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     Abstract: 

       The nature of charge injection has been investigated across the gold (Au) / aluminium (Al) - 

regioregular poly(3-hexylthiophene), rrP3HT, interface as a function of channel length of the 

two electrodes. The sheet resistance (  ) of rrP3HT in contact with Au/Al electrodes and contact 

resistance (bottom contact and top contact) are also measured. Sheet resistance was found to be 

        .  The total resistance (  ) increases from 12.5 to 33    as the channel length (   
increases between 20 and 80 µm at room temperature. The I-V characteristics of a Au 

(bottom)/P3HT/Au (top) sandwich cell and Al/P3HT/Al contacts are analyzed by using the 

Keithley source-measure unit for all samples separately and the hole barrier height at the top and 

bottom contacts has been estimated. I-V curve shows ohmic contact and nonohmic properties 

(nonlinear) of the Au/P3HT/Au and Al/P3HT/Al interfaces respectively. 

Key word: energy level alignment, interface, total and sheet resistance, ohmic and nonohmic 

contact. 

 الخلاصـت:
 كذانّ نطٕل قُاة  انقطبٍٛ.كزانك حى قٛاسrrP3HT  -حى دساست طبٛعت حقٍ انشحُّ عبشانسطح انبُٛٙ انزْب ̸ الانًُٕٛو 

)انسفهٙ ٔ انعهٕ٘(.  ٔكاَج قٛى  ٔيقأيت انخًاس rrP3HT - Au/Al)انخًاس( نٕصهت انًفشق   (       )انًقأيت انسطحّٛ 

 02( يا بٍٛ L(  بزٚادة طٕل انقُاة )MΩ 33  - 12.5)  ( حزداد  انًقأيت الإجًانٛت )             )  انًقأيت  انسطحّٛ

انفٕنخّٛ(  نٕصهت  انخًاس  )انسفهٗ ٔانعهٕٖ(  -يٛكشٌٔ فٙ دسجت حشاسة انغشفت. ٔحى  ححهٛم خصائص ) حٛاس 02ٔ 

Au/P3HT/Au   ٔٔصهت انخًاس  Al/P3HT/Al  باسخخذاو ٔحذة  قٛاس Keithleyانعُٛاث بشكم يُفصم ٔكزانك حى  نجًٛع

انفٕنخّٛ(  اٌ طبٛعت انخًاس نٓزِ  -حقٛٛى  اسحفاع حاجزانجٓذ  نهفجٕاث نهخًاس  )انسفهٙ ٔ انعهٕ٘(  .ٔحبٍٛ يٍ يُحُٗ ) حٛاس

 )غٛش خطٛت( عهٗ انخٕانٙ. (Al/P3HT/Al)  ٔخصائص  ٔغٛش أيّٛ  (Au/P3HT/Au) انًُارج حًخهك خصائص   أٔيٛت

 

 

 

Introduction:  

     Organic semiconductor materials have attracted considerable attention recently in solution-

processable electronic devices such as field effect transistors (FETs) and organic light emitting 

diodes (OLEDs). This is due to their unique electrical and optical properties and low fabrication 

cast comparable to inorganic semiconductor based devices [1, 2, 3, 4]. Nowadays, however, 

inorganic semiconductors are not being widely used due to their high cost [5]. Organic 

semiconductor devices, on the other hand, suffer from low stability, short device lifetime and poor 

performance [6].
 
Consequently, studies have been conducted to bring high efficient and low cost 

organic semiconductor devices into operation. The interfaces of metal/organ and organ/metal have 

attracted much interest to the rapid development of the organic electronic devices and wiring of 

future molecular devices [7, 8, 9]. Regarding to the metal/organ interfaces, device performances, in 

addition, depends on the fabricating processes well as the environmental factors (such as depositing 

and annealing temperature), have an impact on the carrier     

motilities  throughout the device [2, 3]. 
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     The subject of interfacial electronic structure covers two aspects: (i) the energy level alignment 

at the metal/organic interface (or organ/metal interface) forms a dipole layer and, (ii) the band 

bending. To describe the electronic structure at the metal/organ interface, a Mott–Schottky’s model 

can be employed and accordingly: (i) a common vacuum level produces between the metal/organic 

interface and (ii) Fermi level aligns between the metal and the organic semiconductor when they 

come into contact [10]. The dipole layer forms as a consequence of the charge transfer (CT) across 

the interface, electron cloud redistribution and interfacial chemical reaction. Across the dipole layer, 

the interfacial potential is led to an abrupt shift as a consequence of the interfacial Dipole formation. 

