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Abstract: Advancement of classical silicon-based circuit technology is approaching maturity and
saturation. The worldwide research is now focusing wide range of potential technologies for the
“More than Moore” era. One of these technologies is thermal-electronic logic circuits based on the
semiconductor-to-metal phase transition of vanadium dioxide, a possible future logic circuits to
replace the conventional circuits. In thermal-electronic circuits, information flows in a combination
of thermal and electronic signals. Design of these circuits will be possible once appropriate device
models become available. Characteristics of vanadium dioxide are under research by preparing
structures in laboratory and their validation by simulation models. Modeling and simulation of these
devices is challenging due to several nonlinearities, discussed in this article. Introduction of custom
finite volumes method simulator has however improved handling of special properties of vanadium
dioxide. This paper presents modeling and electro-thermal simulation of vertically structured devices
of different dimensions, 10 nm to 300 nm layer thicknesses and 200 nm to 30 µm radii. Results of this
research will facilitate determination of sample sizes in the next phase of device modeling.
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1. Introduction

Miniaturization of electronic devices’ feature size is the primary driver of computing development.
Scaling down has been described by Moore’s law for many years. Recently, complimentary
metal–oxide–semiconductor (CMOS) scaling down has been slower than ever before owing to scaling
limits that appear on very small dimensions. The technological advancement described by Moore’s
Law for CMOS technology since the past 50 years is expected to flatten out completely by 2025 [1,2].
Finding “Beyond CMOS” solutions has become more essential to keep the computing advancement
flourishing. It takes about 10 years for a new technology to move from the laboratory to mass production,
for example, FinFET [1]. There are several potential “More than Moore” devices in laboratories [3],
but currently, none is in a phase to state that this will be the successor.

A report commissioned by the Defense Technical Information Center (DTIC) [4] proposes four
basic computational models: classical digital computing, analog computing, neuro-inspired computing
and quantum computing. The latter three areas are suitable for solving special problems much more
effectively than before; however, they are generally not able to replace traditional tasks where classical
digital computing performs well, such as 3D graphics, mobile devices and similar others.

Architecture specialization can help to increase computing power for a while [5], for example,
the use of tensor processing units (TPUs) developed for artificial intelligence (AI) [6] or the wider use
of field-programmable gate arrays (FPGAs) in data centers [7]. The degree of specialization is well
illustrated by the fact that there were 4 separate accelerators in the Apple A4 system on a chip (SoC),
28 in the A8, and more than 40 in the A12 [8]. Another way to increase the performance of CMOS
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technology-based systems is to use design and technological developments such as chip stacking in
3D using through-silicon vias (TSVs) [9], advanced energy management, near-threshold voltage (NTV)
operation and application of an increased number of metal layers [3].

Following are some more promising future devices compatible with CMOS technology [10]:

• In a tunneling FET, conduction occurs through band-to-band tunneling. Gate voltage shifts the
energy bands and changes the probabilities of tunneling [11].

• In a graphene pn-junction, transmission or a total internal reflection of electrons occurs
by switching the electrostatic p and n doping of graphene by applying voltage to
electrodes. The current routes to one or other output of the device [12].

• The bilayer pseudospin FET is an orbitronic device. Holes are injected into one monolayer of
graphene and electrons into another monolayer and they may bind into excitons. The excitons
may relax into a Bose–Einstein condensate (BEC) state. The current between source and drain
first grows with the increase of voltage and then decreases as the carrier imbalance destroys BEC
causing negative differential resistance [13].

• Spintronic devices are based on magnetic dipoles represented by electrons with polarized spins
or ferromagnetic elements. Spintronic devices are nonvolatile (preserve the state when the power
is turned off). Some possible types are as follows: The SpinFET combines a MOSFET and a
switchable magnetic element [14]. The spin transfer domain wall device operates by the motion
of a domain wall in a ferromagnetic wire [15]. The spintronic majority gate uses ferromagnetic
wires and majority of the input currents’ directions sets the direction of magnetization [16]. In the
all spin logic device, nanomagnets are placed over a copper wire and a diffusion spin current
exerts a torque on a nanomagnet to switch its polarization [17].

