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MVL circuits,[22] still little is known about 
its basic operation modes and ultimate 
performances associated with the funda-
mental device physics. In this paper, we 
leverage the multiple capabilities of finite-
element simulation to explore hidden 
technological potentials of this organic ter-
nary inverter system. We first set the base 
computational framework composed of 
an optimized set of materials parameters 
that reproduce the major characteristics of 
the fabricated inverter. Then, we provide 
the detailed internal view of the devices, 
notably the current and field distribu-
tion around the critical heterointerface, 
to rationalize different regimes appearing 

in a voltage transfer curve (VTC). Finally, several key param-
eters are deliberately changed to show that the ideal distribu-
tion of ternary levels is possible through engineering of these 
parameters.

Figure 1a shows the structure of the low-voltage organic ter-
nary inverter with relevant physical dimensions. This device is 
taken from ref. [18] as a model system. This particular geometry 
can be regarded either as a single four-terminal macro-device 
or as a simple series circuit connecting an anti-ambipolar tran-
sistor (AAT) and an ordinary n-type field-effect transistor (n-
FET). Despite being totally equivalent, the latter view is helpful 
for explaining the characteristic three-level VTC in terms of the 
voltage divider rule.[23] In this regard, the equivalent circuit of 
the drain-to-source conduction path is simplified as Figure 1b, 
where the two transistors are drawn as variable resistors con-
trolled by the common gate. Using this representation, the task 
of understanding an inverter reduces to clarifying which con-
duction mechanisms make up RAAT and Rn-FET, and how their 
relative strengths change with the input voltage (Vin). Following 
a number of iterative cycles, we arrived at the optimized set of 
parameters that closely mimic the measured VTC. Figure 1c 
directly compares the experimental VTC with that simulated 
with these optimized base parameters (Table S1, Supporting 
Information). Also overlaid here is the simulated drain cur-
rent (Idrain) as a function of Vin, which has the unit of A µm−1 
due to the 2D nature of our simulation (i.e., width-normalized 
currents). When associating the VTC and Idrain curve, one can 
notice that the peak current position in the strongly anti-ambi-
polar Idrain curve coincides with the second transition voltage of 
the VTC (Vin around 2.8 V in this case). The ternary behavior 
of our inverter will now be conceptualized adopting the three-
regime picture, illustrated along with the VTC of Figure 1c.

A key merit of simulation is to precisely solve position-
dependent physical quantities inside a semiconductor, which 
are often difficult to probe experimentally.[24–28] By navigating 
the internal flows of our inverter, we discovered that the  
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The modern information technology is built upon the dig-
ital circuits and systems that translate the electrical signals 
having two distinguishable levels (“0” and “1”).[1] While such 
a “binary” logic holds the maximum simplicity and reliability 
in implementation, the ever-increasing demand for higher 
data per chip area resonates with the constraints on making 
smaller transistors, for this established architecture to quickly 
approach its fundamental limit.[2,3] In this context, multi-valued 
logic (MVL) with n available data levels (n > 2) is gaining huge 
attention.[4–7] Because m discrete devices can accommodate up 
to nm data sets, the information density dramatically increases 
in MVL systems. While various materials such as Si,[8] metal-
oxide semiconductors,[9] or atomically thin 2D materials[10] 
have shown their own possibility, organic-semiconductor MVL 
circuits are particularly well suited for the upcoming internet-
of-things applications,[11] by virtue of materials’ intrinsic low-
cost processability, multifunctionality, synthetic tunability, and 
mechanically flexibility.[12–17]

In 2018, we reported for the first time the organic “ter-
nary” inverters based on a p-n lateral heterostructure and its 
gate-controlled anti-ambipolarity.[18–21] While this novel con-
cept projected a substantial promise for fully organic flexible 
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charge-carrier behaviors and associated conduction properties 
differ drastically at each of the three regimes. Note that we will 
only present and discuss here the horizontal component of the 
vector quantities (i.e., current density and electric field) for sim-
plicity, and in consideration of the ultra-thin layers. Figure 2a 
shows that, in Regime ① (Vin = 0.5 V), the hole current density 

