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Abstract. In this study, two-dimensional simulation of the microplasma field-effect transistor (MOPFET) was
performed using COMSOL Multiphysics along with BOLSIG+ software and LXCat database. At first, argon
plasma generation in the electric discharge channel was investigated in the case of an RF-biased drain terminal.
The Townsend criterion for self-sustaining discharge was modified by including ion-enhanced secondary ionisation
concerning to the micrometer scale of the discharge gap. The simulation results showed that the level of the gate
electrode voltage serves as a tuner for the MOPFET current, and it changes the gas breakdown voltage. The results
of the 2D simulation showed that the polarity of the gate voltage is crucial for controlling the MOPFET current
and the operation of switching circuitry. To increase current, a new gas mixture was proposed and simulated. The
IDS −VDS characteristic of the MOPFET was obtained with Ar/Hg (98:2). Static transconductance and h FE of the
MOPFET were also evaluated. The results of this study can be used for designing and operating the MOPFET in
an electronic circuit.
Keywords. Numerical simulation; microplasma field-effect transistor; combination of Ar/Hg; amplification
factor.
PACS Nos 52.77.–j; 52.25.–b; 52.30.–q

1. Introduction
In recent years, microplasma devices have been used
in illumination, plasma displays, environmental sensors, chemical analysis, ozone generations [1–4] etc.
A microplasma field-effect transistor (MOPFET) is
similar to the metal-oxide-semiconductor field-effect
transistor (MOSFET) comprising source, drain and
gate electrodes. A MOSFET employs a semiconducting substrate to conduct the current. It has a gate,
whose voltage determines the conductivity of the device.
This ability to change conductivity with the amount of
applied voltage can be used for amplifying or switching electronic signals. A MOPFET uses plasma as the
conducting medium. The area of the electric discharge
gap and the size of the electrodes are in the order of
micrometres. The region between the source and the
drain is filled with a noble gas such as helium, neon
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and argon. Plasma generated between the source and
the drain can carry large current densities. A voltage
applied to the gate interacts with the plasma species,
then modulates the plasma-based drain–source current.
Applying a voltage to the drain ignites the conducting
channel, whereas the gate voltage modifies the electric characteristics of the drain–source channel plasma.
For example, a negative gate voltage increases the
channel electron density which in turn reduces the
breakdown voltage, whereas the positive gate voltage
acts conversely. In MOPFETs, the primary electron
density is controlled by the gate and the drain electrodes. If the gate electrode has a negative voltage, it
will increase the electron density and the ionisation,
and as a result, the channel electric current increases.
At spacings of less than six micrometres between the
drain and the source electrodes, due to the high electric field, the ion-enhanced emission terms should be
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added to the Townsends criterion for self-sustaining gas
discharge which results in Paschen’s curve modification [5,6]. However, if the gate electrode is connected to
a positive voltage, the density of the electron reduces,
thereby the amount of ionisation and channel current
decrease.
The main advantage of these transistors is their resistance to high temperatures and ionising radiation compared to the MOSFETs [6–8]. MOPFETs are reported
by many research groups. For example, Chen et al [9]
investigated a microplasma transistor comprising a low
voltage, controllable electron emitter integrated with an
otherwise conventional microcavity plasma device. The
device could modulate the properties of the microplasma
with low-level voltages [9]. Yuan et al [10] developed a
microplasma transistor that relied on the gate electrode
field effect to make a switching.
The main objective of this research is to simulate
the main parameters of a MOPFET aiming to use in
a circuit. The MOPFET simulation permits to determine the parameters influencing the plasma process on
the circuitry operations. Despite works that have been
performed, MOPFETs still require further studies. The
simulation studies will be of high importance for the
development of MOPFETs and for closing major gaps
in the present state. To do that, we first examined the
effect of gate electrode voltages on the plasma channel
down to micrometre scales taking into account the modified Townsend criterion for self-sustaining discharges.
This modification enabled us to follow a true breakdown voltage for gases known as the sub-Paschen curve.
One of the outcomes of this modification is the proposal
of driving the MOPFETs with a reduced voltage. To
increase the current of the MOPFETs, a suitable gas
mixture such as Ar/Hg was proposed and simulated.
We also studied the MOPFET parameters using the new
gas mixture. Static transconductance, as well as direct
current gain (h FE ) of the MOPFET, were also obtained
and compared with that of a typical MOSFET and a
bipolar junction transistor (BJT). The simulations were
performed using COMSOL Multiphysics (5.3a Version)
software together with BOLSIG+ and LXCat software.
Using two-dimensional simulations, we obtained the
evolutions of electron density, ion density, electric field,
electrical potential and voltage–current characteristics
as well as electrical specifications of the MOPFET. The
results of this work can be used for designing and fabricating MOPFETs.
The paper is organised as follows: In §2, governing
equations and the simulation geometry are introduced.
In §3, the simulation results for RF biased MOPFET
working with argon gas are explained and in §4, the
results of the Ar/Hg mixture are discussed. In the end,
in §5, conclusions are given.
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2. Governing equations and simulation geometry
2.1 Governing equations
In this section, we introduce the governing equations of
fluid dynamics that were used in this simulation. Surface
chemistry was used to take into account reactions of
different species, rate of production and losses occurred
at the surface of the electrodes. The electron density and
the electron mean energy are calculated by solving the
pair of propulsion and propagation equations. Equations
(1) and (2) show the electron density and electron flux,
respectively [11]:
∂n e
 e = Re − (
+∇ ·
u · ∇)n e
∂t
 e = −(μ
 e − De · ∇n e ,
 e · E)n