Consequently, the virtual vacuum level (VL) shifts at the metal and organic interface and this leads 

to shift the VL in the organic layer. The surface science field will explain the shift of VLs (VL at 

the solid surface), and can be described by changes in the work functions and/or surface potential of 

the metal. This occurs whereas there area deposition and an adsorption of organic semiconductor 

molecules above a metal surface [10, 11, 12]. 

     Previous studies show the current limitation due to the injection limited carriers across the 

interface (called injection limited current) if the metal/organic interface barrier is larger than 0.3 eV 

at zero electric field. Whereas, for a potential barrier with less than a 0.3 eV, the injection barrier 

will be small and the carriers are injected efficiently into the device. Thus, the charge transfer will 

be limited through the bulk material of the device, termed the bulk transport limited [13, 14, 15]. 

     Recently, the p-type conjugated organic polymers have a promising role in electronic 

applications such as organic light emitting diode, thin film transistors and solar cells [8, 16, 17]. 

The P3HT is one of the most potential conducting polymers which behaves as a p-type 

semiconductor. It mostly comes into contact with gold (Au) or aluminium (Al) owing to their high 

work function [18, 19, 20].
 
Regioregular poly (3-hexylthiophene) is mostly utilized organic 

semiconductor in organ electronic devices due to its desirable electronic properties and high field-

effect mobility [21, 22]. An easy approach to deposit the organic materials is spin casting [3]. It 

forms a thin film with a good morphology surface, and its thickness can be easily controlled by 

changing the spin speed. In devices such as organic photo voltages (OPVs), P3HT is blended with 

another polymer solution and spin coated as the active region of the device [1, 2, 3].
 
While, in 

devices such as thin film transistors the polymer is deposited as itself (to deposit a thin film) in 

order to extracting p-type carries as the gate voltage is applied [23]. Here, a single film of rrP3HT 

will be spin coated above Al or Au electrodes.  

    However, Very recently, a contact resistance was observed in field-effect transistor (TFTs) 

geometries with Au metal electrodes [19].
 
Yet, there are still lacking of the detailed studies of the 

Au/P3HT contact properties. In this paper we show: (i) the electrical property of metal (Au and 

Al)/rrP3HT contacts by showing the current–voltage characteristics and, (ii) The sheet resistance of 

the rrP3HT thin films at room temperature. Our analysis reveals the ohmic contact and nonohmic 

contact of Au and Al/rrP3HT contact electrodes respectively. 

   
The organization of this paper is as follows. First, the contact properties of metal/rrP3HT have been 

discussed. Experimental section will be detailed next and then the experimental result of sheet and 

total resistance of P3HT thin films versus their channel length will be discussed. Finally, we 

summarized our conclusions.  

 

Material and Method: 

        To prepare the rrP3HT thin films, the polymer (P3HT) (%96.6 pure) was purchased from 

Sigma Aldrich and was dissolved in chloroform at a concentration of 10 mg/mL. rrPEHT films 

were then deposited above Al and Au coated glass substrates. The substrates were cleaned (prier the 

film deposition) in de-ionized water and Hellmanex and sonicating for 20 min at 70 
0
C. After 

sonication, the substrates were washed down with the de-ionized water. They were then put in iso-

propanol and sonicated for 20 min at 70 
0
C. Finally, the washed substrates were dried with nitrogen 

gas.  
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     Solution preparation of P3HT was made in a dim light and heated at 45 
0
C for 15 minutes (with 

help of magnetic stirrer). In order to reduce impurities, the solvent was then filtered prier 

deposition. Thin films of P3HT were deposited via spin coating onto cleaned Al and Au substrates 

and were annealed at 40 
0
C for one hour in air. Self-assembling thin films of regioregular poly (3-

hexylthiophene) were formed onto the Al and Au substrates, observed with optical microscopy. The 

thickness of Al and Au are 100 nm and 50.5 nm respectively. Au and Al electrodes were used with 

different channel length (20, 40, 60 and 80 µm).  After deposition of the thin film, samples were 

encapsulated using an inert UV curable epoxy and a glass cover slide. The I-V characteristics were 

measured using a Keithley 2400 source meter under ambient conditions. An NREL calibrated 

silicon diode was used to calibrate the power output at 100 mW/cm
2
. The bias voltage has been set 

from 30 to -30 V. 