( Jh) is highly localized at the semiconductor/insulator interface 
and is visible over the whole device length. This confirms that 
the gate-induced surface holes at the p-type semiconductor have 
a capacity to substantially diffuse into the n-region, eventually 
reaching the source. In the same regime, the electron conduc-
tion is negligible before the hole counterpart, evidenced by 
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Figure 1. a) Cross-sectional illustration of the organic anti-ambipolar ternary inverters (not to scale). The various physical dimensions are taken from 
the experimental model device. b) Equivalent circuit of the drain-to-source electrical conduction path. c) Symbol: VTC experimentally measured from 
the model inverter. Lines: VTC and current behavior from the optimized simulation device.

Figure 2. a–f) 2D distribution of the horizontal current densities at different Vin conditions (Vdrain = 10 V). The physical quantities were calculated only 
in the semiconductors, that is, from y = 0 to 7 nm and from x = −50 to 500 µm in reference to the axes in (a). The positions of the top three electrodes 
(drain, output, source) and the PMMA insulator are shown as the black and gray boundary regions, respectively. The thick vertical line in each plot 
is the p-n heterojunction interface. g) Strength of the horizontal electric field at the semiconductor-insulator interface. h) Evolution of the maximum 
current densities with increasing Vin.
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the orders-of-magnitude lower electron current density ( Je) in 
Figure 2b. Since the gate field in the n-FET channel pushes 
electrons upward, we can see the depleted, low-Je zone near the 
insulator. It is therefore clear from this analysis that the total 
current ( Jh + Je) in the ATT region is much higher than that 
in the n-FET region, or RATT < Rn-FET, thus the output voltage 
(Vout) is set close to the drain voltage (Vdrain) making up the “1” 
level. In Regime ② (Vin = 2 V), we expect to accumulate charges 
at both semiconductors by the intermediate Vin. As shown 
in Figures 2c,d, the currents are indeed surface-dominant for 
both carriers. Also, it is important to note that the holes and 
electrons are entirely responsible for the conduction at the 
ATT and n-FET, respectively. The magnitudes of currents at 
two transistors are comparable, so the Vout now settles itself at 
the mid-point (“1/2” level). As an additional remark, the cur-
rent levels of Figures 2c,d are substantially higher than those 
of Figures 2a,b, as we enter into the highly conductive state of 
the Idrain curve (Figure 1c). In Regime ③ (Vin = 3.5 V), the p-type 
semiconductor is depleted, while the surviving holes are swept 
and penetrate into the n-region thanks to the horizontal field 
(see explanation below). Nonetheless, the Jh is overall very low 
due to the low carrier density (Figure 2e). On the contrary, the 
n-FET is highly turned-on (Figure 2f), so now RATT > Rn-FET and 
the Vout approaches zero (“0” level).

To support the proposed mechanism, we extracted the 1D 
profile of the horizontal electric field at the semiconductor–
insulator interface starting from the drain edge until the source 
(along the x-axis graphically shown in Figure 2a). Note first 
of all that, at x = 100 µm in Figure 2g, the visibly same built-
in field appears in all cases. At Vin = 0.5 V, except for a strong 
edge effect at x = 350 µm associated with the abrupt carrier-type 
change, the field is practically absent throughout the conduc-
tion path, confirming the diffusive nature of the hole current 
in Regime ①. At Vin = 2 V, substantial fields are expected at both 
transistor regions considering the intermediate Vout giving rise 
to a significant voltage difference toward the drain and the 
source as well. Indeed, Figure 2g illustrates that the field mani-
fests itself at both sides of the output electrode, with the strong 
localization related to the pile-up of free carriers. Especially, the 
high-field region from roughly x = 250 to 300 µm accounts for 
the high-Jh zone in Figure 2c, and originates from the laterally 
confined holes and accumulated electrons (Figure S1, Sup-
porting Information). We can therefore state that the current in 
Regime ② has an additional balance between diffusion and drift 
contributions. In Regime ③ (Vin = 3.5 V), the field is very low at 
the n-FET due to the Vout near zero, while a substantial field 
exists at the p-type semiconductor due to the equivalent reason 
(a large Vdrain − Vout), only to produce a minimal drift current 
carried by a small number of holes.

