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Abstract— The field of electronics is exposed to emergence of advanced materials with semiconducting properties as a perspective replacement for conventional silicon technology. These materials may comprise, for example, organic semiconductors. Number of interesting properties, such as ambipolarity, are usually observed. It's possible to imagine a transistor which can work under certain conditions in a P-channel mode whereas it achieves N-channel mode of conductivity in a different situation. This particular type of transistor with ambipolar behavior turns out to be useful for development of polymorphic electronics. Its notion tends to simplify design procedure of complex digital circuits and it may also bring an additional features for a given application scenario. In fact, this is helpful especially in those situations when it's necessary to change the target environment where the device with polymorphic circuit blocks is required to be operating. For example, a solar power plant control circuit will have a different functions during the daylight period and at night. The important characteristics is that its physical structure still remains to be the same. Above all, the impact of ambipolar property coupled with adoption of the emerging materials opens up a new direction for physical realization of the polymorphic building blocks.
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I.  Introduction

Polymorphism works in the following way: a circuit which is implementing the desired function f1 in a normal operating mode instantly reconfigures itself and activates the function f2, providing the target environment is subject to the occurrence of specific variations during the course of time (e.g. due to state of emergency, power failure, etc). Such behavior has been thoroughly discussed in [1], [2]. If the physical elements adhering to the suggested scheme aren’t available, another immediate option would be to perform their simulation by means of exploiting microprocessors or FPGA devices alike. However, there are some other negative characteristics (e.g. the need to use a larger number of logic gates and, thus, causing greater consumption within such a system, relatively slow reconfiguration process, program errors possibility, etc). Obviously, the polymorphic circuits should avoid these negative qualities. They should be easily and quickly reconfigurable (clear and quick response to the actual stimulus). In general, the same circuit structure layout should be used in case of polymorphic circuits performing different, in practice usually two, intended functions. On the contrary the conventional technologies would have to come up with two different physical circuits and switch between them with respect to a given situation. Polymorphic circuits are also virtually free from any program errors, because these circuits are not programmed (their function is determined by mutual interconnections of the individual building elements on a hardware level; in a similar way to the conventional low-level CMOS design), in contrast to microprocessors or FPGAs devices with programmable logic.
Most existing contemporary examples of polymorphic circuits are based on MOS (Metal Oxide Semiconductor) [1], or CMOS technology [3]. However, the conventional field-proven silicon technology, which is used in this case, doesn’t turn out to be the most convenient approach. In order to obtain a polymorphous operational characteristics in silicon technology, it is necessary to use various design tricks on a silicon level (such as different sizes of the transistors inside a chip). This technique is ultimately leading not only to the unusual properties introduced to the silicon elements, but it also causes a deterioration of the other device parameters (higher power consumption, lower cut off frequency, etc.). Already mentioned organic materials do not suffer with the suggested problems. In fact, these materials naturally exhibit desired polymorphic properties, as will be explained later. In addition, elements based on the organic materials [12] can be used in a previously unimaginable way. An example of this approach could be easily recognized in case of organic transistors and logic circuits fabricated by means of inkjet printing [4], [5], [10]. This opens up a wide field of application for such circuits – for example, in wearable electronics, rapid circuit prototyping, foldable display devices, low-cost sensing application or even enables the utilization of printed electronic circuits on a sheet of paper, which then becomes a part of newspapers, books, and other printed materials.
When we want to start using polymorphic circuits, it is necessary to first implement basic logic functions (gates), which will be subsequently combined with the aim to form larger logical elements. Therefore main attention will be given to the proposal of polymorphic logic gates whose functionality can be modified without additional dedicated signal. These gates will respond to a common stimulus (change in supply voltage level, temperature gradient and polarity of the supply voltage), which is distributed in its own essence throughout the circuit at no additional cost. Of course, polymorphic elements using auxiliary signal for a change of the function also exist. This dedicated signal is typically attached to the auxiliary gate of ambipolar transistors that make up the polymorphic element. This type of polymorphic elements, however, are not taken into account here.

