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Abstract 

An effective approach for tuning the electronic characteristics of polymer-based organic field-

effect transistors (OFETs) consisted of Poly(3-hexylthiophene) (P3HT) doped with 7,7,8,8-

tetracyanoquinodimethane (TCNQ) and depleting layer formed by Al-coating is being reported. 

Doping of P3HT was employed to accumulate and tune the carrier concentration while 

implementation of depletion layer leads to reduce the channel conductance. It has been 

demonstrated that on-currents in the OFETs were enhanced with the extent of TCNQ doping 

from 0% to 20% in the P3HT. Upon introduction of a thin layer of Al led to the formation of a 

depletion region resulting in to further decrease in the off-state current along with the 

improvement in the subthreshold characteristics. These two procedures, thus, provide counter-
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effects in terms of the on-state characteristics by doping and the off-state characteristics by 

depletion, which promotes switching performance in OFETs indicating the potentiality of doping 

technology for organic electronics.  
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1. Introduction 

Solution processable organic semiconductors have attracted huge attentions owing to the 

facile thin film fabrication of active semiconductor layer in organic electronic devices.  Organic 

semiconductors based on π-conjugated polymers needs subtle control of their thin film 

morphology and plays a dominant role in controlling the charge transport properties [1–3]. 

Recent past has witnessed the report of versatile procedures for the fabrication of thin films of 

organic semiconductor layer in order to improve the performance of organic electronic devices 

aiming towards their practical application  [4–6]. Organic field-effect transistors (OFETs) are the 

one of the most investigated devices aiming toward practical realization of the cost-effective 

flexible circuits and high throughput large area device fabrication. OFET essentially operates as 

the electronic switch by changing the channel conductance form insulative to conductive. In a 

typical OFET device configuration, thin semiconductor layer is coated on to a planar-type 

conductor (source and drain), thus the device performance is highly sensitive to the nature of this 

semiconducting film on the gate insulator. Efforts are now being directed towards enhancement 

in both of the charge carrier mobility and environmental stability not only by design and 

development novel organic semiconductors but also the device structure in order to achieve the 

practical realization of high-performance OFETs [7]. Implementation and control of the highly-
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doped as well as depletion region in electronic devices has been identified as one of the 

important technologies for the fast growing Si-based electronics. High-performance electronic 

circuits fabricated by sophisticated and controlled doping are already in the practical use but 

simplification of such processing is expected to broaden to the applications potentials. Specific 

control on the population of both of the electrons and holes is crucial to design the 

conductive/insulative-regions is one of the key-parameters for building the electronic circuits. 

Moreover, doping of organic semiconductors by donor/accepter moieties has also been 

effectively employed in order to control and achieve the balanced carrier concentrations [8,9]. 

 

Simultaneous control of carrier density of both of the electrons and holes in single 

material especially in the organic semiconductors is cumbersome and, therefore, control of the 

single carrier has been widely investigated. Molecular doping assisted by oxidation and 

reduction of organic semiconductors has been considered to be convenient way to tune their 

electronic properties for a targeted applications in order to introduce desired extent of 

equilibrium charge carriers [10,11]. In this context, conjugated polymers (CPs) are capable to 

form thin-films with uniform doping simply by mixing them with acceptors via solution process. 

Relative solubility issues of CPs and accepter molecules sometimes hinders molecular level 

mixing and homogeneous in the blend films and poses difficulty for attaining the tunable and 

reproducible carrier concentrations. To circumvent this issue, Scholes et al reported an 

interesting sequential processing technique for fabricating high quality homogeneous films of 

regioregular poly(3-hexylthiophene) (RR-P3HT) doped with accepter molecules providing doped 

polymeric films with tunable and reproducible electrical conductivities [12]. Effective utilization 

of such doping induced carrier control in CPs is very important for the development new class 
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functional organic materials with improved device functionality. In contrast to the carrier 

accumulation by doping in organic semiconductors, chemical strategies such as reduction of CPs 

under basic conditions like ammonia gas have also been successfully utilized to suppress the 

concentration of holes [13–15]. These methods, however, are difficult to employ directly for 

designing the nano-scale carrier distribution particularly for organic transistors. P3HT has been 

widely used as typical p-type semi-conducting material for a number of organic electronic 