Another meaningful question is how the half-level voltage 
is kept stable despite the sharp growth of Idrain by increasing 
Vin (Figure 1c). The answer can be sought based on the under-
standing just established for Regime ②. In Figures 2c,d, the fun-
damental reason behind the appearance of the “1/2” level was 
a fairly equal amount of currents at both channels. We extract 
the maximum local current density from Figures 2c,d, and call 
them Jh_max and Je_max respectively. Figure 2h is a helpful illus-
tration that, these maximum current levels increase with Vin 
while keeping their closeness, producing a stable Vout.

Now that we have fully acquired the principles of the fab-
ricated inverter, we are ready to simulate modified character-
istics by changing the input parameters, with an aim to build 
a rational guideline for engineering. In Figure 3a, the three 
critical parameters are designated on the biased energy dia-
gram, which are the two minority carrier mobilities (i.e., µn@p 
for the electron mobility at the p-organic and µp@n for the hole 
mobility at the n-organic) plus Eoffset as the highest-occupied 
molecular orbital (HOMO) offset. Specifically, we acknowledge 
the imperfect balance of the data levels in our current device, 
so define the ternary ratio in Figure 3b as a key figure of merit 
to improve.

Departing from the base value of Eoffset = 0.3 eV (Table S1, 
Supporting Information), we simulated inverters with Eoffset = 
0.1–0.5 eV, and checked the shape change of VTC. Figure 3c 
shows that, justifying the significance of hole diffusion across 
the junction barrier, a small change in Eoffset brought a size-
able shift to both the “1” and “1/2” levels. The “1” level initially 
goes up with Eoffset but starts to go down when Eoffset becomes 
higher than 0.3 eV. In contrast, the “1/2” level constantly goes 
down with increasing Eoffset. The overall behavior is associated 
with the injection efficiency and the localization of holes in the 
p-region, readjusting the resistive ratio. These results show that 
Eoffset has to stay below a certain level for a considerable swing 
of the inverter. Another interesting feature is that the “1/2” 
level can even become higher than the “1” level in the case of 
a minimal barrier. It is evident that the established method of 
molecular level engineering (through synthetic routes or film 
structure control) can be later applied to experimentally tune 
this barrier,[29,30] for precise voltage level assignments. In terms 
of currents, Idrain exhibited an initial sharp decrease followed by 
a partial recovery with increasing Eoffset (Figure S2, Supporting 
Information).

A particularly surprising result was about the variation of 
µn@p. As shown in Figure 3d, reducing it from the base value 
of 10−7 cm2 V−1 s−1 gave a much-needed rise to the “1/2” level, 
with the other levels and even Idrain (Figure 3d inset) practi-
cally intact. This can be carefully interpreted as a consequence 
of the restricted electron penetration to the p-region, which in 
turn cancel out some of the holes diffusing into the n-region 
of the ATT (by recombination) while enhancing the electron 
drift at the n-FET (see Regime ② profiles in Figures 2c,d). Such 
a process can simultaneously increase and decrease the RATT 
and Rn-FET, respectively, so that their sum (and Idrain) remains 
unaffected.

Among possible routes to enhancing the ternary ratio, we 
realize that the systematic control of the minority-carrier mobil-
ities in both semiconductors is highly promising. With a dif-
ferent tendency, the parameter µp@n also substantially manipu-
lates the VTC (Figure S3, Supporting Information), reaffirming 
the importance of the minority-carrier diffusion in our anti-
ambipolar ternary system. We emphasize that this is in stark 
contrast to the traditional organic field-effect transistors, where 
the diffusive contribution is minimal and unipolar conduction 
(by majority carriers) prevails.[31] To this end, we finally per-
formed the VTC simulation of a total of 16 inverters with dif-
ferent combinations of µn@p and µp@n. As Figure 3e suggests, 
the ideal ternary ratio was achievable by overall restricting the 
minority-carrier transport, which can be undertaken by, for 
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instance, the inactivation of corresponding conduction path 
(HOMO of the n-type semiconductor, and LUMO (lowest-unoc-
cupied molecular orbital) of the p-type semiconductor) via syn-
thetic approaches, or by introducing carrier-selective nanotraps 
with a tunable efficiency.[11,32,33]

