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Abstract 

In recent decades, conjugated polymers have been widely studied in organic electronics 

to produce low-cost transistors. Additionally, these polymers are doped with inorganic 

materials in order to improve the transistor performance in terms of mobility, on/off current 

ratio, and threshold voltage as well as to ease processability. In this study, we use various 

doping concentrations (0-50% in weight) of tungsten oxide (WO3) in poly(3-hexylthiophene) 

(P3HT), a well-studied organic semiconductor, to optimize the transistor performance. We treat 

spin-coated film of the hybrid P3HT:WO3 solution on hexamethyl disilazane (HMDS) as 

channels of commercial test chips including 20 transistors with their gold electrodes.  

Compared to using pristine P3HT, the proposed hybrid P3HT:WO3 formula which 

significantly improves the transistor performance. Almost 105 times larger mobilities, almost 

10 times larger on/off current ratios, and nearly 22 V decrease in threshold voltages were 



2 

 

achieved. It was also observed that the excess amount of WO3 doping leads to worse mobilities 

and on/off current ratios.  
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1. Introduction 

Conjugated polymers have drawn attention for several applications such as thin film 

transistors, optoelectronics, light emitting diodes and solar cells [1–4]. Organic polymers can 

be coated with vacuum-free, solution-based methods (such as spray coating, spin coating, dip 

coating...) at low temperatures which allow relatively cheaper fabrication that extends 

application areas.  Although conventional silicon-based devices are very stable and have high 

mobility, they are not suitable for large scale applications. They also require high temperatures 

and expensive vacuum processes. Therefore, polymer-based devices are preferred for large area 

electronics. However, the vast majority of organic semiconductors exhibit worse transistor 

performance than inorganic semiconductors due to their low field effect mobility (µFET), on/off 

current ratio (ION/IOFF) and threshold voltage (VT). For instance, while the charge carrier 

mobility of silicon is > 1 cm2 V-1 s-1, the mobility of poly(3-hexylthiophene) (P3HT) -the most 

commonly used conjugated polymer- is in the range of 10-5-10-1 cm2 V-1 s-1 [5], [6].  

In order to improve electrical properties with a motivation that free charge carriers can be 

controlled by doping concentration, inorganic dopant molecules such as ZnO and TiO2 can be 

added into the organic polymers [7–11]. Thus, it is possible to improve transistor parameters 

including threshold voltage, on/off current ratio, and field effect mobility. Navan and co-

workers [12] increased field effect mobility of P3HT only 1.5 times for 40% of ZnO by weight 

in P3HT (from 1.15x10-3 up to 1.8x10-3 cm2 V-1 s-1). However, dispersing ZnO in P3HT solution 

did not affect on/off current ratio. In another work [9], ZnO nanorods were dispersed in P3HT 

and field effect mobility improved from 4x10-4 to 4x10-3 cm2 V-1 s-1. The on/off current ratio 
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remained the same for ZnO-P3HT composite devices and there was no significant change in 

threshold voltages.  

Similar to ZnO and TiO2, WO3 is an n-type semiconductor having an adjustable wide band 

gap (Eg=2.5 – 3.2 eV) at room temperature, high electron affinity [13] and a remarkably high 

work function (Ф > 6 eV) [14–16]. Besides, WO3 has very good electrochromic, photochromic 

and gas sensing properties and it is also used in ion sensing field effect transistors (ISFET) 

[17],[18]. The dual electrical effect of metal oxide-based transistors can be relevant for 

numerous applications, such as active-matrix electrochromic displays regardless of the 

transistor size. All these superior properties make WO3 an attractive material in not only solid 

state sensor devices, but also the other areas of integrated circuit technology. Although 

theoretical study has been carried out on transition metal oxides used as dopant molecules, no 

previous study has experimentally assessed the doping of WO3 into P3HT for transistor 

application.  

The novelty of this study is to undertake WO3 particles used as a dopant molecule by 

dispersing in P3HT/1,2-dichlorobenzene solution. Subsequently, WO3 doped P3HT solutions 

were coated on prefabricated commercial chips to be tested for transistor performance. The 

present research explores, for the first time, the effects of WO3 doping on transistor performance 

of P3HT thin films. Also, it is worth to say that the doping of P3HT with proper amount of 

WO3 improves all device parameters.  

