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Abstract

:

Information on localized states at the interfaces of solution-processed organic semiconductors and polymer gate insulators is critical to the development of printable organic field-effect transistors (OFETs) with good electrical performance. This paper reports on the use of impedance spectroscopy to determine the energy distribution of the density of interface states in organic metal-insulator-semiconductor (MIS) capacitors based on poly(3-hexylthiophene) (P3HT) with three different polymer gate insulators, including polyimide, poly(4-vinylphenol), and poly(methylsilsesquioxane). The findings of the study indicate that the impedance characteristics of the P3HT MIS capacitors are strongly affected by patterning and thermal annealing of the organic semiconductor films. To extract the interface-state distributions from the conductance of the P3HT MIS capacitors, an equivalent circuit model with continuum trap states is used, which also takes the band-bending fluctuations into consideration. In addition, the relationship between the determined interface states and the electrical characteristics of P3HT-based OFETs is investigated.
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1. Introduction


In recent years, the development of solution-processable organic field-effect transistors (OFETs) has attracted increasing interest owing to their widespread use in various printable electronic devices, including flexible displays, low-cost radio-frequency identification tags, and large-area sensors [1,2]. It is well known that carrier transport in OFETs is sensitive to the ordering and packing of the organic semiconducting molecules interfaced with the gate insulator, and localized trap states caused by the disorder significantly affect the electrical performance of OFETs, such as field-effect mobility, threshold voltage, and subthreshold slope. It has been reported that molecular ordering in the organic semiconductor films of OFETs with bottom-gate configurations, which are conventionally used for OFET applications, depends largely on the surface properties, such as surface energy [3,4] and roughness [5], of the underlying gate insulators. Therefore, the development of reliable organic gate insulators is critical for improving the performance of bottom-gate OFETs. For the development of solution-processable OFETs, thermally curable polymer gate insulators, such as polyimide (PI) [6,7], poly(4-vinylphenol) (PVP) [8], and poly(methylsilsesquioxane) (PMSQ) [9,10,11,12], have gained much attention because these materials allow the formation of desirable semiconductor/insulator interfaces with limited interfacial mixing.



The localized trap states at the solution-processed organic semiconductor/polymer gate insulator interfaces have been studied by measuring the impedance characteristics of metal-insulator-semiconductor (MIS) capacitors [13,14,15,16,17,18]. It has been reported that the impedance characteristics of organic MIS capacitors can be described with equivalent circuit models similar to those of Si-based metal-oxide-semiconductor (MOS) capacitors, which were suggested by Nicollian and Goetzberger [19,20]; further, energetically distributed localized states are formed at the organic semiconductor/polymer gate insulator interfaces [14,15,16]. However, the influence of the polymer gate insulators on the interface states in organic MIS capacitors has not been ascertained in existing literature.



In this paper, we report the determination of interface-state distributions in poly(3-hexylthiophene) (P3HT)-based organic MIS capacitors with polymer gate insulators of PI, PVP, and PMSQ using impedance spectroscopy (IS). First, we discuss the influences of patterning and thermal annealing of the organic semiconductor films on the impedance characteristics of P3HT MIS capacitors to determine the optimal fabrication process for our tested MIS devices. Next, we examine the applicability of three equivalent circuit models to the extraction of interface states from the conductance characteristics of the P3HT MIS capacitors. Finally, we attempt to identify the correlation between the densities of interface states in the organic MIS capacitors and the electrical characteristics of OFETs.




2. Experimental


Figure 1 illustrates the schematic of the fabricated organic MIS capacitor, along with the chemical structures of organic materials used in this study. Striped indium tin oxide (ITO) electrodes with a 3 mm width formed on a slide glass were used as the gate electrodes, and 2 mm-wide gold electrodes were deposited on top of an organic semiconductor layer to fabricate the organic MIS device with crossed top and bottom electrodes. As the gate insulators, thermally-curable polymer insulators, PI (SE-5291, Nissan Chemical Co. (Tokyo, Japan)), PVP (Sigma-Aldrich Co. (St. Louis, MO, USA)) mixed with the cross-linking agent of poly(melamine-co-formaldehyde) (PMF) (the weight ratio of 2.8:1), and PMSQ prepared in our laboratory [10,11,12], were used.