As we mentioned in a previous review,[34] the notion of p- 
and n-type organic semiconductors differs from the conven-
tional one, in that the type is not solely determined by carrier 
doping but rather by co-consideration of the electrode Fermi 
level and the semiconductor HOMO/LUMO positions.[35] 
Therefore, the concept of minority-carrier transport here 
covers both the intrinsic transfer integral of the respective 
orbital at the molecular level and the external factors such as 
traps at the device level. This partly explains why minority-
carrier mobilities are quite low in Figure 3, while there are 
difficulties in measuring their values in field-effect device 
architecture.[31] Also, the semiconductor–insulator interface is 
critical to the dominant conduction mechanism and the effec-
tive carrier mobilities.[36] In our simulation, the fixed charge 
density at each of the p- and n-type interface region was modu-
lated to adjust the transition voltages of the VTC (Figure S4, 
Supporting Information). We additionally note that the ener-
getic/structural disorder of materials and its effect on density 
of states can have a substantial impact on the charge-injection 
efficiency in organic semiconductors.[37] While the present 
study adopted the simple Schottky-type injection model, more 

specific consideration of the injection mechanism will be 
required for devices with highly disordered active materials 
(e.g., amorphous polymers).

In summary, this article established the critical under-
standing of the newly proposed anti-ambipolar ternary 
inverters based on an organic p–n heterojunction. The complex 
electrical current flows were clarified by providing parametric 
simulations of the terminal characteristics along with the pre-
cise solutions of key physical quantities inside the active layers. 
This holistic approach led to the robust conceptualization of the 
distinct operation regimes, and the theoretically supported per-
spectives of the improved ternary voltage ratio were addressed. 
We believe that the fundamental theoretical insights from this 
study will broadly support increasing experimental efforts on 
organic-based MVL devices,[6] by suggesting a systematic guide-
line for how to choose the semiconducting materials among 
various candidates, and how to tune their physical properties 
aimed at specific target applications. It is worth mentioning 
that, while our inverters employed a lateral junction, vertical 
integration can also be a possible route. Such a structure can 
presumably reduce the operation voltage featuring a thickness-
equivalent small channel length,[38] although fabrication chal-
lenges might arise to incorporate three metal electrodes in 
contact with the semiconductors by separate deposition steps. 
Finally, we emphasize that future studies will have to deal with 
system-level aspects of the proposed logic gate. For instance, 
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Figure 3. a) Energy diagram illustrating the critical charge-injection and conduction components (Vdrain > 0 V). b) Definition of the ternary ratio as a 
key performance metric. c) Effects of Eoffset on the VTC of ternary inverter. d) Effects of µn@p on the VTC of ternary inverter (inset: quasi-invariance of 
the currents). e) Parametric scan of the minority carrier mobilities toward the ideal ternary ratio.
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the static power consumption at the “1/2” level, associated with 
a high driving current, can be optimized for circuit design, 
while trade-offs seem to appear in terms of switching speed 
and fan-out capabilities when reducing this current.

Experimental Section
Simulation Methods: A general-purpose 2D finite-element numerical 

simulator was used for this study (ATLAS, Silvaco, Inc.). The four-
terminal organic inverter device was structurally defined according 
to the physical dimensions given in Figure 1a. The mesh definition 
is critical to the realistic results from finite-element methods, so 
the highest mesh resolution (the minimum cell size of 1 nm) was 
introduced at critical interfaces, while coarse meshes were inserted 
to the bulk regions to compensate for the total computational load. 
All the base input parameters, obtained by fitting of the experimental 
VTC, are listed in Table S1, Supporting Information. The solutions for 
the terminal characteristics and the internal physical quantities were 
obtained self-consistently for the whole mesh with no external lumped 
elements connected, by solving the Poisson’s equation and drift-
diffusion equation, using the Boltzmann carrier statistics and based 
on the Newton method. The numerical estimation of Vout value was 
methodically enabled by the current boundary condition declared at the 
floating output node.
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