(1)
(2)

where n e is the electron density, De is the electron dif e is the electron flux, u is the
fusion coefficient and 
average fluid velocity of the species and Re is the rate
of electron production. The electron flux consists of two
terms: a term caused by the electric field and the other by
the density gradient. The electron energy density equation is
∂n ε
 ε + E · 
 e = Rε − (
+∇ ·
u · ∇)n ε ,
(3)
∂t
 ε = −(μ
 ε − Dε · ∇n ε ,
 ε · E)n
(4)

 ε indicates the amount of energy gained by
where E · 
the electron from the electric field. Rε is the energy rate
stemmed from inelastic collisions, which are obtained
from the following equation:
Rε = Sen + (Q + Q gen )/q,

(5)

where Sen is the power dissipation, Q gen is the main
source of heat and q is the electron charge. The electron
diffusion coefficient De , energy mobility με and energy
diffusion coefficient Dε are obtained from the electron
mobility:
 
5
μe .
(6)
Dε = με T, De = μe Te , με =
3
We used the Townsend coefficients by assuming that
the electron source can be calculated from the following
equation:
Re =

M


x j α j Nn |e |,

(7)

j=1

where M is the number of reactions, x j is the molar
fraction of the target species for the reaction j, a j is
the Townsend coefficient for the jth reaction and Nn is
the total number of neutral particles. Assuming that p is

Pramana – J. Phys.

(2021) 95:56

Page 3 of 9

the number of non-elastic collisions of an electron, we
have
Rε =

P


x j α j Nn |e |ε j ,

(8)
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where ϕ and Si are the electrostatic potential and rate of
change of electron density, respectively.
2.2 Geometry and mesh

j=1

where ε j is the energy dissipation from the jth reaction. In non-electron species, the following equations
are solved for each mass fraction:
∂wk
+ ρ(
u · ∇)wk = ∇ · jk + Rk ,
(9)
ρ
∂t
 · jk is the energy
where wk is the density of ions and ∇
flux of the ions. The electrostatic field was calculated
by the following equation:
∇ · (ε0 εr E) = ρ,

(10)

where ε0 is the permittivity of vacuum and εr is the relative dielectric coefficient. According to the boundary
conditions for electron flux and electron energy flux, we
have the following relations:
 