As stated above, main attention in this contribution will be given to the polymorphic elements where the operational characteristics strongly depend on the polarity of attached supply voltage. Polymorphic electronics have to be typically devised from both multifunctional polymorphic and also conventional gates. Some polymorphic gates that work according to this principle were reported in [6]. To our best knowledge, none of these conventional gates are known to exhibit stable resistance to polarity change of supply voltage. Since no circuit is composed exclusively from polymorphic gates, it is also necessary to design the resistant gates as well, i.e. those immune to the changes in polarity of the supply voltage. Furthermore, such type of logic gates would have to keep their functionality in any polarity orientation. Standard logic gates cannot accept reverse polarity without danger of being permanently damaged; in addition, when the polarity is reversed the gates will simply cease to operate. Therefore, each gate would need to have its own Graetz bridge element integrated within the power supply circuitry. This would obviously mitigate the problem when changing the power supply polarity presented to the gate. However, the main disadvantage in this case can be seen in a possible growth of circuit complexity. However, the goal is to add more features while maintaining the circuit complexity at an acceptable scale or even help to reduce it

II. Conception of Ambipolar Transistor
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The fabrication of ambipolar transistors (acting as either P – type or N – type according to a given circumstances) has been already reported in a number of contemporary research publications. These are usually designed as unipolar devices, and often contains an organic semiconductor compound – typically a carbon nanotubes or similar nanomaterials.

Figure 1.  Stucture of ambipolar transistor (left), typical step response and gain of ambipolar inverter formed by two identical transistors.

Figure 1 above shows (in its left part) a cross section view of ambipolar transistor composition, which is formed from several various layers including diketopyrrolopyrroles-Thieno[3,2-b]thiophene copolymer [7]. It is a donor-acceptor (DA) copolymer which is based on diketopyrrolopyrrole (DPP). From a technical point of view, the key element within the structure of this transistor involves DA copolymer DPPT-TT (formerly called PDBT-co-TT). On the right side of Figure 1 there is shown a typical step response and gain of the ambipolar inverter made up by means of combining two of such transistors. Thanks to the ambipolar property, one transistor acts as a P-type transistor and the second N-type, although they are identical transistors. This feature can then be subsequently exploited for the space-efficient construction of polymorphic gates and even more complex circuits.
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Figure 2.  Basic model  of an ambipolar transistor.

III. Ambipolar Transistor Model
This section is dealing with a definition of fundamental model for ambipolar transistors and silicon diodes, which are important means for describing operation of polymorphic gates.  Figure 2 shows an example of ambipolar transistor model created by means of utilizing conventional silicon MOSFET transistors. For the construction of such a model, transistors with terminated substrate would be preferable. Unfortunately, such transistors are rare, so the model was created from the standard P – type and N – type transistors. Each instance of the unipolar MOSFET transistor has an integrated body diode where its unwanted influence must be eliminated by anti – serial connection of diodes D1 and D2.
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Definition of Possible Operating States of an Ambipolar Transistor Model
The function of this model is explained in details within Table I above. Its columns D, S, G denotes the individual terminals of the transistor model; their values are + or -, which corresponds to the supply voltage polarity (Vcc, GND). Then, columns D1, D2 simply denote anti-serial diodes from transistor model and have values of F (forward direction) or R (reverse direction). Columns T1 and T2 are related to transistors from the same model. If a value is ON, the transistor is closed (current flows through the transistor), while OFF signature denotes that transistor is open (and therefore current cannot flow across this element). The last column depicts the behavior of the model where HiZ represents the high impedance state (model is “tri-stated”). “Close” option simply means that the model is closed and the conductive pat his available for current.
IV. Semiconductor Diode Model

The semiconductor diode is a dipole, which uses the properties of PN junction (an interface between the P-type and the N-type semiconductors. PN junction acts as a gate, i.e. it transmits electric current in only one direction. PN junction can be connected in a reverse or forward direction, thus conducting the current just in one direction, like the aforementioned gate [8], pages 90 - 93.

