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Organic thin film transistors (OTFTs) based on poly(3-hexylthiophene) (P3HT)/Zinc oxide (ZnO) nanorods composite films as 
the active layers were prepared by spray-coating process. The OTFTs with P3HT/ZnO-nanorods composite films owned higher 
carriers mobility than the OTFT based on pure P3HT. It can be found that the mobility of OTFTs increased by 135% due to 
ZnO-nanorods doping. This was attributed to the improvement of the P3HT crystallinity and the optimization of polymer 
chains orientation. Meanwhile, because of the distinction of work function between P3HT and ZnO, the majority carriers 
would accumulate on either side of the P3HT-ZnO interface which benefited carrier transfer. The influence on the mobility of 
composite film was studied. In addition, the threshold voltage of devices changed positively with the increase of ZnO-nanorods 
due to the decrease of electrostatic potential for P3HT/ZnO-nanorods composite films. The effect could be explained by the 
energy level theory of semiconductor. 
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1  Introduction 

New physical properties of the composites and various ap-
plications in devices is generated because of the expected 
synergy between the organic and inorganic components. 
Therefore, organic-inorganic nanocomposites have been 
widely applied in organic devices including photovoltaic 
devices [1–4], solar cells [5–8], organic thin film transistors 
(OTFTs) [9–11]. OTFTs are promising candidates for prac-
tical applications such as organic light-emitting diode 
(OLED) displays[12], radiofrequency identification (RFID) 
tags[13], and chemical sensors [14, 15] due to their scalabil-
ity, low cost, and mechanical flexibility. Most researches on 
transistors based on organic-inorganic nanocomposites as 

active layers focused on the change of carrier mobility be-
cause carrier mobility was a dominated factor for the per-
formance of device. Usually, organic semiconductors ex-
hibit much lower carrier mobility than their inorganic coun-
terparts, which hinders their applications in transistors. The 
potential of poly(3-hexylthiophene) (P3HT) for practical 
use in OTFTs is attribute to the outstanding semiconductor 
performance and solubility in a variety of organic solvents. 
In addition, the composites of P3HT and inorganic nano 
materials, such as, Al2O3, ZnO, or TiO2 that were utilized in 
organic electronic devices have also been reported [6, 8, 
16–20]. Mixing some distinctive materials into P3HT may 
deteriorate the crystallinity and introduce more localized 
energy states in the polymer film, which will induce the 
degradation of charge carrier mobility [9, 21]. However, 
blending the distinctive materials could improve the per-
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formance of OTFTs in some case. For example, the compo-
site films of conjugated polymer P3HT and TiO2 nanorods 
modified with pyridine were improved the mobility[9]. 
Transistors based on P3HT/functionalized carbon nanotube 
hybrid were fabricated. It was found that the remarkable 
increase of the field-effect mobility was due to the high 
conductivity of the CNTs, which acted as conducting brid- 
ges for connecting the crystals in the P3HT film [10]. 

Here, the P3HT film and P3HT/ZnO-nanorods composite 
films were fabricated by spray-coating as active layers of 
OTFTs. The effects on the electrical characteristics of the 
OTFTs were studied. Moreover, the improvements in elec-
trical properties of transistors with active layer thickness 
were discussed. 

2  Experimental 

2.1  Preparation of ZnO nanorods 

0.073 g of cetyltrimethylammonium bromide (CTAB) and 
1.92 g of sodium hydroxide (NaOH) (purchased from J&K 
Scientific ) were added into 20 mL of distilled water to form 
a transparent solution. Then, Zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O) (2.32 g) was dissolved into 20 mL of dis-
tilled water. The above two kinds of solution were mixed 
with equate volume under continuous stirring. After 70 min 
magnetically stirring, the prepared solution was transferred 
to a Teflon-lined stainless steel autoclave, and heated at 
90°C for 15 h. The obtained white solid powder was sepa-
rated from the solution by centrifugation, washed with dis-
tilled water and absolute ethanol for several times, respec-
tively, and dried in air at 80°C.  