 

 
 

FIG. 1. Sample geometries and the chemical composition of the rrP3HT, L represents the 

channel length (the distance between the two metal electrodes). Both metal electrodes can be 

either Al or Au. 

 

 

     Result and Discussion: 

       Figure 2 shows the current-voltage characteristics of the samples with different channel length 

with a use of rrP3HT film as the hole extraction layer. The electrical properties of Au in contact to 

rrP3HT films are shown in Figure 2(a), films have been deposited above the Au substrates with 20, 

40, 60 and 80 µm channel length. The results are listed in table 1, thin films which posses the same 

structure properties (thickness and depositing condition) show a dramatic increase of total resistance 

of the samples as the channel length is increased. The total resistance was 12.5    recorded as the 

practical channel length 22.75 µm (20 µm theoretical value) is used. This resistance has increased 

into 25 then 33    where a 59.5 (experimental value versus 60 µm theoretically) and 76.5 µm 

(experimental value versus 80 µm theoretically) are employed respectively. The sheet resistance 

also increased continuously as the channel length increased (table 1). This is consistent with that 

which carriers should cross a wider distance to from the bulk material (film) to reach into the other 

electrode and a higher resistivity is loaded against the injected carries from the below Au metal (see 

below). The total sheet resistance were also calculated is         . The raise of the total 

resistance returns to the fact that the rrP3HT film possesses a higher bulk limitation property of the 

film as   increases. 
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FIG. 2. (a) The current - voltage characteristics of rrP3HT samples, is shown for rrP3HT 

films in contact with Au electrodes as a function of channel length, circles 20 µm, unfilled 

triangles  40 µm, filled squares 60 µm and crosses 80 µm) and (b) is the relation between the 

channel length and the total resistance. 

 

Table 1. The average experimental values of total resistance and the sheet resistance are 

shown with the standard error. 1/Slope represents the total resistance. 

  (µm) 

 (A/V)× 

10
-8

 

Amp/V 

 (  ) 

 Ω 

   [Ω 
 ]*10

8
 

 22.75±0.13 8±0.009 12.5±0.4 11 

46.75±0.16 6±0.009 16.6±0.4 7 

59.50±0.004 4±0.009 25.0±0.4 8 

76.50±0.04  3±0.009 
 

33.0±0.4 9 

 

     Figure 2(b) shows samples total electrical resistance   versus channel length using films that 

were deposited on Au substrates. It shows the dramatic increase of the total resistance as the 

channel length increases. From the figure 2 (b), the total resistance, contact resistances and the sheet 

resistance were measures by applying equation 1 (see below). The sheet resistance is much bigger 
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than the contact resistance. This reveals the bulk limitation property of the sample rather that 

injection limitation.  

 

     The injection of charge carriers from the gold contacts to the organic semiconductor polymer has 

not formed a high electrical barrier (figure 1a). This is expected when Au/P3HT come to interface, 

due to the energetically ideal compatibility of Au work-function (𝝓) ( 5.1 eV shown in literature 

[24]) to the highest occupied molecular orbital (HOMO) state in the P3HT conjugated polymer. In 

addition, the linearity reveals the bulk limitation (small injection barrier at the interface) of injecting 

a current where Ohm low is valid. This is a significant indication to show a free trap for transport 

holes. Moreover, the symmetric linearity observation with no hysteresis indicates a film free of 

oxygen dopants. There is, however, a strong connection between an increase in the concentration of 

O2 dopants and expose the deposited film to the atmosphere throughout the spin coating process in 

some types of p-type semiconductor polymers. Hence the production of nonlinearity at rrP3HT/Au 

interface has been reported in ref [8]. 

 

     For the p-type semiconductor, used in electronic devices, the work function of the metal should 

be equal or larger than the band gap of the organic. The work function of polycrystalline Au is 

about 5.1eV and this is below the HOMO level of rrP3HT (recorded 4.8eV or 4.3 eV (5.1 eV was 

also found quite recently [25]), in literature [19, 26]) and the Fermi level of Au metal located well 

within the valance-band of rrP3HT. As a result, the mismatch of rrP3HT organic layer and Au metal 

Fermi energy becomes low and that causes a lower-resistance rectifying contact. This is the 

criterion for ohmic contacts in which a sufficient charge carriers can be ejected from the contacts 

(holes in case of rrP3HT) to enter the bulk material and causes space-charge limited regime [8, 9].
 