1


− n · e =
νe,th n e −
γ p ( p · n )
(11)
2
p
 

5


− n · ε =
νe,th n ε −
ε p γ p ( p · n ).
(12)
6
p
The second term on the right side of eq. (11) indicates
that the electron is produced according to the secondary
emission and γ p is the secondary emission coefficient.
In this simulation, the distance between the electrodes is
assumed to be of several micrometres. The ion-enhanced
emission term was added to the secondary emission by
γ  , which is due to the high electric field in the channel
[12]. Under these conditions, the Townsend criterion for
a self-sustaining discharge is written as [12–14]
(γi +

γ  )[e A Pd exp(−B Pd/Vb ) − 1] = 1,

Figure 1 demonstrates a typical structure of the MOPFET
with three terminals: gate, drain and source. The plasma
channel and the terminals constitute a transistor.
The electric discharge region was chosen to be a rectangle (ABZN) having a length of 5 μm and a width of
0.15 μm, as shown in figure 2. The dielectric region
was a rectangle (ZNCD) having a length of 5 μm and a
width of 0.025 μm. Argon gas was used as the medium
for plasma production, in this stage. In figure 2, the
drain and source are denoted by EF and HK, respectively. The gate electrode (ST) was embedded at the
bottom of the conduction channel and has the same distance to the other electrodes. The length and thickness of
the drain, source and gate electrodes were chosen to be
0.12 μm and 0.01 μm, respectively. Newman’s condition [15] was applied to the outer boundaries (AB, BN,
NC, CD, DZ, ZA). The boundary condition of surface
charge accumulation (–n̂ · (D1 −D2 ) = ρs ) was defined
on the dielectric surface (ZS, TN). Figure 3 shows the
reference of the computational geometry and the meshed
computational domain. Triangular elements were used
to mesh the geometry, and the mesh setting was selected
to be extremely fine.

(13)

where γi is the secondary emission coefficient for bombarding ions, A and B are empirical constants for a given
gas, P is the pressure in Torr, d is the distance in cm
and Vb is the breakdown voltage in volts. By taking into
account γ  , one can explain the true breakdown voltages in the micrometre scale which is known as the
sub-Paschen curve. On the surface of the electrodes,
ions and excited species were neutralised by surface
reactions. Surface interactions on the electrodes were
simulated using the coefficient β j , which determines the
probability of operating j species. For the ion species
in the discharge, the conjugation equation is as follows:
∂n i
+ ∇ · (n i u) = −∇ · (μi n i qi ∇ϕ − Di ∇n i ) + Si ,
∂t
(14)

Figure 1. Arrangement of the source, drain and gate terminals in a MOPFET.

Figure 2. Schematic of geometry simulation.
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Figure 3. Schematic of the grid structure.

3. Simulation for Ar gas

Table 1. Input data for RF-biased MOPFET.
Name

Expression

Description

P0
T0
μN
Ne0
E0

760 Torr
293.15 K
3× 1024 (V S m)−1
1× 108 m−3
4V

Gas pressure
Gas temperature
Reduced electron mobility
Initial electron density
Mean electron energy

3.1 RF-biased MOPFET

Input data such as gas temperature and gas pressure,
initial electron density and average energy of primary
electrons are listed in table 1. The electron transport
and impact reaction rates were obtained by solving the
zero-dimensional Boltzmann equation using the Bolsig
+ solver [16]. The collision cross-sections are from the
LXCat database [17]. Table 2 shows the dominant reactions in the plasma channel. When an RF bias is used
for the drain, the excitation potential is assumed to have
the form of VRF = Vapp × sin ωt, where ω = 2π f and
f = 13.56 MHz.