In this article, we discuss a potential device that is compatible with CMOS integration and in which
information transmits by two physical processes: electrical and thermal. This device is the phonsistor
(a portmanteau of “phonon transistor”) [18]. A digital circuit can be built from this device, which is
called thermal-electronic logic circuits (TELC) [19,20]. TELC can be implemented using materials that
have semiconductor-to-metal transition (SMT). Vanadium dioxide (VO2) has shown properties as a
good candidate for implementation of TELC structures with its SMT at around 67 ◦C [21].

Vanadium dioxide has some special properties whose investigation is not yet complete. Its optical
properties [22], the relationship between SMT and structural phase transition [23,24], the nature of
SMT [20,25] or the monoclinic metallic phase [26] are studied. Its applications cover many areas such
as thermal rectification [27,28], high performance electromechanical switches [29], smart window
coatings [30], neuromorphic devices [31,32] and non-volatile memory arrays [32]. Phonsistor and
TELC are not the only transistor-type applications, we also find examples of purely thermal transistors
in the literature [33,34].

VO2 encounters electrical resistivity change when it exposes to heat. The material shows much
lesser ability to conduct electrical current at room temperature than at higher temperatures. Moreover,
the resistivity drops steeply around 67 ◦C (340 K), changing the material electrical properties to
a conductor. The transition from a low-conducting phase to a high-conducting phase is called
“semiconductor-to-metal transition” (SMT). Phase transition occurs due to the sudden change in
the structure of VO2 from the tetragonal structure (at low temperatures) to the monoclinic structure
(at high temperatures) [19]. Figure 1 illustrates the electric resistivity change by 3 to 4 orders of
magnitude versus temperature. The electro-thermal behavior of VO2 is highly technology-dependent.
It also depends on the manufacturing process and the substrate [35–37].
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Figure 1. Temperature dependence of the resistivity of vanadium dioxide for (100) VO2; based on [20].

A simple phonsistor consists of two components: a heating resistor and an SMT resistor. The heat
generated by Joule heating in the resistor transports by phonons to the SMT resistor by diffusion.
This process is similar to the diffusion of minority charge carriers at the base of a bipolar transistor.
The switching voltage and holding current of the SMT resistor decrease due to external heating; this is
the role of the heating resistor [38]. The abrupt variation in the VO2 electric resistivity makes it capable
of switching on and off electrically depending on its thermal state. Hence the term “thermal-electronic
logic circuits” (TELC) is used.

Figure 2 shows a sample TELC structure where R1, R2, R3, R4, and R5 are conventional resistors
and V1, V2, and V3 are VO2 SMT resistors. For instance, V1 switches ON if R1 AND R2 are both ON.
V2 switches ON if R3 OR R4 is ON. Combinations that are more sophisticated can be implemented
by altering the ambient temperature, driving current, elements sizes, distances between the resistors
and their locations. When the driving current flows in the conventional resistors, the Joule-heating
will heat them and the generated heat will diffuse to the surrounding by convection. With enough
heating delivered, VO2 SMT resistors will reach the desired temperature to drop the resistivity value
and transition to the conducting phase. This action allows current to pass through VO2 SMT resistors.
Furthermore, heat dissipation layers inserted between each section of the structure is important to
prevent heat overlapping.
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Figure 2. Implementation of VO2 thermal switching in a TELC circuit.



Energies 2020, 13, 3447 4 of 15

Many problems still need solutions to implement the circuit shown. For example, how the
dimensions of an SMT resistor affect the electro-thermal characteristics of the device needs clarification.
This paper investigates that how the characteristics of vertical VO2 resistors depend on their sizes by
simulation. Previously, we studied lateral structures by performing high-resolution electro-thermal
simulations using a range of different dimensions [39]. Measurement results for lateral TELC structures
are also available in [40].