When a voltage is applied, carriers eject between electrodes and pass from the organic layer, the 

Schottky barrier is low between Au and rrP3HT.  

          
  

 
   ......................... (1) 

 

     From equation 1,    is the total resistance,           are contact resistances at the 

electrodes/semiconductor interface,    is the sheet resistance and it is measured by     or   
      , W (2 mm) is electrode width and   is channel length. Equation 1 can be represented by a 

straight-line equation      . Where m represents the value of the slope (found to be   
        ) of each single I-V curve and b is the y intercept that represents the value of       in 

figure 2 (b), found to be       . 1/slope in figure 2 (a) corresponds to the total contact resistance 

   for electrodes which increased by increasing the distance between electrodes (see above). Slope 

multiplied to W is the sheet resistance (found to be            ), of the rrP3HT organic thin 

film (shown in figure 2 (b)). 

 

     However, Al/rrP3HT/Al contacts show nonohmic contact for all samples with different channel 

length (figure 3). The ohms law cannot be applied, non-linearity of I-V curve. The nonlinearity 

reveals existence of a high Schottky energy barrier at Al/rrP3HT interface. This is due to the 

mismatch characteristics of the metal Fermi level versus the HOMO of the rrP3HT, (4.28) [27] and 

(4.8)eV [19]
 
respectively as reposted in literature) which limits the current injection into the organic 

layer. The carrier-injection barrier to jump holes at the Al electrode is about 0.9eV in contrast to 

only about 0.1ev in Au/rrP3HT interface as reported in literature [28]. This high-energy barrier 

gives difficulty to move holes between the two Al electrodes. Yet, to make an ohmic contact 

(reducing the potential barrier at The Al/P3HT contacts), a high doping rate is required, altering 

nonlinear behaviour can be allowed by applying a high voltage on the Al electrodes (seen in figure 

3 at a high voltage doping rate). Unlikely, applying voltage has limitation. In diodes, a high doping 

rate makes the depletion layer narrower and allows flowing electrons easily and tunnelling throw 

the barrier. In some organic transistors such as TFTs, the only technique of doping is possible with 

employing a voltage.  
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FIG. 3. Current /voltage characteristics of Al/rrP3HT/Al contacts at room temperature. The 

hysteresis shapes became narrower as the channel lengths increase from 20 to 80 μm, here; 

the channel length with only a 80μm is platted. Applying a high voltage reduces the 

nonlinearity. 

 

     Generally, the nature of charge transport (P-and n-type) for either bulk limited or injection 

limited transport in devices can be determined by the range of the Schottky barrier. It is believed 

that the low work function of Al consequences a considerable Schottky energy barrier to inject the p 

type carriers in through the interface into rrP3HT polymer. 

     From studying the I-V characteristics of both Al/P3HT/Al and Au/P3HT/Au samples (fig. (3) 

and fig. (2)) allow us to distinguish between contact-limited from bulk-limited transport. We can 

demonstrate that a significant injection barrier forms at Al/rrP3HT contact a low doping level and it 

can be reduced as the dopant is increased. The contact resistance with Al electrodes is all change 

similarly at all channel length. The results also show the capability to control the doping level in 

organic semiconductors as a tool to investigate the electronic properties of devices. We also have 

observed significant hysteresis (fig. 3) in our curves while sweeping the voltage between negative 

to positive and back again. As expected, in both cases, a strong asymmetry is present. The 

asymmetry is such that injection of holes from the Al is less efficient than from Au, correspondence 

with expectations on the basis of the work-function of Al (smaller) compared to Au (5.1 eV). 

 

     Conclusion: 

       We have shown the contact electrical resistance of Au/rrP3HT and Al/rrP3HT contacts as a 

function of channel length. I-V curves of Au at contact to rrP3HT has shown an ohmic contact and 

low contact resistance (small potential barrier between the metal Au and the p-type polymer). The 

sheet resistance of rrP3HT (        ) led to a bulk charge limitation transport and it increased 

as the channel length has increased. However, the electrical properties for Al in contact to rrP3HT 

has also investigated in which a high injection barrier was observed (at a low doping level) for all 

channel length against the injection carrier from Al into the polymer. The hysteresis characteristic 

represents an injection limitation versus lower bulk limitation compare to Au electrodes. This 

makes Au to be more reliable to be used in depositing devices such as TFTs.  
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