devices [16–18]. Introduction of accepter moieties in P3HT led to enhancement of the film 

conductance by doping. Besides this, P3HT is well known to show diode characteristics with Au 

and Al being used as anode and cathode electrodes, respectively. Mechanism of the rectification 

observed in such diodes is attributed to the formation of depletion layer at Al/P3HT interface 

owing to the formation of Schottky contact. We have also demonstrated that there was a decrease 

in the conductance of P3ΗΤ thin-film with over-coating a thin (about 10 nm) Al, which is due to 

the formation of depletion layer in P3HT thin-films [19]. These characteristics indicate that a 

thin-Al-coating is possible key-method to decrease the film conductance like dedoping process 

for conjugated polymers. 

 

Herein, we would like to propose a novel strategy to control the channel conductance of 

polymer-based OFET, by accepter assisted doping of P3HT, which was used as active layer of 

OFET by solution process [17]. Doping of P3HT with 7,7,8,8 tetracyanoquinodimethane 

(TCNQ) was employed to accumulate the carriers along with the implementation of depletion 

layer by coating of a thin layer of Al to reduce the channel conductance. Finally, it has also been 

demonstrated that carrier accumulation with TCNQ improved the on-state channel-conductance 
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and the depletion of carriers with Al-coating promoted both the off-state and the on-set 

characteristics.  

 

2. Experimental details 

Highly p-doped silicon with thermally grown thin-film (300 nm) of SiO2 (Cox =10 

nF/cm2) layer was used as gate dielectrics as well as gate electrode for OFETs. First of all, SiO2 

surface was made hydrophilic by surface treatment with solution of aqueous ammonia, distilled 

water and hydrogen peroxide (1:2:1) for 1.5 h at 100 °C. Purpose of this hydrophilic surface 

treatment was to create active –OH functionality on surface, which assists the formation of self-

assembled layer. Considering the hydrophobic nature of P3HT, SiO2 surface was made 

hydrophobic by placing the substrates in a 10 mM octyltrichlorosilane (OTS) in dehydrated 

toluene. After OTS treatment, substrates were again washed thoroughly with dehydrated-toluene 

followed by heating at 150°C for 10 min. Transparent glass slides were also treated in the same 

way in order to make samples for other characterizations.  

 

Chemical structure of P3HT and TCNQ is shown in Fig. 1. TCNQ was purchased from 

Tokyo Kasei and used as received. Regioregular poly-3-hexylthiophene (P3HT) was synthesized 

and purified as per reported in the literature [20]. Various concentrations of the TCNQ/P3HT 

solution (1%, 5%, 10% and 20% of TCNQ/thiophene unit of P3HT) were prepared by mixing 0.2 

weight % P3HT/toluene and 0.1 weight % TCNQ/acetone solutions. Each of the TCNQ doped  

P3HT solutions were heated before spin coating at a speed of 3000 rpm (~21 nm) and 1500 rpm 

(~ 32 nm) for 1 min. For fabricating OFET, gold was utilized as source and drain electrodes and 

40 nm of gold was deposited on semiconductor layer through Ni-shadow mask having the 
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channel length (L) and width (W) of 20 μm and 2 mm, respectively by thermal vapor deposition 

at base pressure of 2×10-6 Torr. Electronic characteristics were measured in vacuum at about 10-6 

Torr with computer controlled KEITHLEY 2612 two-channel electrometer. The average 

thickness of P3HT film was measured with surface profiler  (DEKTAK 6M ) or estimated by the 

peak intensity of absorption spectra by V-570 spectrophotometer with the absorption coefficient 

of P3HT as about 6.5 x 104/cm [21]. Surface morphologies were observed by atomic force 

microscope (AFM) with JEOL SPM5200 and Olympus probe (OMCL-AC200TS-C3).  