The glass substrates with ITO gate electrodes were cleaned with acetone and isopropyl alcohol (IPA) in an ultrasonic bath and with an UV/O3 cleaner. Subsequently, the organic solutions of polymer insulators were deposited on the substrates by spin coating, and then the obtained films were thermally cured for 1 h (at 185, 200, and 150 °C for PI, PVP, and PMSQ insulators, respectively) to form polymer gate insulators with thicknesses of ~400 nm on the gate electrodes. The organic semiconductor films with thickness of ~200 nm were fabricated by spin coating a 3 wt% toluene solution of regioregular P3HT (Mn = 45,000–65,000, Sigma-Aldrich Co.) on the polymer gate insulators. Then, Au top electrodes were fabricated on P3HT films by shadow mask evaporation. Finally, the P3HT films on the gate insulators were patterned using O2 plasma etching (Samco RIE10-N (Kyoto, Japan)) using Au top electrodes as etching masks. The O2 plasma generated at a pressure of 250 mTorr, a flow rate of 45 sccm, and a radio-frequency power of 120 W was irradiated for 5 min to remove the P3HT films not coated by the Au top electrodes (the peripheral region of the organic MIS capacitors). We also fabricated the MIS capacitors without patterning the P3HT films to investigate the influence of the peripheral region on the impedance characteristics of the organic MIS capacitors.



The fabricated P3HT MIS capacitors were annealed in a vacuum chamber at 90‒100 °C over 3 h to remove adventitious dopants, such as O2 and H2O, from the P3HT films, and the impedance characteristics of the P3HT MIS capacitors were measured in the vacuum chamber at room temperature without breaking the vacuum to avoid doping to the P3HT films by ambient air. Impedance measurements were carried out using a Solartron 1260 impedance analyzer with a 1296 dielectric interface (Farnborough, Hampshire, UK), and sinusoidal signals with a 100-mV amplitude and frequencies ranging from 0.1 Hz to 1 MHz were superimposed on the gate voltage (   V G   ). The electrical characteristics of the P3HT-based OFETs with polymer gate insulators were measured using Keithley 6430 and 2400 source meters (Cleveland, OH, USA) in a glove box filled with N2. All electrical measurements were performed in a dark environment to prevent the influence of photocarrier generation on the electrical characteristics of the organic MIS devices [21].




3. Results and Discussion


3.1. Optimization of the Fabrication Processes of Organic MIS Capacitors


First, we describe the influence of the patterning of organic semiconductor films in the P3HT MIS capacitors with crossed top and bottom electrodes on their impedance characteristics. Figure 2a shows the capacitance–frequency characteristics of the MIS capacitor with the P3HT film patterned using O2 plasma etching. The MIS capacitor with the patterned P3HT film exhibits reasonable dependencies on frequency and gate voltage. In an ideal MIS diode with a p-type organic semiconductor, when the gate electrode is negatively biased, holes are injected from the top electrode and accumulate at the interface between the semiconductor and the gate insulator. This leads to the increase in the capacitance of the MIS capacitor, which approaches the capacitance of the gate insulator (   C i   ) when the frequency of the sinusoidal signal is extremely low because holes accumulate in the whole area of the semiconductor/gate insulator interface. At high frequencies, the injected holes do not follow the sinusoidal signal, leading to the depletion of the organic semiconductor film, which reduces the capacitance of the MIS capacitor. When the organic semiconductor films are completely depleted, the capacitance of the MIS capacitor ( C ) can be expressed by the series sum of a capacitance of semiconductor film (   C S   ) and    C i   ;   C =  C S   C i  / (  C S  +  C i   ).



The capacitance–frequency characteristics of the MIS capacitor fabricated without patterning P3HT film are shown in Figure 2b. The capacitance of the MIS capacitor with the unpatterned P3HT film increases with decreasing frequency, indicating an excess accumulation of holes at the semiconductor/gate insulator interface. It has been reported that holes injected from the top electrodes spread laterally across the semiconductor film to form an additional channel; this channel is responsible for the increase in the capacitance of the MIS capacitors in the low frequency regime [22,23,24]. To suppress such effects associated with lateral conduction along the semiconductor film, a circular top electrode surrounded by a concentric guard ring has been generally used in Si-based MOS capacitors [22] and organic MIS capacitors [13,14,15,16,18,23]. Our experimental results demonstrate that the organic MIS capacitors with crossed top and bottom electrodes can be used for impedance measurements by patterning the organic semiconductor films using O2 plasma etching.