Both parts of the crystal lattice diodes are contiguous; however, due to the electrostatic field of the tightly bound ion acceptor and donor near PN junction, there appears a void which acts as an insulating layer separating each part of P from N. The empty area between the semiconductor P and N can also be seen as a plate capacitor of plate area which is equal to a surface of PN junction and the width of the empty area. This capacitor has a so-called barrier capacity which is an important property of the diode, as it causes conduction of electrical current in the reverse direction at high signal frequencies. The corresponding capacity is large enough, and its size depends on junction surface and reaches values from several picofarads to several tens of nanofarad [8], page 95.
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Figure 3.  Semiconductor diode model.
The top of Figure 3 shows the schematic symbol of a standard semiconductor diode and the bottom part illustrates the equivalent circuit of the diode [8], page 96. Circuit Rp, Cp replaces the usual PN junction diodes and is accompanied by a resistance Rs (represents the resistance of the rest of the semiconductor material and the remaining leads). Ls is an inductance of the coil leads diodes. It is valid at a very high frequencies only.

The level of depletion can change by the anode voltage, thus changing the capacity of the junction. It also changes the resistance Rp of the depletion. When the anode voltage in the reverse direction increases, the thickness of the depletion also increases. Therefore, the capacity Cp of the junction decreases and resistance Rp of the junction increases.

V. Ambipolar inverter
For our experiments we consider so called positive logic; this means that a logic 0 will correspond ot a voltage level near GND (or zero volts) and logic 1 is going to attain the voltage level close to Vcc (supply voltage). The suggested assumption is strictly respected throughout the remaining sections of the contribution.

The simplest gate formed from an organic ambipolar transistors is an inverter. Its schematic diagram is depicted on Figure 1 within section II. Of course, when we consider conventional inverter formed by silicon transistors, the top transistor is normally the P-type and bottom is N-type. But when the ambipolar transistors are used, both are of the same type. It means that the transistors will autonomously select their operating mode with respect to their deployment inside a given circuit. This makes the ambipolar inverter resistant to power supply polarity change – if the Vcc and GND are swapped, the type of transistors will change accordingly (N to P and vice versa). Table II below (within its right portion) lists all possible or valid states of the ambipolar inverter, thus demonstrating how it works. This principle is then used in polymorphic NAND and NOR gates, as described, for example, in [6]. These gates will therefore reconfigure their logic function by changing the polarity of supply voltage.

The aim in this perspective is to develop and validate an easily applicable system of polymorphic gates that will behave as described above, and will have the potential to be exploited for construction of nearly any type of logic circuits. For this purpose we need to create a comprehensive system of logical functions – NAND or NOR (polymorphic gates with both functions are already created, see [6]).

TABLE II.  Inverter States Overview
As mentioned before, no circuit is composed solely of polymorphic gates. Due to this fact it is also necessary to design the resistant gates, i.e., those not responding to the change in polarity of the supply voltage in our case. These would then keep their functionality in any polarity.

[image: image6.png]Al

&

171

Ouput

172

|ca |
10pF_Tv2





Figure 4.  Ambipolar inverter equivalent circuit.
It is obviously possible to use the properties of ambipolar transistors for a construction of so called resistant logic gates and similar circuit elements (for clarification see Figure 1). Between the gate and electrodes (Drain, Source) there is inserted a dielectric layer, which is leading to formation of a capacitor between such gate and electrodes. Figure 4 above illustrates the ambipolar inverter replacement scheme, where the gate is replaced by set of capacitors, as explained above. Now assume that V1 is Vcc and V2 is GND. If GND is connected to the input of the inverter, upper capacitor (C1) will be charged, while the bottom one (C3) remains flat. By means of connecting Vcc to this input means that the lower capacitor (C3) gets charged and the upper one (C1) discharged. Which capacitor is charged then determines which transistor will be open (in the first case upper transistor, in second case lower one) and thus obtain the corresponding output voltage. Circuit current can only flow when the capacitors are charging; after that capacitor is charged, the consumption of the inverter is zero. It is of course valid under the ideal conditions and when only one of the transistors is open.
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Figure 5.  Resistant NAND gate basic formation.