 

Results and Discussion 

Surface morphologies of P3HT films are shown in Fig. 2. A relatively flat surface was 

observed in a pristine P3HT film while all of the TCNQ doped P3HT films exhibited fine 

particles and/or fibrous structures. Particularly, nano-fiber like structures were clearly visible in 

doped samples which get more pronounced with increasing the extent of TCNQ. Formation of 

nanofibrous structures could be attributed to the relatively poor solubility of the P3HT in toluene 

as compared to the commonly used chloroform. It has also been reported that P3HT tends to 

form nano-fibers in a relatively poor solvents or addition of trace amounts of non-solvents of 

P3HT [18,22]. The film casting from the mixture of P3HT/toluene with TCNQ/acetone  

promotes the nano-structure formations possibly due to their hampered  solubility in 

corresponding solvents used for present investigation. It should be noted that the surface 

morphology of Al-coated one (Fig. 2f) shows interesting surface morphology where, well-grown 

particles having diameter of 150-200 nm covers the entire surface. Although the mechanism to 

form the particles is not well-understood and the particle size is larger than the thickness of the 
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Al deposition (50 nm), this image evidences to cover the surface with some Al particles after the 

thermal evaporation. 

 

Figure 3(a) shows the output characteristics of OFETs fabricated using pristine and doped 

P3HT films. A perusal of this figure indicates a clear non-linear source-drain current (IDS)- 

threshold voltage (VDS) characteristics even for the OFETs fabricated using P3HT doped with 

TCNQ. This indicates that the doped-P3HT too is able to modulate the channel conductance via 

field-effect. The pinch-off characteristics become unclear as a function of the doping ratio. This 

also corresponds to the positive shift of the VTH as seen in the transfer characteristics Fig. 3(b). 

The magnitudes of IDS were found to increase as function of doing of P3HT with TCNQ. This 

indicates that TCNQ having a relatively shallow energy level of lowest unoccupied molecular 

orbital (around 4.2 eV) still work as acceptor cite for accumulating holes in P3HT. However, 

doping strength of TCNQ is weaker as compared to that its fluorine subsumed derivative 

F4TCNQ, to modulate the channel conductance, transfer characteristics are quite similar to those 

obtained with F4TCNQ [23]. 

 

 Cyclic output characteristics (IDS−VDS) as well as transfer characteristics (IDS1/2−VGS) for 

all of the OFETs operated at VGS = -60 V are shown in Fig. 3. Various electronic parameters  

such as field-effect mobility in the saturation (µsat) as well as in linear region (µlin), and trans-

conductance (gm) for all the devices were calculated using equations (1) (2) and (3), respectively 

[24,25].  

 



- 8 - 

 ( )2
2 THGS

satOX
satDS VV

L
WCI −=

µ   (1) 

 ( ) ][ DSTHGSlinOXlinDS VVVC
L

WI −= µ  where DSV  << THGS VV −  (2) 

 
( )THGS

OXsat
m VV

L
CWg −=

µ  (3) 

 

Where, W and L are the channel width and length, respectively. IDS,sat is the saturated output 

current, VTH is the threshold voltage, and Cox is the gate insulating layer (SiO2) capacitance per 

unit area. In addition, an upper limit of charge trap density, N, at the interface between 

semiconductor and insulator was estimated with the sub-threshold swing of S as given in 

equation (4): 
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where, q, e, kB and T are the elemental charge, natural logarithm, Boltzmann constant, and 

temperature, respectively. 

 

Various electronic parameters for OFETs estimated with varying active channel 

components has been shown in the Fig. 4 along with summarization of extracted results in the 

table 1.   It can be seen from the perusal of Fig. 4 and Table 1, that µsat, µlin and gm are increases 

with the increasing dopant (TCNQ) concentration indicating the contribution of doping for 

controlling the performance for FET in the on state. In majority of organic polymeric 

semiconductors, the low charge carrier mobility is the main issue for their poor device 

semiconductor performance. Existence of the resistance between electrode and organic 

semiconductor (contact resistance) or the resistance between organic semiconductor domains 
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(domain-boundary) has been reported to hinder the charge carrier transport [26,27]. It should be 

noted that the AFM images shown in the Fig. 2 show the fibrous morphology on the doped 

surface. Such fibrous structure possibly connects the neighboring domains effectively. It is also 

reported that the nanofiber structure promotes the carrier transport for P3HT [28,29]. These 

findings indicate that the TCNQ doping probably contributes to increase the carrier transport by 

reducing the contact resistance and/or inter-domain resistances due to the formation nano-fibrous 

structures [3,28]. 