At first, we applied an RF voltage of 300 V to the drain
electrode and DC voltages of 50 and −50 V to the gate
electrode. The source electrode was grounded. Then the
electron and ion densities were obtained inside the gate
electrode. Figures 4–7 show these evaluations for different values of the gate electrode. It is seen that the
gate voltage influences the electron and ion densities
and localisations inside the plasma channel, drastically.
These species comprise the current in the MOPFET. The
maximum electron and ion densities, near the gate electrode for gate voltages of +50 V are 1.4×1013 and 5 ×
1014 m−3 , respectively. The electrons distributed substantially around the gate electrode, whereas the ions
near the source electrode. The ion density near the gate
was negligible when their number density around the
source was considered. When the gate bias was −50 V,
there was a distribution of electrons around the drain and
source electrodes substantially, whereas there was localisation of ions around the source electrode. In this case,

Table 2. The dominant reactions in the plasma channel for Ar gas when RF biase is used
[17].
Reaction number

Reaction

Value

R1
R2
R3
R4
R5
R6
R7
R8
R9

e + Ar → e + Ar
e + Ar → e + Ar ∗
e + Ar ∗ → e + Ar
e + Ar → 2e + Ar +
e + Ar ∗ → 2e + Ar +
Ar ∗ + Ar ∗ → e + Ar + Ar +
Ar ∗ + Ar → Ar + Ar
Ar + → Ar
Ar ∗ → Ar

0 (eV)∗
11.5 (eV)∗
−11.5 (eV)∗
15.8 (eV)∗
4.427 (eV)∗
6×1016 (m3 /s)
3×1023 (m3 /s)
1
1

( Elastic)
(Excitation)
(Excitation)
(Ionisation)
(Ionisation)

∗ Energy

loss
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Figure 4. Electron number densities vs. position in the
plasma channel at t = T/8, T/4, T/2, 3T/4 and T with the
gate voltage Vg = +50 V.

the maximum densities of the electrons and ions are
1.1× 1013 and 3× 1015 m−3 , respectively. Between gate
voltages +50 and −50 V, the latter leads to the significant occupation of the plasma channel by the electrons
and positive ions. This, in turn, increases the current density carrying by the MOPFET by preventing the electron
flux to the gate electrode. This means that the current in
the MOPFET is greater than that of the case with +50
V gate biasing. Figure 4, for Vg = 50 V) shows the distribution of electron density at different time intervals.
Applying a positive voltage to the gate electrode causes
the electrons to be attracted substantially to it (t = T )
and increases the drain–source voltage for the gas breakdown. But when negative voltage (Vg = −50 V) is
applied to the gate electrode at different time intervals
as in figure 6, the ions are sunk into the gate and practically more electrons in the plasma channel participate
in the ionisation process, and subsequently, the drain–
source breakdown voltage reduces. According to figures
5 and 7, the lowest and highest ion densities occurred
at Vg = +50 V and Vg = −50 V, respectively, in an
alternating period. The highest value occurred near the
drain electrode and the lowest value occurred near the
gate electrode.
It can be concluded that the gate current depends
strongly on gate voltage. This, in turn shows the switching capability of the MOPFET in an electronic circuit.
Figure 8 shows the distribution of electron temperature inside the plasma channel vs. gate voltages. It is
seen that the electron temperature is very low around
the gate with −50 V, while it reaches 29000 K for a gate
voltage of +50 V.
3.2 IDS −VDS characteristics of the DC-biased
MOPFET
In this case, the drain was biased by the direct current
voltage, whereas the source was grounded.
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Figure 5. Ion number densities vs. position in the plasma
channel at t = T/8, T/4, T/2, 3T/4 and T with the gate voltage
Vg = +50 V.

Figure 6. Electron number densities vs. position in the
plasma channel at t = T/8, T/4, T/2, 3T/4 and T with the
gate voltage Vg = −50 V.

Figure 7. Ion number densities vs. position in the plasma
channel at t = T/8, T/4, T/2, 3T/4 and T with the gate voltage
Vg = −50 V.

Figure 9 shows the IDS –VDS variations for different
gate voltages ranging from –20 to 20 V and for the
drain voltages ranging from 10 to 100 V. Both electrodes
were biased by the DC voltages. The negative values of
the gate voltage lead to large amounts of current in the
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Figure 8. Distribution of electron temperature by applying different voltages to the gate electrode (+50 V and – 50 V) when
T = 7.38 × 10−8 s.