Unlike similar studies in this field, not only electrical characterizations but also thin film 

characterizations were performed in details in order to explain the effect of WO3 doping on 

both structural and physical properties. Besides, since both WO3 [19] and P3HT [20] have 

electrochromic and gas sensing properties, this new hybrid formulation can be successfully and 

rewardingly used for electrochromic, transparent and flexible sensors and their electronic 

device applications such as self powered gas detection sensors [21–25]. 
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2. Experimental 

2.1 Chemicals 

Poly(3-hexylthiophene-2,5-diyl) (P3HT, regioregular ≥90%, average Mw=25000-45000 g/mol, 

Sigma Aldrich), Hexamethyldisilazane (HMDS, purity >99%, Sigma Aldrich) were used as-

received without any purification. 1,2-Dichlorobenzene (anhydrous,  >99%, Sigma Aldrich)  

was used as organic solvent. Tungsten oxide particles (WO3 powder) were used as dopant 

molecule [26] .  

2.2 Transistor configuration 

Pre-fabricated high density test chips with bottom-gate, bottom-contact (BGBC) structure were 

purchased from Ossila Ltd. Each test chip has 20 transistors, the highly p-doped silicon 

substrate with Au gate (G) electrode which covers the conductive edge of the substrate, the 300 

nm–thick SiO2 gate dielectric, and Au source (S) and drain (D) electrodes. The channel length 

(L) and channel width (W) of each transistor are 30 μm and 1 mm, respectively. Fig. 1 presents 

the top view of the test chip and the simplified schematic of a single BGBC transistor structure. 

 

Fig.  1. (a) Top view of the pre-fabricated test chip [Image remains the copyright of Ossila Ltd. 

taken with permission from Ossila.com], (b) a simplified schematic drawing of BGBC 

structure. Note that Cr indicates the chromium adhesion layer and gate electrode which covers 

the conductive edge of the substrate  is not shown for the sake of clarity.  

 

(a) (b)

p-doped silicon (gate)
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2.3 Preparation of coating solutions 

Since the interface cleaning of semiconducting layer is crucial for coating process and device 

performance, test chips have undergone a series of cleaning procedures. At first, 10 min 

ultrasonic cleaning was performed with isopropyl alcohol and 1,2-dichlorobenzene, 

respectively. Then, test chips were dried with nitrogen gun and treated with Uv-ozone for 10 

min to remove excess amount of organic residues. After Uv-ozone cleaning, to reduce surface 

energy at the interface between semiconducting layer and SiO2, HMDS was spin coated at 4000 

rpm for 40 s and annealed for 5 min at 100°C. Since P3HT has a hydrophobic nature due to its 

long alkyl chain, it does not spread properly on the hydrophilic SiO2 dielectric surface. In order 

to reduce surface energy at the interface and to increase wettability of P3HT solution on SiO2, 

self-assembled monolayers such as alkyl silanes are coated between dielectric and 

semiconducting material [27–29]. In this work, hexamethyl disilazane (HMDS) was spin coated 

on SiO2 prior to P3HT thin film coating. Besides, HMDS treatment prevents the charge trap 

formation at the interface and strongly affects the device performance [30],[31]. For the active 

layer, various concentrations of WO3 (0 wt % , 10 wt %, 30 wt %, 40 wt %, 50 wt %) were 

dispersed in 10 mg P3HT/1 ml 1,2-dichlorbenzene solution by stirring overnight at 70°C. Both 

pure P3HT and WO3 doped hybrid solutions were coated by spin coating over HMDS treated 

surface at 2500 rpm for 60 s and annealed for 30 min at 100°C. Source and drain contact pads 

and the rest of the chip surface except the channel region were gently wiped with a cotton swab 

to avoid short circuit. All solution preparation and coating process were carried out in inert 

glovebox ambient to avoid charge trap formation by oxygen and moisture. Table I shows the 

summary of the preparation recipe of coating solutions and nomenclature of the samples. 
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Table I Summary of coating recipe and sample nomenclature for both pure and hybrid coating 

solutions. 