2.2  OTFTs fabrication 

Processes of OTFT fabrication are in agreement with our 
previous work [22]. The interdigital electrodes of the source 
and drain with channel length 25 μm and channel width 
4000 μm were realized by photolithography, as shown in 
Figure 1(a). P3HT was dissolved in 6:1 chlorobenzene: 1, 2, 
3, 4-tetrahydronaphthalene with concentration of 3mg/mL. 
ZnO nanorods with varying weights were added in the solu-
tions under magnetically stirring for 1 h. Samples were 
fixed on a 85°C hotplate while the solution was sprayed 
onto the substrates. The prepared devices were heated in a 
vacuum drying oven at 70°C all night to remove the organic 
solvent. The schematic and imagine of OTFT were given by 
Figure 1(b) and (c), respectively. In this work, eight OTFTs 
with different spray-coating conditions were fabricated. The 
parameters of OTFTs were listed in Table 1. The cur-
rent-voltage characteristics of the prepared devices were 
obtained by a Keithley 4200 semiconductor characterization 
system at room temperature (298 K) in the dry air. 

3  Results and discussion 

3.1  Characterization of prepared ZnO nanorods 

The crystal phase of the as-prepared ZnO was characterized 
by XRD as shown in Figure 2. The ZnO-nanorods powder 
was crystalline and no further heat treatment was required. 
All the peaks matche well with Bragg reflections of the 
standard hexagonal wurtzite ZnO structure (JCPDS card no. 
36-1451 as shown as the inset of Figure 2), in which no 
characteristic peaks for other impurities such as Zn or 
Zn(OH)2 in the XRD patterns were observed, indicating the 
generation of ZnO from aqueous solution containing 
Zn(NO3)2 and NaOH through a simple hydrothermal treat-
ment and no calcination process was needed. The detailed 
chemical mechanism was explained by Wang et al. [23]  

3.2  Electrical properties of OTFTs 

The electrical properties of OTFTs were related to the sur-
face morphology of active layer. A field emission scanning  

 

Figure 1  (Color online) Schematics of (a) interdigital electrodes of the 
source and drain, (b) OTFT and spray-coating process,(c) OTFT device 
compared to a 1 RMB coin. 

 

Figure 2  XRD pattern of the prepared ZnO nanorods. 
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Figure 3  SEM micrographs of P3HT film with different amount of 
P3HT/ZnO-nanorods (a) pristine P3HT, (b) P3HT:ZnO=6:1, (c) 
P3HT:ZnO=6:2, (d) P3HT:ZnO=6:6. 

electron microscope (FESEM, S-4800, HITACHI, Japan) 
operated at an acceleration voltage of 5 kV were carried out 
to illustrate the top surfaces of the composite films. Figure 3 
illustrates SEM images of the P3HT thin films and P3HT/ 
ZnO nanorods thin composite films. The pristine P3HT film 
is featureless (Figure 3(a)). Due to the spray-coating tech-
nology, there are some circles traces can be observed on the 
surface of film. Moreover, the P3HT/ZnO-nanorods films 
ascribed inhomogeneous to the aggregation of ZnO-nano- 
rods at high ZnO-nanorods concentrations. But the aggrega-
tion condition of ZnO-nanorods dispersed in the P3HT can 
be improved at low concentrations. 

Typical output characteristics of OTFTs at different gate 
bias voltages operating in the accumulation mode (gate 
negatively biased) were showed in Figure 4. The gate bias 
voltage swept from 0 V to −50 V in a step of −10 V. The 
dependence of Ids on Vds was described by Eq. (1) and Eq.  
(2) in linear and saturation regions, respectively. Figure 5 
were transfer characteristic curves (Ids

1/2 vs Vgs) of the OT-
FTs at Vds =−50 V. The characteristic parameters of eight 
devices were listed in Table 1.  
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W and L are the channel width and length, Ci is the ca-
pacitance of the insulator, μ is carrier mobility, and Vth is the 
threshold voltage that accounts for any voltage drop at the 
insulator semiconductor interface and the bulk conductivity 
of the semiconductor layer. Ci was given by Eq. (3). d is the 
thickness of insulator layer, εi is dielectric constant of SiO2 
insulator layer and equals to 3.9. ε0 is vacuum permittivity 
and equales to 8.85 × 10−14 F/cm. 

The OTFTs owned a p-type semiconductor behavior, 
where the Ids increased and then saturated with Vds. Thresh-
old voltage was the intersection of the line with the X axis, 
as shown in the Figure 5. Mobility values (μ) in the satura-
tion region can be calculated using Eq. (2). The on/off cur-
rents Ion and Ioff were defined as the drain-source intensity of 
current in the presence or in the absence of a given grain 
voltage, so Ioff and Ion were the currents when Vgs= 0 V and 
Vgs= −50 V (Vds= −50 V), respectively. The electrical prop-
erties of OTFTs such as Vth, μ and Ion/Ioff were calculated 
and listed in Table 1. 