Figure 9. IDS −VDS characteristic curve for the MOPFET
with DC biased for different values of gate voltage Vg .

plasma channel. These results are in agreement with that
of the experimental works [6,7]. By increasing the positive voltage of the gate electrodes, electric discharge of
the gas occurs at higher voltages of the drain electrode.

its interaction with electrons determines the overall discharge characteristics. The presence of mercury leads to
the formation of electronically excited mercury atoms.
The excited mercury atoms react with argon and mercury, resulting in the production of many electrons inside
the channel. This is because the ionisation energy for
mercury is only 10.44 eV compared to 15.7 eV for argon.
Table 3 shows the reactions used in this simulation for
Ar/Hg mixture. The rate constants were obtained from
the solution of Boltzmann’s equation for the electron
energy distribution [16,17].
Figure 10 illustrates the voltage–current characteristic curve for the DC-biased MOPFET working with Ar
and Ar/Hg in the channel. It is seen that adding mercury to the plasma channel, the drain voltage reduces
considerably in comparison with the Ar gas.
As can be seen, the addition of mercury to the plasma
channel not only increases the drain current but also
reduces the drain voltage for operation with negative
gate voltages.
4.2 Static transconductance coefficient and DC gain
(h FE ) of the Ar/Hg MOPFET

4. Simulation for Ar/Hg (98:2)
4.1 IDS −VDS characteristics of Ar/Hg MOPFET
To study the MOPFET with Ar/Hg mixture, the distance between the drain and the source electrodes was
chosen to be 4 μm and the gap between the gate and
the other two electrodes to be 1 μm, according to the
geometry of figure 2. The drain electrode was biased by
DC voltage (0 to 200 V) and the gate electrode biased
at +30 and −30 V. The channel pressure was chosen to
be 760 Torr. The simulations were conducted both for
argon and Ar/Hg (98:2) mixture for comparison. The
low ionisation threshold for mercury atoms means that
even though mercury is present in small concentrations,

The static transconductance of a MOSFET and the
amplification factor of a BJT are important parameters
in transistor specification. The static transconductance
is obtained by


 dIDS 
,

gm = 
dV GS 
where dIDS indicates the drain–source current derivative and dV GS is the gate–source voltage derivative. gm
is computed to be 1 and 1.1 nS for VD = 90 and 100 V,
respectively. The results of the simulations for IDS –VGS
are illustrated in figure 11. h FE or βDC = Ic /I B of a
solid-state BJT transistor is the current gain (amplifica-
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Table 3. Electron impact reactions considered for the MOPFET channel. The species in their specific energy states are
abbreviated as Hg1 = Hg (63 P0 ), Hg2 = Hg (63 P1 ), Hg3 = Hg (63 P2 ) [16,17].
Reaction
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
R40
R41
R42
∗ Rate

Formula
e+ Ar → e+ Ar
e+ Ar → e+ Ar*
e+ Ar → e + e+ Ar+
e+ Ar* → e+ Ar
e+ Ar* → e + e+ Ar+
e+ Hg → e+ Hg
e+ Hg → e+ Hg1
e+ Hg → e+ Hg2
e+ Hg → e+ Hg3
e+ Hg → e + e+ Hg+
e+ Hg1 → e+ Hg1
e+ Hg1 → e+ Hg
e+ Hg1 → e+ Hg2
e+ Hg1 → e+ Hg3
e+ Hg1 → e + e+ Hg+
e+ Hg2 → e+ Hg2
e+ Hg2 → e+ Hg
e+ Hg2 → e+ Hg1
e+ Hg2 → e+ Hg3
e+ Hg2 → e + e+Hg+
e+ Hg3 → e+ Hg3
e+ Hg3 → e+ Hg
e+ Hg3 → e+ Hg1
e+ Hg3 → e+ Hg2
e+ Hg3 → e + e+ Hg+
Ar* + Ar* → e+ Ar + Ar+
Ar* + Hg → e+ Ar + Hg+
Ar* + Hg1 → e + Ar + Hg+
Ar* + Hg2 → e+ Ar + Hg+
Ar* + Hg3 → e+ Ar + Hg+
Hg3 + Hg3 → e+ Hg + Hg+
Hg3 + Hg2 → e+ Hg + Hg+
Ar+ + Hg → Hg+ + Ar
Ar+ + Ar → Ar + Ar+
Hg+ + Hg → Hg + Hg+
Hg2 → Hg
Ar∗ → Ar
Ar+ → Ar
Hg1→ Hg
Hg2 → Hg
Hg3 → Hg
Hg+ → Hg