Sample 

Name 

P3HT 

 (mg) 

1,2-dichlorobenzene 

(ml) 

WO3 

(mg) 

Doping 

concentration  

(wt %) 

PW0 (pure) 10 1 - 0 

PW10 10 1 1.1 10 

PW30 10 1 4.3  30 

PW40 10 1 6.6  40 

PW50 10 1 10 50  

 

2.4 Thin film and device characterization 

 The output and transfer characteristics of pure and WO3 doped P3HT transistors were 

characterized by using Agilent B1500A Semiconductor Device Analyser. Three probes of 

analyser were used for three terminals of the transistors called source, drain, and gate. Structural 

and surface characterizations of the coatings were analysed using X-Ray Diffraction (XRD, 

Rikagu D/MAX-2200) with CuKα radiation within the range of 20-60° (2θ) and Scanning 

Electron Microscopy (SEM, Jeol JSM-6010LV, operated at 10kV under 500x magnification) 

and Electron Dispersive Spectroscopy (EDS) connected to SEM with Oxford software. Fourier 

Transform Infrared Spectroscopy (FTIR, Bruker) of the samples was performed in the 

wavenumber 400 cm-1 - 4000 cm-1 with the ATR plugin. Raman spectroscopy (Renishaw in Via 

Raman) was analysed under 532 nm laser excitation. 

 

3. Results and discussion 

3.1 Electrical characterization 

Current–voltage (I–V) characteristics of the transistors were obtained by Agilent B1500A 

Semiconductor Parameter Analyzer under ambient conditions. The transfer characteristics were 

obtained by grounding the source terminal, applying voltage in the drain terminal, and 
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measuring the drain current while sweeping voltage of the gate terminal. On the other hand, the 

output characteristics were obtained similarly by grounding the source terminal, applying 

voltage in the gate terminal, and measuring the drain current while sweeping voltage of the 

drain terminal. Since the primary target was having threshold voltages as low as possible, the 

devices with the lowest VT were selected and compared. Transfer characteristics of both pure 

P3HT and WO3 doped P3HT hybrid samples are given in Fig. 2 and these characteristic curves 

are used to calculate some of the performance metrics such as threshold voltage, field effect 

mobility, and on/off current ratio. The gate-source voltage (VGS) was swept from +40V to –40V 

in steps of –5V for each drain-source voltage (VDS) stepped from 0 to –40V. Transfer 

characteristic curves of OFETs for both pure P3HT and WO3 doped hybrid samples show the 

p-type and depletion mode behaviors. In these figures, it is seen that maximum drain-source 

current (IDS) of P3HT was measured as 45nA and the doped samples provided higher IDS, 

especially up to 3.3 µA for PW30 sample, compared to that of P3HT.  On the other hand, output 

characteristics of the samples are presented in Fig. 3(a)-(e). The drain-source voltage was swept 

from 0 to –40V in steps of –2V for each gate-source voltage stepped from 40V to –40V in steps 

of –10V. When the VGS was swept to –40V, I-V curves began to exhibit more linear behavior. 

Our measurement setup could not provide more than ± 40V supply voltage. Therefore, to be 

able to observe saturation behavior, a positive gate-source voltage close to the threshold voltage 

of PW30, e.g. VGS = 10V, was applied instead of applying higher negative voltages in the drain 

terminal. The output characteristics of all samples are compared in Fig. 3(f) when  VGS = 10V. 

The saturation trend of the output curves can be clearly seen in this figure.    

Transfer characteristic curves of the OFETs, obtained for VDS = –40V, show quadratic behavior 

and therefore, threshold voltages and field effect mobilities of the OFETs were determined from 

these characteristic curves using the square-root expression of the conventional MOSFET 
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equation which is valid above threshold voltage and in saturation regime. This expression is 

given below: 

√|𝐼𝐷𝑆| = √
1

2
𝜇𝐹𝐸𝑇𝐶𝑜𝑥

𝑤

𝐿
 × |(𝑉𝐺𝑆 − 𝑉𝑇)|        (1) 

 

where Cox is the capacitance per unit area of gate oxide and its value is ~10.9 nF/cm2.  