3.3  The influence of thickness on the electronic char-
acteristics of OTFTs 

The thickness of the film was measured by profiler (Ambios 
XP-300). The thickness of the films was about 150 nm and 
90 nm for the spray volume of 1 mL and 0.5 mL, respec-
tively. The Ids increased with the film thickness, and the 
similar tendency that was previously reported [24]. The 
variations of mobility and Vth as the amount of ZnO-nan- 
orads were exhibited in Figure 6. It can be found that the 
mobility and Vth were proportional to the thickness of active 
film in OTFTs. For long channel devices, the surface poten-
tial may play a more important role [25]. The higher surface 
potential at the interface of P3HT/SiO2 for thicker films 
enhanced the adsorption of holes on interface to form the 
channel at the same Vgs [26]. Therefore, the devices exhib-
ited a more positive Vth. The reason of higher Ids for thicker  

Table 1  Parameters of OTFTs 

 Sensitive film Quantity(mL) Vth(V) Ion/Ioff μ (cm2/Vs) 

Device 1 Pure P3HT 0.5 -20.8 87.2 5.49×10−4 
Device 2 Pure P3HT 1 -12.8 59.8 1.30×10−3 
Device 3 P3HT:ZnO=6:1 0.5 -20 122.2 9.49×10−4 
Device 4 P3HT:ZnO=6:1 1 -10.1 26.2 1.61×10−3 
Device 5 P3HT:ZnO=6:2 0.5 -18.7 150.9 1.20×10−3 
Device 6 P3HT:ZnO=6:2 1 -7 42.9 1.83×10−3 
Device 7 P3HT:ZnO=6:6 0.5 -10.9 100.4 1.29×10−3 
Device 8 P3HT:ZnO=6:6 1 -6.1 47.6 2.62×10−3 
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Figure 4  (Color online) The current-voltage (Ids vs. Vds) characteristics of OTFTs with gate bias voltage swept from 0 V to −50 V in a step of −10 V. 

 

Figure 5  (Color online) The current-voltage (Ids vs. Vgs) characteristics of OTFTs at the Vds of −50 V. 

P3HT was that more holes carriers were provided in the 
channel, which also contributed to the increase of μ. How-
ever, the thinner OTFT demonstrated good agreement with 
the expected OTFT electronic characteristics, i.e., Ids varied 
linearly at low Vds and saturated at higher Vds for a fixed Vgs. 
The Ion increased with film thickness, but the Ioff increased 
faster with film thickness. Therefore, lower Ion/Ioff was ob-
served for the thicker film as shown in Table 1.  

3.4  The electronic characteristics of OTFTs with dif-
ferent concentration of ZnO-nanorods 

As shown in Figure 6, the mobility of OTFTs prepared at 
spray volume of 0.5 mL increased with the ZnO-nanorods 
amount from 5.49×10−4 to 1.29×10−3 cm2/Vs. Similarly, the 
mobility of OTFTs prepared at spray volume of 1 mL in-
creased with the ZnO-nanorods amount from 1.30×10−3 to 
2.62×10−3 cm2/Vs. The mobility of composite film was as 
twice as that of the pristine P3HT film due to ZnO-nanorods 
doping. Comparing with the composite films of P3HT and 
TiO2 nanorods, the increase of mobility caused by TiO2 
nanorods doping was about 80% [9]. To investigate this 
phenomenon, X-ray diffraction (XRD) measurements were 
carried out to characterize the P3HT thin films as a function 
of the ZnO-nanorods concentration. Figure 7 showed the  

 

Figure 6  The mobility (μ) and threshold voltage (Vth) of OTFTs with 
ZnO-nanorod/P3HT composite films versus weight ratio of P3HT to 
ZnO-nanorod. 

XRD spectra of three different weight ratio P3HT/ZnO- 
nanorods composite films with a pure P3HT film as control. 
The (100) peak can be observed in the pure P3HT film and 
the P3HT/ZnO-nanorods composite film. The peak intensity 
of the latter one was even higher than that of the former one, 
revealing that more plane-on P3HT domains were generated 
when it was mixed with ZnO-nanorods [27]. As the increase 
of ZnO-nanorods, the intensity of the (100) peak was sig-
nificantly reduced. The dispersed ZnO-nanorods may dis- 
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Figure 7  (Color online) Out-of-plane grazing-incidence angle X-ray 
diffraction intensities as a function of the scattering angle 2θ for P3HT thin 
films on SiO2/Si substrates with various ZnO-nanorod concentrations. 

turb the molecular ordering of the P3HT film. However, the 
(010) peak cannot be observed in the composites regardless 
of the increase of ZnO-nanorods weight ratio and thus 
edge-on P3HT domains dominated in the composite films, 
which were favorable for carrier transfer in P3HT films. 
Therefore, the orientation of the P3HT chain was influenced 
by the ZnO-nanorods, which can be regarded as a reason 
why the ZnO-nanorods doping increased the mobility in 
P3HT films.  