A. Resistant NAND Gate
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In Figure 5 above there is shown a resistant NAND gate made up from ambipolar transistors. In order to form the NAND gate, a diode logic is used to create an AND logic function and the result is then inverted by ambipolar inverter. This inverter has also an essential function in this circuit as will be explained later, so it is not possible to omit it and create simple AND gate in such way.
TABLE III.  Overview of Resistant NAND Gate States

 In Figure 5 above, the dominant logic value is zero on inputs A and B, so whenever the logic 0 is applied on either of these inputs, C1 is subsequently charged, and transistor T1 will be opened. Furthermore, the output produce logic 1. Expected V1 is Vcc level whereas V2 is GND in this case. If the inputs A and B in Figure 5 are logic 1 level, the diode is connected in a reverse direction and the current cannot flow thru, but some current flows until barrier capacitor is charged (this property was stated in section Semiconductor diode model). If either input A or B (or both) are connected as logical 0, current flows through diodes, which charges a capacitor C1 or C3 (according to the polarity of the supply voltage) and thus opens the corresponding transistor. The output is then always logical 1, regardless of how the power supply is polarized. The situation is shown in Table III. The meaning of each column is the same as in Table I. Moreover, there are several columns with value C filled in – capacitor is charged (practically capacitor charging takes some time, but it can be ignored here), or D – capacitor is discharged (discharge also takes some time, which we neglect).
B. Resistant NOR Gate

Figure 6 below illustrates the composition of a resistant NOR gate utilizing just two ambipolar transistors. As well as in the previous case, for NOR logic element the solution using the embedding of diode is chosen. The output stage is finally made of the inverter in order to derive the proper logic level corresponding to NOR behavior.
[image: image9.png]V1

5R
R1

-

171

1N4148 v 10pF Ouput

C2 X

172

|C3 I
10pF Ty

INA148  5R
R2




Figure 6.  Resistant NOR gate basic circuit diagram.
If both inputs A and B in Figure 6 gain the same logical value of 0, diodes are then connected in a reverse direction and current cannot flow through. Of course, minute volume of current continues to flow until the barrier capacitor is charged (as stated in Section IV). If either input A or B (or both) are connect to logical 1, the respective diode still conducts current, causing the charging of capacitors C1 or C3 and to open the corresponding transistor. The output will then produce logical 0. As it can be obviously recognized, the dominant logical level in NOR gate is 1.
VI. Simulation of Ambipolar Logic Gate

Transistor-level structure of the polymorphic ambipolar OFET gate with NAND/NOT function was presented in Section II. Due to the actual lack of physical ambipolar devices an alternative model in PSpise environment was defined and closely evaluated (see Figure 7 and 8 below), using CMOS FET transistors with separate substrate connection. Physical interconnection structure of the gate is proposed with the ambipolar behavior in mind because the transition between NAND/NOR function doesn’t involve any additional changes. Just the reversal of Vdd polarity is enough to trigger the mode change. Due to this fact, it was possible to obtain very accurate simulation of the expected ambipolar behavior even without real ambipolar transistors at hand.
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The signal waveforms obtained during the evaluation of NAND mode in PSpice simulation environent. Inputs to the gate are drawn in red and green color respectively, while the output value is shown in blue color.
Figure 8.  The signal waveforms obtained during the evaluation of NOR mode in PSpice simulation environent. Inputs to the gate are drawn in red and green color respectively, while the output value is shown in blue color.
VII. Conclusion
This paper introduced the basic resistant gates, which are essential for the design of polymorphic circuits built upon the fundamental circuit components with the ambipolar property. Considerable attention was already given to the notion of polymorphic gates fabricated with the conventional CMOS technology of its minor adjustments in a number of literature resources. But it’s also vital to take into account the emerging materials and technologies as these evidently tends to mitigate some of the suggested drawback of sticking to the conventional, yet field-proven, fabrication methods. In fact, especially those materials with, for example, inherent ambipolar property may have a significant contribution towards more efficient and reliable design process of various meaningful polymorphic circuit components. Resistant gates introduced here are designed in the way that their topology and electrical properties permit to create them from the same organic materials as other components in such circuits. This is essential for the design of printed electronics, and also facilitates a process of the design flow. Further work will be devoted to the development of additional gates needed to design superior or more extensive polymorphic circuits. For example, reconfigurable transistors taking into account the recent advancements within the field of nanotechnology, like silicon nanowires, integration of graphene layers [11] or carbon nanotubes [9] with semiconducting properties are expected to play a pivotal role in pushing forward the trends connected to the multifunctional or polymorphic electronics world.
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