Figure 3a and b show the frequency dependence of the loss (conductance ( G )/angler frequency ( ω )) of the organic MIS capacitors with patterned and unpatterned P3HT films, respectively. The conductance was determined by calculating the real part of admittance ( Y ) according to   Y = G + j ω C  . The figures indicate that the peripheral regions of the organic MIS capacitors significantly affect the position and magnitude of loss peaks. In Figure 3a, the peak position shifts to a higher frequency with increasing negative gate voltage. On the other hand, the response of an ideal MIS capacitor in the depletion mode can be described in the equivalent circuit shown in Figure 4a. In the figure,    C i    represents the insulator capacitance,    C d    represents the depletion capacitance,    C b    ′    and    R b    ′    represent the capacitance and resistance, respectively, of the bulk semiconductor, and    R C    represents the contact resistance. The relaxation frequency (   f R   ) of the circuit is given by


   f R  =  1  2 π  R b       ′   (   C ′  +  C b    ′   )    =  1  2 π τ   ,  



(1)




where  τ  is the relaxation time of the MIS capacitor and   C ′   represents the series sum of    C i    and    C d    [14,15]. According to Equation (1), the relaxation frequency should increase when the positive gate voltage is increased because it leads to an increase in the depletion width and hence decreases in   C ′  . This feature is contrary to the results shown in Figure 3a, in which the loss peak shifts to the low frequency regime when the positive gate voltage is increased. Such apparent decrease in the relaxation frequency is similar to the behavior of interface states reported for Si-based MOS capacitors [19,20]. Hence, the equivalent circuit of the P3HT MIS capacitor should include an array of series   R C   elements (   R t   ,    C t   ) in parallel with    C d    to account for the observed   G / ω  ‒ f  characterisitics, as shown in Figure 4b.



Another issue detrimental to the interface states in the organic MIS capacitors is the influence of unintended doping on organic semiconductor films. In particular, the electrical characteristics of P3HT-based OFETs are well known to significantly suffer from hole doping to P3HT films by O2 and H2O in ambient air [25]; further, the density of the interface states in P3HT MIS capacitors was found to depend on the dopant concentration [15]. Therefore, removing the dopants via the thermal annealing process is critical for the accurate determination of interface-state densities from organic MIS capacitors. In this work, we investigated the effect of thermal annealing on the dopant concentration by using capacitance–gate voltage ( C –   V G   ) measurements of the P3HT MIS capacitors with PI gate insulator.



Figure 5a shows the variation in the  C –   V G    characteristics of the P3HT MIS capacitor measured at 100 Hz before and after thermal annealing. In the experiment, the impedance characteristics of the MIS capacitors were measured at room temperature after thermal annealing at 100 °C for 1 h in a vacuum; this cycle was repeated five times (in the fifth cycle, the device was thoroughly annealed for 5 h). The dopant concentration in the P3HT film can be determined using Schottky–Mott analysis [26] from the slopes of the   1 /  C 2   –   V G    curves in the transition region between accumulation and depletion. The dopant concentration (   N A   ) is given as follows,


   N A  = 2    [  q  ε 0   ε r   A 2   d  d  V G       (   1   C 2     )   ]    − 1   ,  



(2)




where  q  is the elementary charge,    ε 0    is the permittivity of vacuum,    ε r    is the relative permittivity of the semiconductor, and  A  is the active area of the MIS capacitor.



Figure 5b shows   1 /  C 2   –   V G    curves plotted from Figure 5a, and Table 1 summarizes the values of the dopant concentration for thermal annealing cycles estimated using Equation (2) by assuming    ε r  = 3  . The dopant concentration decreased dramatically after the first annealing cycle, and remained almost unchanged after the third annealing cycle, indicating that most dopants were removed from the P3HT film. The dopant concentration after the fifth annealing cycle was 1.4 × 1015 cm−3, which is much lower than those reported for P3HT MIS capacitors [15,27]. These results suggest that the optimized device fabrication of the organic MIS capacitors enables the investigation of the influence of the gate insulator on the interface-state density via impedance measurements.




3.2. Determination of the Interface States of MIS Capacitors with Different Polymer Gate Insulators


To investigate the influence of the polymer gate insulator on the interface-state density in P3HT MIS capacitors, we analyzed the impedance characteristics by using the conductance method suggested by Nicollian and Goetzberger [19,20]. In order to extract the interface states from the conductance, three equivalent circuit models that incorporate the interface states with a single energy level, continuum energy levels, and continuum interface states affected by band-bending fluctuations were proposed. Hereafter, we refer to these as the single-level model, the continuum model, and the statistical model, respectively.