UV-visible absorption spectrum of the thin P3HT film 
and the P3HT/ZnO-nanorods composite film with different 
amount of ZnO-nanorods were presented in Figure 8. Typi-
cally, P3HT showed three absorption peaks in the visible 
region, in which the ones at about 560 nm and at about 524 
nm was related to π to π* transition [28]. The absorption 
shoulder at around 603 nm was associated with the inter-
chain interaction and thus the height of this shoulder indi-
cated the ordering of the chain packing [28, 29]. A red shift 
of the peak at ∼520 nm was observed as well as a higher 
peak at ∼603 nm compared with a pristine P3HT film, in-

dicating the longer conjugation length and better π-π stack-
ing of the P3HT chains in the composite film, respective-
ly[9]. Therefore, the large enhancement in carrier mobility 
of the eight OTFTs may be attributable to the improvement 
of ordering in P3HT introduced by ZnO-nanorods doping. 

Besides, the heterojunction formed by P3HT (p-type) and 
ZnO-nanorods (n-type). Since the work function of the 
P3HT was smaller than that of the ZnO-nanorods (φp<φn), 
the space-charge region consisted of the induced free 
charges on either side of the heterojunction [30]. The accu-
mulation heterojunction was formed as shown in Figure 9. 
Electron injected into ZnO-nanorods from P3HT and P3HT+ 
occured simultaneously. Therefore, the majority carriers 
were accumulated on either side of the P3HT-ZnO interface. 
As the concentration of ZnO-nanorods increased, the area of 
carriers accumulation enlarged, which benefited carrier 
transfer in OTFTs with P3HT films.  

The Vth of OTFTs based on P3HT/ZnO-nanorods compo-
site film was more positive than that of OTFTs based on 
pristine P3HT film due to the electrostatic potential change 
as shown in Figure 6. The threshold voltage Vth of a p-type 
OTFT is given by 

 

Figure 8  (Color online) UV-visible absorption spectra of P3HT and 
P3HT/ ZnO-nanorods composite films. 

 

Figure 9  (Color online) Schematic of OTFT with ZnO-nanorod/P3HT composite films and energy level diagram of the interfaces between P3HT and 
ZnO-nanorod. 
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Figure 10  Energy-band diagrams for an OTFT under gate biases of its 
threshold voltage. 
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where ψB is the electrostatic potential in the active layer (ψB 

is also the potential difference between the HOMO and the 
Fermi level of the semiconducting polymer), ND is the ef-
fective doping level of the organic semiconductor, εs is the 
dielectric constant of the semiconductor, Ci is the capaci-
tance of the gate insulator per unit area, and VFB is the flat-
band voltage of the device. The electrostatic potential of the 
active layer P3HT/ZnO-nanorods composite film would 
decrease as a result of electrons accumulated in the ZnO- 
nanorods and thus change the threshold voltage of the de-
vice, as shown in Figure 10 [11]. Therefore, the threshold 
voltage Vth will change positively with a decrease in ψB. 

4  Conclusion 

OTFT employing pristine P3HT film and P3HT/ZnO-  
nanorods composite film as active layers were fabricated by 
spray-coating technology. The value of Vth was observed to 
become more positive as the P3HT thickness increased. 
Meanwhile, the mobility and Ids increased with the thickness. 
The reason was that more hole carriers owing to higher sur-
face potential at the interface of P3HT/SiO2 for thicker film 
were supplied in channel. Furthermore, the remarkable in-
crease of the field-effect mobility over that of the pristine 
P3HT film was due to the ZnO-nanorods doping. ZnO-  
nanorods improved the crystallinity of P3HT, optimized 
orientation of polymer chains and formed the heterojunction 
in the composite films. In addition, the threshold voltage 
was changed because the electronic potential decreased 
which was attributed to electrons accumulated in the ZnO- 
nanorods. The results indicate that the electrical properties 
of P3HT film were improved by introducing ZnO-nanorods 
into film, although the performance of prepared OTFT was 

low in some aspects, which were of general importance for 
their application in solar cells, transistors, or other semi-
conductor devices. 
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