The goal of our long-term study is designing and creating real TELC structures that require a
comprehensive study of VO2 thin films’ behavior along with how these structures act at different
dimensions, arrangements and ambient temperatures. In this article, we examine VO2 based vertical
structures at different dimensions.

2. Experimentation

Standard CMOS technology steps were used to prepare the samples for vertical thermo-electrical
device test in Figure 3. The substrate was an n-type Si with 3.5 × 1017 cm−3 dopant concentration for
better spreading resistance of the vertical structure. The 100 nm SiO2 insulator layer was grown by
thermal oxidation. A window was etched into the insulator layer that will be the active conductive
channel shape of the vertical structure. The VO2 layer (approximately 50 nm thin) was deposited by RF
sputtering at 650 ◦C high temperature. The radii of the window changed between 10 µm up to 100 µm.

Si

SiO2

VO2 layer

Pt contacts

Figure 3. Cross-sectional view of the vertical VO2 structure prepared in the lab.

For the tailoring of SMT layer, wet chemistry was applied to remove the surround cover area of
the window. The top and collector Pt contacts (approx. 10 nm thin) of devices were also prepared by
RF sputtering. Standard optical lithography was applied to transfer the patterns during technology
steps. During the vertical structure preparation, lateral structures were prepared to check the SMT
layer quality and functional operation. The dimensions of VO2 channels in lateral structures were
100 µm × 700 µm.

Probe station was used for electrical measurement of samples. The electrical measurement
was carried out by Keithley SourceMeter and samples were elevated at different environmental
temperatures by a Cole-Parmer Thermostat System.

3. Electro-Thermal Simulation

To study thermal-electrical circuits by simulation, a distributed parametric simulator is required,
typically with some finite algorithm (FDM, FEM, FVM). The difficulty of simulation is illustrated by
the fact that the resistivity of VO2 changes rapidly as a function of temperature (see Figure 1) and the
characteristic has a hysteresis.

Steep characteristic is the bigger problem. One consequence of this is developing of more
stable working points. Figure 4 shows a VO2 resistor. If a small current is applied to the resistor,
whose temperature has increased (because of Joule heating), it does not reach the level required for the
phase change, the current density will be of same magnitude throughout the resistor volume. At higher
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driving currents, the temperature begins to rise. In the part of resistor that first reaches the required
temperature for phase change, the resistivity suddenly decreases and the current density increases.
In the remaining resistor, however, the current density decreases and thus the temperature also
decreases. The positive feedback results in vast majority of current flowing in a hot channel between
the anode and cathode. If the material of resistor, structure and environment are homogeneous,
the channel forms in the centerline of resistor. However, if this is not the case, the channel may create
elsewhere, or even more channels may create. In consequence, a steady-state simulation that takes
into account the process of current and temperature distribution must be performed. This example is
achieved by time-domain simulation.

Cathode

Anode

VO2

(a)

°C

(b)

°C

(c)
Figure 4. A 200 µm × 20 µm × 0.5 µm VO2 resistor: (a) Structure; (b) Temperature distribution at low
current (2 mA); (c) Temperature distribution at high current (8 mA).

The structure of the device shown in Figure 4 and the boundary conditions of the simulation are
the same as those of the device shown in [41]. The 200 µm × 20 µm × 0.5 µm VO2 resistor is directly
connected to the platinum anode and cathode. There was 25 ◦C air above the device, and the bottom
was connected to a cold plate at 50 ◦C. In the simulation, the driving current was increased in 2 mA
increments up to 20 mA and then decreased in the same increments to 0. The temperature distribution
is shown in Figure 4b is for the increasing 2 mA, while the distribution is shown in Figure 4c is for the
decreasing 8 mA. In [41], the process of channel formation and termination can be viewed in a series
of images.

