano-scale
corrugations are aligned in the same direction across the surface as reported in previous manuscript?’. The ZnO
nanorods are evenly distributed throughout the polymer matrix. While FTM helps to align the polymer film,
adding nanoparticles to the polymer also helps to create a more ordered structure. Similarly, Fig. 3 also indicates
that there are no ZnO nanoparticle clusters present and that the P3HT/ZnO contacts in the layers have increased
characteristics.

Device electrical characterization

The electrical properties of devices made using the spin cast process and FTM are displayed in Fig. 4. All devices,
with the exception of their current level, exhibit normal p-type behavior. The hybrid device displays a maximum
current level of 107°A, surpassing both the pristine polymer made using FTM and spin casting. Additional
measurements of the same device’s transfer properties were made at saturation conditions using the traditional
standard equation.

%%
Ip= 5 1, Cox T [Vas = Van ? (1)

1
2
Where I, y, C_, Voo Vy, stand for drain current, device mobility, oxide capacitance, gate voltage threshold
voltage and W, L are device dimension.

In pristine conditions, p= ~0.02 cm?/Vs, although the hybrid film exhibits high charge mobility, u *0.08 cm?/
Vs. In contrast to p= ~0.0021 cm?/Vs, in spin-cast, the FTM-coated pristine thin film exhibits a high charge
carrier. These findings support the fact that the FTM-coated film enhanced the device’s functionality. The device’s
performance is further improved by film preparation using ZnO nanorod through FTM.

Figure 4(b), (c) illustrates the transfer characteristics of OFET based on P3HT/ZnO film. The addition
of ZnO to P3HT polymer increases drain current and mobility. The decrease in the density of traps in the
P3HT/ZnO nanocomposites is linked to the notable improvement of charge mobility. A similar behavior were
already observed by Xu et al.#’ for ZnO tetrapods or nanocrystals dispersed within the poly [2-methoxy,5-
(2-ethylhexyloxy)—1,4-phenylenevinylene] polymer matrix. Also, we observed that the semiconducting P3HT
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Fig. 3. Captured AFM images of P3HT/ZnO (a) height (b) phase (c) 3 D (d) Roughness analys.
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Fig. 4. Device output and transfer characteristics comparision and reproducibility (a) output (b) (c) transfer
characteristics measured from 20 V to —100 V (d) Reproducibility of device by preparing 20 device based

onP3HT/ZnO by FTM.
Mobility 1/1q

Material (cm?/Vs) | Vth Ratio | Stability | Refs.
P3HT/ZnO | 1073~10"* | =20 to =6 | 150.9 49
P3HT/ZnO | 1.8x 1073 38
P3HT/ZnO | 4x1073 | -0.76 50
P3HT/ZnO | 1073 15.6 44.5 3
PIHT/ZnO |8x102 | 2to—4 |10¢ | AmDENt fopycyyon

Table 1. Comparison of previously reported P3HT/ZnO based OFET from this current work.

polymer retained its p-type behavior and shape following the incorporation of the ZnO nanorod. Thus, the drop
in trap density and the self-reliant behavior of the (p-/n-type) can be concluded.

The transfer properties of the hybrid (P3HT/ZnO) and the pristine polymer (P3HT) are displayed in Fig.
4(b). When compared to pure P3HT made using FTM and spin coating, FTM-coated P3HT/ZnO exhibits
higher current values. Table 1 shows reported device performance of P3HT/ZnO based hybrid materials and
compare with the our work.

The repeatability of the device is displayed in Fig. 4(d) following the manufacture of 20 transistors. According
to the graph, the average mobility is 7x 1072, and the biggest and lowest peaks are at 8 x 1072 and 6 x 1072 cm?/
Vs.

Figure 4(b), and (c), show the 10% ZnO in P3HT instances, at saturation condition, the hole mobility is
detected in the nanocomposite OFETs.
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Fig. 5. Charge transfer mechanism in hybrid thin film.

Figure 5 shows the charge transporting operation in P3HT: ZnO film. The P3HT highest occupied molecular
orbital (HOMO), the ZnO nanoparticle as the conduction band, and Au electrode fermi level expressed the
operation of the devices.

In the device semiconducting layer induced the accumulation of holes at the interface at the condition V0,
which acts like a conductive p-type channel. Furthermore, the dispersion of nanoparticles in polymer upgrades
the charge carrier passage and controls the traps that are available in the P3HT.

The key aspect of this manuscript is the reported remarkable enhancement in the hybrid device’s performance
achieved by tailoring ZnO nanoparticles with diameters of 500 nm and lengths of 100 nm. The solubility challenge
of the nanorod is solved by a suitable option dispersion for integrating the hybrid material. The prepared polymer
matrix was followed by the single direction FTM technique to control the thin film morphology. Whereas, the
addition of this nanorod with polymer decreases the density trap and becomes a simple charge hopping. These
two approaches enhance the device’s mobility four times which is desired for OFET-based electronics devices.

Conclusions
Finally, a report on the newly created, optimally synthesised Zinc Oxide (ZnO) Nano rod with a 500 diameter
and 100 nm channel length was made. A poly (3-hexyl thiophene) large area composite thin film with a dispersed
ZnO nanostructure was produced by employing the suggested single direction floating film transfer technique.
Moreover, the mobility of the p-type organic transistor is increased by the oriented nanocomposite thin
film.This finding is striking since it is approximately two orders of magnitude higher in charge carrier mobility
increment and four times higher (u >0.08 cm?/Vs) in pristrine than previous study. The present findings have
great potential to enhance large-scale composite thin-film mobility while minimising material waste.

Data availability

The corresponding data will be provided on solicitation(atul.tripathi@vitap.ac.in).
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