Figure 6a illustrates an equivalent circuit of an MIS capacitor that incorporates the interface states with the single energy level in the depletion mode. Here,    C t    and    G t    represent the capacitance and conductance associated with interface states, respectively. The simplified version of Figure 6a is shown in Figure 6b. When the equivalent circuit shown in Figure 6b is converted into that shown in Figure 6c, the equivalent parallel conductance (   G p   ) divided by  ω  (loss) is given by


     G p     ω  =   q  D  i t   ω  τ p    1 +  ω 2   τ p    2    ,  



(3)




where    D  i t     and    τ p    are the density of interface states and the time constant of the interface states, respectively. Figure 6d shows an equivalent circuit with the continuum interface states, which is represented by    G t   −   C t    branches parallel to the depletion layer. In the case of the continuum model, the loss can be expressed as


     G p     ω  =   q  D  i t     2 ω  τ p    ln  (  1 +  ω 2   τ p    2   )  .  



(4)







In the statistical model, the influence of built-in charges and/or charged interface states was also assumed [20,28,29]. It is assumed that a random spatial distribution of discrete interface charges results in a spatial distribution of band bending. The probability that the band bending is    v s    is expressed as


  P  (   v s     )  =    (  2 π  σ s    2   )    − 1 / 2   exp  [  −      (   v s  −  v s   )   2    2  σ s    2     ]  ,  



(5)




where    σ S    2    is the variance of band bending, expressed in terms of   k T / q  , and   〈  v S  〉   is the mean value of the band bending. In this case, Equation (4) can be rewritten as follows


     G p     ω  =  q 2    ∫   − ∞  ∞     D  i t     ω  τ p    ln  (  1 +  ω 2   τ p    2   )  P  (   v s   )  d  v s  .  



(6)







From the above expressions, we obtain


     G p     ω  =   q  D  i t      (  2 π  σ s    2   )    − 1 / 2     2 ω  τ p      ∫   − ∞  ∞  exp  (  −    η 2    2  σ s    2     )  exp  (  − η  )  ln ( 1 +  ω 2   τ p    2  exp 2 η ) d η ,  



(7)




where   η =  v s  − 〈  v s  〉  . The density of the interface states can be determined by fitting Equations (3), (4), or (7) to the frequency dependence of loss (   G p  / ω − f  ).



First, we examined the applicability of the three models for the P3HT MIS capacitors with polymer gate insulators. The    G p  / ω  – f  curve of the MIS capacitor with the PI gate insulator extracted from the measured impedance spectrum at a gate voltage of 0 V is shown in Figure 7a, in which the fitted curves using the three models are also indicated. It can be seen that the measured    G p  / ω  – f  curve is broader than the calculated curve using Equation (3), indicating that the interface states in the P3HT MIS capacitors are energetically distributed [14,15,16,18]. Moreover, we found that the statistical model is in better agreement with the experimental curve than the continuum model. This suggests that the equivalent circuit model, which takes band-bending fluctuations into consideration, is appropriate to describe the impedance characteristics of P3HT MIS capacitors. As shown in Figure 7b, the fitted    G p  / ω – f   curves using the statistical model are in good agreement with the experimental curves obtained for different gate voltages: the energy distributions of interface-state densities can be determined using these curves.



Figure 8 shows the densities of interface states above the valence band edge (   E v   ) in the P3HT MIS capacitors with the different polymer insulators of PI, PVP, and PMSQ, calculated using the statistical model. The energy scale was determined by the conventional  C – V  method [30]. The energy level was calculated from the surface potential (   ψ S   ) at    V G   , which is given as follows


  E −  E V  =  ψ s   (   V G     )  =   ∫    V  F B      V G     (  1 −    C m     C i     )  d v ,  



(8)




where    C m    is the capacitance at low frequency and    V  F B     is the flatband voltage. The value of    V  F B     was assumed to be −0.5 V for all samples. In Figure 8, the density of interface states in P3HT MIS capacitors is shown to be strongly affected by the type of polymer gate insulators; the density of interface states for P3HT MIS capacitors with PMSQ insulators is relatively lower than that with other polymer insulators.



To examine the influence of gate insulators on FET characteristics, bottom-gate/top-contact P3HT FETs were fabricated on polymer gate insulators. In the FET devices, thin P3HT films (~50 nm) were used. Their transfer characteristics (drain current (ID)–VG) are shown in Figure 9; it can be seen that ID and the subthreshold slope (SS) largely depend on the type of gate insulators. The field-effect mobilities and SS values of P3HT FETs as well as the water contact angles on polymer insulators are summarized in Table 2. The table clearly illustrates the relationship between mobility, SS value, and the water contact angle. The mobility increases and the SS value decreases as the water contact angle on polymer insulators is increased. Moreover, the mobilities and SS values are closely correlated to the density of interface states shown in Figure 8. It is well known that the SS value is inversely proportional to the total density of interface states [31]. Therefore, based on the obtained results, the improvement in the mobility and SS value can be attributed to the decrease in the interface-state density. The difference in the interface-state densities in the P3HT MIS capacitors with different polymer insulators is attributable to the difference in the surface energy of the gate insulators. It has been reported that the orientation and packing of P3HT molecules are largely dependent on the hydrophobicity of substrates; it has also been suggested that lower surface energy leads to higher crystallization of P3HT films [3]. Thus, the observed low density of interface states at the P3HT/PMSQ interfaces can be attributed to the improvement in film crystallinity at low-energy surfaces.