Another problem arising from the steep characteristic is that the simulation is difficult to
converge. In the literature, we find that either electro-thermal simulation results for very specific
VO2 structures [29,42], or they achieve the convergence by applying special boundary conditions [43].
In the case of thermal-electrical circuits, these solutions cannot be applied. Our attempts with ANSYS
ended in failure, so we made the custom, finite volumes method based simulator developed at the
department suitable for handling the special properties of vanadium dioxide [41].

3.1. Computational Method (SUNRED)

In the custom simulator, the examined structure divides by a grid into elementary rectangular cells
and each cell is filled with a homogeneous material see Figure 5a. The real structure is three-dimensional
as the figure shows a layer of it for clarity. The elementary cells are modeled by a circuit. Adjacent
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elementary cells are connected by an electrical and a thermal line (the ground is not marked), as shown
in Figure 5b. The model obtained from the finite volume method gives the internal structure of
elementary cells [44].

A typical structure is shown in Figure 5c. Dissipation caused by current flowing in the electrical
part is realized by the dependent power source of the thermal model. Electrical and thermal circuit
elements are temperature dependent. The computational task is to determine the voltages and
temperatures with knowledge of the excitations and boundary conditions. The simulator performs
the solution by successive network reduction method (SUNRED). Figure 5d, which merges cell pairs
in each step, knocks out the internal nodes from the equations until finally, a single cell remains.
The boundary conditions are applied to this cell, and then the voltages and temperatures of the internal
nodes are calculated in a series of successive backward substitution steps.

(a) (b)

(c)
(d)

Figure 5. Operation of the custom solver (for clarity in 2D): (a) Dividing the model into elementary
cells; (b) Model network built from elementary cells; (c) Electro-thermal elementary cell, red: thermal,
blue: electrical; (d) Successive network reduction.

In the time domain, the solution is done by the backward Euler method, and the nonlinear
calculation is by successive approximation. A heuristic method is used to deal with the extreme
nonlinearity of VO2, details of which are described in [41]. Having more than one value of resistivity at
one temperature value, in addition to the memory effect in VO2, make the hysteresis loop essential in
the materials resistivity function. The hysteresis of the resistivity of VO2 is modeled by a parallelogram,
see Figure 6.

3.2. Hysteresis Model

The resistivity function consists of two domains in SUNRED, normal domain and hysteresis
domain. In the hysteresis domain, resistivity is multi-valued and any resistance-temperature
combination can occur, not just the edges. For instance, when the structure temperature is raised
starting from the room temperature 25 ◦C, resistivity drops linearly in the temperature range
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(T0 = 25 ◦C, T1 = 58 ◦C). In the following temperature range (T1 = 58 ◦C, T2 = 64 ◦C), resistivity remains
constant in the hysteresis domain. The material phase change begins above T2 and hence triggers
the semiconductor-to-metal transition. SMT leads to a sharp drop in resistivity in the temperature
range (T2 = 64 ◦C, T4 = 73 ◦C). At 73 ◦C, the material encounters a full phase transition and resistivity
above this temperature is always constant. If the temperature between T2 and T4 starts to decrease,
the resistivity remains constant until it reaches the T3-T1 section. It then goes to section T3-T1 to T1 and
then T0. During the cooling phase, resistivity function does not follow the same pattern as the heating
phase because of the hysteresis. It remains constant until reaching T3 = 67 ◦C. A reverse phase change
occurs in the temperature range (T3 = 67 ◦C, T1 = 58 ◦C), bringing VO2 back to the nonconductive state.
Resistivity moves up linearly on further reduction of temperature [41].
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T4T3

T0
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Figure 6. Hysteresis model in the custom simulator.

3.3. Geometry of the Simulated Structure

An equivalent geometry of our vertical structure in Figure 7 is built in the SUNRED simulator
(r = 10 µm, h = 50 nm). The VO2 layer is sandwiched between platinum and silicon layers. The silicon
substrate layer is 6.2 mm× 6.2 mm and 0.3 mm thickness. For faster simulations and simplicity, the quarter
of the entire geometry is simulated. In this case, electric current must be multiplied by four while describing
the full structure and the cavity length (r) represents the radius of the whole cavity. The bottom of the
substrate (the bottom boundary condition) is a heat transfer coefficient (HTC) specified in Section 4.
All other sides have a boundary condition of 10 W/m2 K HTC (the value for air).