The square root of IDS is linearly dependent to the gate voltage. Hence, the linear extrapolation 

method in saturation region [32] was applied to extract threshold voltage. The square root of 

the measured data at VDS = –40V was extrapolated to zero drain current and the interception 

point on the VGS–axis gave us the VT as shown in Fig. 4(a). The field effect mobility was 

calculated by the slope of the tangent line. On the other hand, maximum on/off current ratio is 

generally reported in the literature and it was calculated in this article from the measured 

transfer curves as given below:  

𝐼𝑂𝑁

𝐼𝑂𝐹𝐹
=

𝐼𝐷𝑆 (𝑉𝐺𝑆=−40𝑉, 𝑉𝐷𝑆=−40𝑉) 

𝐼𝐷𝑆 (𝑉𝐺𝑆=+40𝑉, 𝑉𝐷𝑆=−40𝑉)
        (2) 
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Fig.  2. Transfer characteristics of (a) PW0, (b) PW10, (c) PW30, (d) PW40, (e) PW50 OFETs. 
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Fig.  3. Output characteristics of (a) PW0, (b) PW10, (c) PW30, (d) PW40, (e) PW50 OFETs, 

and (f) the comparison of output characteristics of pure P3HT and WO3 doped P3HT hybrid 

OFETs when VGS = 10V. 
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The calculated transistor parameters are given in Table II and plotted in Fig. 4. As it can be seen 

from Fig. 4(b), the on/off current ratio increases with the dispersion of WO3 particles into the 

P3HT polymer until PW30. However, it starts to decrease when WO3 concentration is increased 

further, since ION decreases and IOFF increases for PW40 and PW50. Especially 50 wt % WO3 

makes the transistor always on within the operating voltage range and increases IOFF. Moreover, 

field effect mobility increases up to PW30 with the increasing concentration of WO3, 

particularly showing an enhancement almost 105 times for PW30 compared to that of PW0. 

The linearly extrapolated VT is plotted in Fig. 4(d) and it is also improved from 40.1V to 17.7V. 

Figs. 4(b-d) also present error bars depicting the variations in these parameters for the other 

transistors on test chips. Similar enhancement trend is seen in these figures and the more 

efficient doping concentration of WO3 is determined as 30 wt % in our experiments. As a 

summary, PW30 shows the best transistor performance among all. 

Table II. Comparison of basic transistor parameters based on pure and WO3 doped P3HT 

hybrid structures. 

Sample Name ION/IOFF µ (cm2 V-1 s-1)      VT (V) 

PW0 2.5x102 5.3x10-5 40.1 

PW10 5.0x102 2.8x10-4 37.2 

PW30 2.3x103 5.6x10-3 17.7 

PW40 1.0x103 1.1x10-3 32.7 

PW50 5.0x101 9.0x10-4 45.1 
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Fig.  4. (a) Implementation of linear extrapolation method in saturation region at VDS = –40 V 

for PW30 data and summary of the effect of WO3 doping concentration on (b) on/off current 

ratio, (c) field effect mobility, and (d) threshold voltage parameters. Error bars depict standard 

deviation over 10 devices. 

 

3.2 Structural and chemical characterization 

The energy dispersive x-ray spectroscopy (EDS) and elemental mapping analysis were 

performed. O, Si, S and W elements were identified for WO3 doped P3HT coatings, indicating 

the definite presence of WO3 and P3HT on the SiO2 surface. As can be seen from Fig. 5, all 

doped formulations have well dispersion of WO3 particles on the coating surface whereas PW0 

has no WO3 on the coating. It is clearly seen in Table III, when the doping concentration 

increases from PW10 to PW50, the amount of tungsten (W) increases, as well. However, it is 

observed that the WO3 particles start to grow and agglomerate on the surface for PW50. 
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Table III. Elemental distribution of both pure and WO3 doped P3HT hybrid coating solutions. 

Sample 

Name 
O % Si % S % W % 

PW0 (pure) 55.72 44.04 0.25 - 

PW10 47.92 46.35 0.69 5.04 

PW30 47.92 42.60 2.33 7.14 

PW40 50.19 39.48 2.38 7.94 

PW50 42.29 36.67 2.90 18.14 

 

 

Fig.  5. SEM micrographs of (a) PW0, (b) PW10, (c) PW30, (d) PW40, and (e.1) PW50 coded 

samples at 500x magnification. (e.2) shows that the agglomerated WO3 particles at 2000x 

magnification. 