4. Conclusions


We have investigated the interface-state distributions in P3HT MIS capacitors with polymer gate insulators by using impedance spectroscopy. The effects of removing the peripheral regions, through the use of O2 plasma etching, and thermal annealing on the impedance characteristics of P3HT MIS capacitors were demonstrated. It was found that the conductance characteristics of the P3HT MIS capacitors are in good agreement with the equivalent circuit model incorporating continuum interface states when the band-bending fluctuations are taken into consideration. We found that the determined interface-state distributions in P3HT MIS capacitors with PI, PVP, and PMSQ gate insulators are closely correlated with the electrical characteristics of P3HT FETs. The results indicate that polymer gate insulators having low-energy surfaces reduce the densities of the interface states in P3HT MIS devices as a result of the improvement of the crystallinity of P3HT films, leading to an improvement in the field-effect mobility and subthreshold characteristics.
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Figure 1. (a) Schematic cross section of the organic MIS capacitor after O2 plasma etching. The dotted squares represent the peripheral regions removed by etching. (b) Chemical structures of organic materials used in this study. 
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Figure 2. Frequency dependences of the capacitance of the ITO/PI/P3HT/Au MIS capacitors with (a) patterned and (b) unpatterned P3HT films measured at various gate voltages. 
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Figure 3. Frequency dependences of the conductance loss (  G / ω  ) of the ITO/PI/P3HT/Au MIS capacitors with (a) patterned and (b) unpatterned P3HT films measured at various gate voltages. 
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Figure 4. (a) Equivalent circuits representing an ideal MIS capacitor and (b) a MIS capacitor with energetically distributed interface states. 
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Figure 5. (a) Gate voltage dependences of the capacitance (C) and (b) 1/C2‒gate voltage plots in the ITO/PI/P3HT/Au MIS capacitor without the peripheral regions measured at 100 Hz after each thermal annealing cycle. 
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Figure 6. (a) Equivalent circuit of a MIS capacitor with single-energy level interface states in depletion mode and (b) simplified version of (a). (c) Lumped parallel equivalent circuit of (b) or (d). (d) Equivalent circuit of a MIS capacitor with energetically distributed interface states. 
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Figure 7. (a) Plot of the equivalent parallel conductance loss (   G p  / ω  ) versus frequency for the P3HT MIS capacitor with the PI gate insulator at a gate voltage (VG) of 0 V. The dashed blue line, dashed-dotted red line, and solid black lines represent the fitted results using Equations (3), (4) and (7), respectively. (b) Fitted results for the frequency dependence of    G p  / ω   of the ITO/PI/P3HT/Au MIS capacitor at different gate voltages using the statistical model. 
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Figure 8. Densities of interface states (   D  i t    ) above the valence band edge    (   E v   )    in the P3HT MIS capacitors consisting of the different gate insulators, as determined by impedance spectroscopy. 
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Figure 9. Transfer characteristics of bottom-gate/top-contact P3HT FETs with PMSQ, PI and PVP gate insulators measured at a drain voltage (VD) of −80 V. 
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Table 1. Variation of the dopant concentration (NA) for annealing cycle in the ITO/PI/P3HT/Au MIS capacitor.
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	Annealing Cycle
	NA (cm−3)





	Before annealing
	1.6 × 1016



	1st
	2.8 × 1015



	2nd
	2.0 × 1015



	3rd
	1.4 × 1015



	4th
	1.4 × 1015



	5th
	1.4 × 1015
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Table 2. The field-effect mobility (μ) and the subthreshold slope (SS) of the bottom-gate/top-contact P3HT FETs with three different polymer gate insulators, together with the water contact angle (WCA) on polymer gate insulators.
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	Insulator
	µ (cm2 V‒1 s‒1)
	SS (V/decade)
	WCA (degree)





	PMSQ
	1.0 × 10−2
	4.7
	93



	PI
	1.7 × 10−3
	7.3
	80



	PVP
	1.0 × 10−4
	9.3
	64
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