 

A perusal of the electronic characteristics shown in the in Fig. 4 are very similar to those 

reported for OFETs based on P3HT doped with F4-TCNQ as reported by Ma et al but only 

difference is that we have used much higher extent of TCNQ  as a dopant in this work [17]. This 

large difference about use of higher amount of dopant in our work is associated with the 

differences in the electro affinity, where doping strength of TCNQ is weaker than F4-TCNQ [23]. 

Therefore, relatively large-amount of TCNQ is required to dope P3HT-channel heavily as 

compared to F4-TCNQ. Moreover, the low electron affinity of TCNQ also enable us to vary the 

doping ratio in wide window to tune the OFET characteristics more precisely. Increase in the 

extent of doping leads to increase in the domain conductance, which concomitantly improves the 

IDS in on-state. On the other hand, VTH shifts towards positive VGS and the off-state current, IOFF, 

stays high (Fig. 3 (c). The dynamic range of IDS, therefore, reduces and suppression in the 

switching performance of FET results in low on/off ratio as shown in Fig. 3 (c) and Fig. 4 (c). 

 

 Steep increase of IDS from off-state indicates a clear switching behavior which suggested 

us analyze the subthreshold characteristics also known as subthreshold swing (S) which is one of 
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the important parameters to characterize the switching performance of the OFETs. S was 

extracted by putting a linear fit to the log(IDS) from onset of the IDS [30]. It can be clearly seen 

from the eqn. (4) that S is also related to the surface trap density (N). Variation of VTH and S with 

the varying TCNQ concentration in P3HT is shown in  Fig. 4 indicates that increasing extent of 

TCNQ leads to the positive shift of VTH and the increase of S (and N) coincidently as shown in 

the in Fig.3(c). Interestingly, Yamagishi et al have also made similar observation about 

enhancement in the VTH and S upon the extent of molecular doping in OFETs [31]. Incorporation 

of dopant molecules in polymeric matrix may form a nanoscale mixture of both the doped and 

undoped regions which might lead complicated electron injection This could be responsible for  

increase in the S and N by TCNQ doping. 

 

It well known that there is formation Schottky contact the interface with P3HT with 

metals like Al, Mg having shallow fermi energy level (EF) [19]. The formation Schottky junction 

at Al/P3HT interface is caused by the electron-donation from Al to P3HT followed by depleting 

holes in P3HT. Apart from demonstration of Schottky junction at Al/P3HT interface, a depletion 

layer width of about 17 nm has been reported by the Singh et al using photoluminescence (PL) 

quenching technique in Al/P3HT/ITO diodes [32]. In this work, effort was also directed to probe 

the implication of Schottky barrier formed by thermal evaporation of Al after spin-coating of 

active semi-conductor layer (21 nm) over the highly-doped P3HT channel of OFET. It can be 

seen that after the Al-coating, VTH was reduced to 15 V (Fig. 4 (b)) along with the observation of 

a clear off-state in the transfer characteristics. At the same time, on-set characteristics became 

sharp along with the reduction in both of the S and N (Fig. 4 (d)). The output-characteristics of 

highly doped OFETs also exhibited relatively clear pinch-off characteristics after Al-coating (Fig. 



- 11 - 

3 (b). These results indicate that  electron-donation from Al  reduces channel conductance by 

depleting the highly-doped P3HT layer which has been schematically illustrated in the Fig. 5. 

Considering the thickness of active semiconductor layer over the channel (21 nm) and width of 

depletion layer (17 nm) as reported by Singh et al, indicates that active doped-P3HT used over 

the channel is almost depleted. Therefore, it can be concluded that coating thin Al to form 

Schottky barrier at Al/P3HT interface contributes to promote the off-state and the on-set 

characteristics for highly-doped OFETs.  

 

It can be seen from Fig. 3(c) that OFETs based on doped P3HT with relatively thicker 

active semiconducting layer (about 32 nm) exhibits higher on-state current which is attributed to 

relatively thicker conducting channel since depletion width will remain unchanged. Therefore, 

the P3HT thickness is also important for the doped-OFET performance. It has also been reported 

depletion layer width in Al/P3HT Schottky devices also varies with applied external bias as 

confirmed by bias dependent PL quenching [33]. In this present work, OFET channels are being 

modulated by the Schottky contacts, therefore, formation of depletion layer of doped P3HT in 

MIS capacitor is also expected partially biased by the VGS. Therefore, applied VGS will als be 

involved in the modulation of the remaining conducting region of highly-doped P3HT. This 

explanation is also supported by the results exhibited by Fig. 3(c), where there was a sudden 

increase in the off-current, when thickness of P3HT layer was increased from 21 nm to 32-nm-

thick, resulting in to the decreased on/off ratio. This indicates that the thickness ratio of depletion 

and remaining conduction region controls the off-state characteristics of the OFETs. A subtle 

tuning and optimization of the doping ratio, thickness of P3HT layer and the top Al coating are 
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expected to provide optimum performance of by implementing  the doping/depleting technology 

for organic thin-film transistors. 