Type
Momentum
Excitation
Ionisation
Superelastic
Ionisation
Momentum
Excitation
Excitation
Excitation
Ionisation
Momentum
Superelastic
Excitation
Excitation
Ionisation
Momentum
Superelastic
Superelastic
Excitation
Ionisation
Momentum
Superelastic
Superelastic
Superelastic
Ionisation
Penning
Penning
Penning
Penning
Penning
Penning
Penning
Charge exchange
Charge exchange
Charge exchange
253 nm
Surface reaction
Surface reaction
Surface reaction
Surface reaction
Surface reaction
Surface reaction

Energy loss (eV)
0
11.56
15.80
−11.56
4.24
0
4.66
4.87
5.43
10.44
0
−4.66
0.21
0.77
5.78
0
−4.87
−0.21
0.56
5.57
0
−5.43
−0.77
−0.56
5.01
1 × 10−15 (m3/s)*
9× 10−16 (m3/s)*
9× 10−16 (m3/s)*
9× 10−16 (m3/s)*
9× 10−16 (m3/s)*
3.5× 10−16 (m3/s)*
3.5× 10−16 (m3/s)*
1.5× 10−17 (m3/s)*
4.6× 10−16 (m3/s)*
1× 10−15 (m3/s)*
8× 105 (m3/s)*
–
–
–
–
–
–

constants were obtained from the solution of Boltzmann’s equation for the electron energy distribution [16,17].

tion factor) and denotes the base current amplification
in the circuit [18]. To get MOPFET specifications for
a probable application, we obtained the gain factor of
the MOPFET according to figures 1 and 2 with Ar/Hg
as the working gas. We analysed βDC = ID /IG as the

gain factor for the MOPFET. The results are illustrated
in figure 12 vs. gate voltages for different values of drain
voltage. It is seen that the gain factor varies between 42
and 86, a reasonable gain factor in comparison with a
BJT transistor.
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5. Conclusions

Figure 10. IDS –VDS characteristic curve of the MOPFET for
Ar and Ar/Hg for different values of gate voltage Vg .

Figure 11. IDS –VGS characteristic curve for gm computations.

A microplasma field-effect transistor uses plasma as the
conducting channel while the metal oxide semiconductor field-effect transistor uses P or N semiconductor
channel. In both devices, the gate voltage controls
the switching or amplifying electronic signals. In a
MOPFET, electrons and positive ions are the charge
carriers, but in a MOSFET, electrons and holes carry the
current. In this simulation, the modification in the ioninduced electron extraction from the terminals enabled
us to excite the MOPFET with true operation voltages.
The gate voltage determined the gas breakdown in the
channel, efficiently. It was shown that the larger positive
gate voltages led to a decrease in electron number densities as well as ion densities. The positive voltages of the
gate produce a substantial electron flux to the gate and
reduce the drain current, whereas the negative gate voltages increase the charge carrier densities. The results of
this simulation are in good agreement with that of the
experimental works and showed that the gate polarity
determines the direction of the electron flux in the channel leading to the MOPFET’s ability for switching in
electronic circuits. A new gas mixture, comprising argon
and mercury (98:2) was proposed to fill the transistor
channel, to reduce biasing and exciting voltages. This
was due to the low ionisation energy of mercury. The
gain factor and static transconductance of the MOPFET
were analysed, and the former has a reliable level when
compared with that of the bipolar junction transistors.
Despite works that have been accomplished, MOPFETs
still require subtle studies. The results of this work can
be used for designing and fabricating MOPFETs for
employing in digital and analog circuits.
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