 In order to investigate the effect of different amounts of WO3 doping on electrical 

properties, only the samples which have the highest (PW30) and weakest (PW50) device 

performance were chosen and analysed for further chemical characterizations.  

 The crystalline structure of pure P3HT and WO3 doped P3HT thin films were 

investigated by XRD. Scanning was performed over 2θ angles ranging from 20° to 60° to 

investigate characteristic peaks of both P3HT and WO3 as seen in Fig. 6. Like many conjugated 

polymers, P3HT films show different crystal structures depending on the solvent type, 
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dissolution time, temperature and annealing conditions. Orientation, length and crystallinity 

degree is crucial for charge transport in the channel. In this study, pure P3HT shows a 

diffraction peak at 2θ=23.4° due to the intermolecular π → π* stacking corresponding to the 

(010) orientation [33], [34]. The distinct peaks of the XRD patterns exhibit at 2θ values of 

23.16°,  28.04°,  33.93°,  36.79°,  47.44° and 49.90° correspond to (002), (020), (112), (022), 

(004) and (220) planes of hexagonal WO3 (ICDD: 98-008-0635). After the doping of WO3 

particles, characteristic P3HT peak slightly shifts to 2θ=23.6° due to some changes in interplane 

and interchain distances. Also, the peak becomes sharper which confirms improved crystallinity 

degree of P3HT. The appearance of prominent peak at 2θ=28.04 and other small peaks are 

attributed to the presence of WO3 particles in the P3HT film. Considering the XRD spectrums, 

it can be estimated that there is a good interaction between polymer chains and WO3 particles 

in PW30 due to the more effective crystallization than PW0.  
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Fig.  6. XRD spectra of WO3, PW0 and PW30 thin films. 

 

Fig. 7 shows the FTIR spectrum of PW0, PW30 and PW50. It is observed that the 

spectrums between 500 and 3000 cm-1 wavenumbers indicate the fingerprint region for P3HT. 

The small peak at 3067 cm-1, the intense peaks at 1573 cm-1 and 1456 cm-1 and the peak at 1252 

cm-1 are assigned to C-H stretching vibrations, C=C stretching modes and C-C vibrations in 

thiophene unit of P3HT, respectively. The bands at 1126 cm-1 and 1033 cm-1 are due to the C-

H2 thiophene ring stretching vibrations. The characteristic C-S bands of P3HT appear at 943 

cm-1, 744 cm-1 and 657 cm-1.  The characteristic band located at 806 cm-1 wavenumber is 

attributed to W-O-W stretching vibration of WO3 [35]. It is clearly seen that doping of WO3 
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particles into the P3HT network does not lead any peak shifting since there is no covalent 

bonding. It is considered that WO3 particles are attached to the P3HT polymer network with 

only electrostatic interactions. The absorption intensity of the peaks increases with the 

increasing content of WO3 since the particles contribute to the system with extra absorption 

bands. These results verify that the P3HT polymer network is successfully incorporated with 

WO3 particles.  

 

Fig.  7. FTIR spectrums of PW0, PW30 and PW50 thin films. 

 

In order to investigate electrical interaction and structural properties of WO3 doped 

films, Raman spectroscopy was performed. Raman spectrums at 600 – 1600 cm-1 wavenumbers 

are shown in Fig. 8. In the PW0 spectrum, Raman bands at 1452 cm-1 and 1097 cm-1 are assigned 

to C=C ring stretching and to C-H bending modes of inter rings, respectively. The small peak 

at 726 cm-1 of WO3 doped thin films indicates the C-S-C deformation vibration and is supposed 

to be related to electron transfer between P3HT and WO3. Furthermore, it is observed that the 



17 

 

C=C ring stretching peak at 1452 cm-1 shifts 6 cm-1 for  PW30 while it shifts only 2 cm-1 for 

PW50. The peak intensity also increased after doping of WO3 particles. The Raman shift 

towards lower wavenumbers refers that crystallinity degree of P3HT increases [36] with the 

doping of WO3 particles and there is an effective conjugation throughout the polymer chain. 