 

Conclusions 

In summary, we have fabricated TCNQ doped P3HT-FETs and studied the effect of 

doping concentrations on the OFET performance. AFM investigations revealed morphology of 

thin films was found to be affected by TCNQ doping leading to nanofibrous surface. A wide 

range of TCNQ concentrations from 0 to 20% were conducted in order to investigate the effect 

of accepter doping on the OFET characteristics. It was observed that the field-effect mobility 

was increased monotonically as a function of extent of doping of P3HT by TCNQ. On/off ratio 

was improved at low doping concentrations from 0 to 5 % and then suppressed for further 

increase of the dopant concentrations. To circumvent this, thin Al was thermally deposited to 

form Schottky contact with P3HT leading to formation of depletion layer in the doped-channel.   

In the light of contributions from both of the doping and the depletion in the fabricated OFETs, it 

has been shown that doping improves the on-state performance while depletion promotes the on-

set and the off-state characteristics. Although these two characteristics play a sort of counterpart 

to each other, by turning the doping ratio and the thickness, the OFET characteristics can 

modulated for getting the optimized performance by the doping/depleting technology. 
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Figure captions 

Figure 1. Chemical structure of P3HT (a) and TCNQ (b). 

Figure 2. AFM images of P3HT films: (a) pristine, (b) 1% TCNQ, (c) 5% TCNQ, (d) 10% 
TCNQ, (e) 20% TCNQ and (f) 20% TCNQ with thin-Al coating. The scale bar represents 1µm 
(250 nm in the insets). 
 

Fig. 3. Schematic structure of OFET and electronic characteristics. Output characteristics at VGS= 
-60 V (a), transfer characteristics at VDS= -60 V (b) and semi-logarithmic replots of transfer 
characteristics in (c). 
 

Figure 4. Variation of different electronic parameters in OFET as a function of different channel 
configurations. (a) Mobility, (b) Threshold voltage and transconductance, (c) On/Off ratio, (d) 
Subthreshold swing and charge trap density. 
  

Figure 5. Schematic drawing of the off- (upper) and on-states (lower panel) of P3HT OFETs 
with and without doped (and depleted) region. The deeper orange color represents the higher 
conductance.  
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Table 1. Electronic parameters of the OFETs as a function of different configuration of channel.   

FET 
channel 

VTH 
(V) 

 µsat 
(cm2/Vs) 

µlin 
(cm2/Vs) 

ion 

(A) 
ioff  

(A) 
on/off 
ratio 

S 
(V/dec) 

N 
(× 1012/cm2) 

gm 

(nS) 

pristine 5 9.6×10-5 5.4×10-5 
1.2 

×10-6 
1.4 

×10-9 102.9 5 2.3 6.2 

1 % doped 14 8.1×10-4 6.4×10-4 
3.1 

×10-6 
9.9 

×10-10 103.5 10 4.7 60 

5% 16 2.5×10-3 1.8×10-3 
7.3 

×10-6 
8.2 

×10-10 103.9 14 6.6 190 

10 % 30 3.1×10-3 2.3×10-3 
1.6 

×10-5 
4.9 

×10-9 103.5 17 8.1 280 

20 % 65 5.4×10-3 5.3×10-3 
6.4 

×10-5 
6.2 

×10-6 101.0 95 45.4 670 

20 % Al 
(21 nm 
PHT) 

15 3.6×10-3 2.2×10-3 
1.6 

×10-5 
1.5 

×10-9 104.0 10 4.7 200 

20 % Al 
(32 nm 
PHT) 

10 1.9×10-2 9.6×10-3 
2.4 

×10-5 
1.2 

×10-8 
103.3 18 8.0 1300 
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