Furthermore, Raman peak shifting can be approximated by following Hooke’s Law equation; 

 ѵ =
1

2𝜋
√

𝑘

𝑚∗                                     (3) 

where ѵ is the frequency, k is the bond strength and m* is the reduced mass. In this hybrid 

formulation, there is no covalent bonding between P3HT and WO3 since WO3 particles were 

only dispersed in the polymer solution by stirring. Therefore, it can be only referred to non-

covalent interactions such as electrostatic cation- π or anion- π interactions, π- π stacking 

interactions and dispersion interactions. When P3HT was doped with the WO3 particles, these 

particles can attach to the thiophene ring to take mobile π electrons from C=C double bonds or 

unpaired electron of sulphur element in the thiophene ring. Since the size of polymer fragments 

are very small compared to the size of WO3 particles, it is assumed that WO3 particles might 

interact with more than one thiophene unit along the polymer network. This coupling between 

polymer and WO3 particles affects the molecular ordering and crystalline structure of P3HT 

chains due to the charge transfer efficiency. The schematic structure of the coupling between 

WO3 and P3HT is simply shown in Fig. 9a. 

Regarding Eq. 3, weakening the bond strength of thiophene chain causes a decrease in 

frequency. Since the wavenumber is directly proportional to the frequency, the Raman spectrum 

shifts to lower wavenumbers with the attachment of WO3 particles. Exceeding the 30% of WO3 

by weight, the polymer chain is completely occupied with the excess amount of WO3 particles 

and the particles cannot find any suitable place to bond and to transfer electrons. Consequently, 

Raman spectrum confirms that PW30 shows the best transistor performance due to the better 

interaction and electrical charge transfer with P3HT network. 
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Fig.  8. Raman spectrums of PW0, PW30 and PW50 thin films. 

 

The energy difference between conduction band of WO3 and vacuum level is defined as 

electron affinity of WO3 whereas the electron affinity of P3HT is defined as the energy 

difference between lowest unoccupied molecular orbital (LUMO) state of P3HT and vacuum 

level. The electron affinity of dopant molecule is responsible for the doping efficiency. 

Furthermore, when the highest occupied molecular orbital (HOMO) state of the polymer and 

the conduction band minimum energy level of dopant molecule are close to each other, effective 

doping can be carried out [37]. Since the electron affinity of WO3 (EEA > 4.5 eV) is higher than 

P3HT (EEA≈3 eV) [38],[39], WO3 particles tend to take electrons from the HOMO level of 

P3HT leaving behind the holes. This type of doping is called p-type doping [11] and the 

enhancement of hole carriers in P3HT is responsible for high channel mobilities. Also, it is 

suggested that the adequate WO3 doping into P3HT increases mobility and reduces threshold 
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voltage, attributing to the passivation of trap states present in P3HT [40]. The charge transfer 

mechanism between WO3 and P3HT is shown in Fig. 9b. 

 

 

Fig.  9. Schematic illustration of (a) WO3 doping into P3HT and (b) charge transfer between 

WO3 and P3HT. 

4. Conclusion 

We achieved improvement in electrical performance of 3-polyhexylthiophene (P3HT) 

based thin film transistors by tungsten oxide (WO3) doping using a very simple, single-step and 

room-temperature spin coating process. Different amounts of WO3 were doped into P3HT and 

it was systematically studied to find the best transistor performance. We find that when the 

doping concentration is reached to 30% of WO3 by weight in P3HT, µFET (from 5.3x10-5 cm2 

V-1 s-1 to 5.6x10-3 cm2 V-1 s-1) and ION /IOFF (from 2.5x102 to 2.3x103) significantly increases. 

Also, VT remarkably reduces (from 40.1V to 17.7V) via favorable charge-transfer doping and 

trap filling when compared to the undoped P3HT. XRD reveals that 30 wt % of WO3 doping 

into P3HT generates new crystalline moieties on the P3HT-WO3 hybrid chain resulting an 

increase in mobility.  The observed changes in the intensity of fourier infrared spectrums and 

shifs of raman modes reveal that there is an excellent electrical charge transfer between P3HT 

and WO3.  
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We believe that this systematical study and the results presented in this work will contribute 

to better understanding of doping mechanism in order to help fabrication of high performance 

transistors for flexible, solution-processed, low-cost, and large area electronics and 

chromogenics. 
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