 

Platinum 

Si bulk 

 
SiO2 

VO2 

Cathode-Pt 

Anode-Pt 

h  

 

r

Figure 7. SUNRED model for VO2 vertical resistor.

3.4. Excitation Required for the Simulation

SUNRED capabilities allow different methods for creating excitation in the simulated structure.
Electrical current, power (heat flow), voltage and temperature are the available options. For our study,
we use electric current on the anode as excitation for the structure. The principal is to assign a different
current value in each simulation step. Setting the cathode as the electric ground of the geometry (electric
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potential = zero) initiates the direction of the electric current from anode to cathode. Optimal path for
the current is to pass through VO2 and Si, reaching the cathode and creating the current flow because
air and SiO2 have high resistivity (refer to Figure 3).

The simulation starts with a low excitation current and gradual increase in each step. Driving current
warms up VO2 layer above the ambient temperature (50 ◦C) due to the generation of Joule-heat. Higher
excitation current leads to a higher temperature of VO2 resistor and further elevation of temperature is
required to simulate the phase-change of VO2. A similar excitation current profile is used for the second
half of the simulation but with a falling direction instead of rising, Figure 8. The peak value and difference
of excitation current in each step can be modified to improve the resolution. Smaller current steps give
higher resolution.
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Figure 8. Excitation current per simulation step.

4. Results and Discussion

Each flow of current accompanies an electric voltage developed between anode and cathode.
(Voltage, Current) pair in each step is gathered to draw the V-I characteristic curve of our structure.
For instance, the V-I curve for one of the performed simulations on vertical VO2 resistors is shown
in Figure 9a. The simulated geometry is (r = 10 µm, h = 60 nm) and the ambient temperature is 50 ◦C.
After analyzing several V-I characteristics, a general visualization of the V-I curve of vertical VO2

geometries can be formalized as illustrated in Figure 9b.
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Figure 9. V-I curve of VO2 vertical structures: (a) simulation example, r = 10 µm, h = 60 nm, and ambient
temperature is 50 ◦C and (b) the general shape for all other simulations.
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The starting point of the study is to simulate the geometry in Figure 7 using the real size of
produced sample in laboratory (r = 10 µm, h = 50 nm). The low-current section of the measured curve
is strongly nonlinear, which did not occur in case of lateral SMT resistors [40,41]. The main difference
between the current vertical structure and the previously studied lateral structures is that in lateral
structures the platinum anode and cathode were directly attached to VO2, while in the vertical structure
the silicon substrate was inserted between the cathode and VO2.

More than 90% of the voltage applied to the entire structure drops in the region between the
cathode and the VO2 resistor even when the VO2 resistor is OFF. The three main parts of the region are
the platinum-silicon transition at the cathode, the substrate, and the silicon-VO2 transition. Since the
doping of the substrate is high, its resistivity is around 0.05 Ω cm, the voltage on it is only a fraction of
the voltage applied to the region. In addition, the temperature-dependent nonlinearity of the substrate
is very low [45], it cannot be responsible for the measured nonlinearity. The Pt-Si interface can show a
Shottky like barrier which will depend on the Si dopant concentration [46]. Annealing could create a
platinum-silicide transition that would give an ohmic contact, however, annealing cannot be applied
due to VO2. Based on the band structure of VO2 [47], it is likely that a barrier will also be created at
the junction of the two semiconductor materials. Most of the voltage in the region, therefore, drops at
the two transitions.

Based on the measured results, the current dependence on resistivity of the transitions is mainly
responsible for the nonlinearity, the temperature dependence is not significant, because at higher
currents the curve is almost linear. Since the purpose is the investigation of size dependence of VO2

resistor at higher currents, the simulation is greatly simplified if nonlinearity is not taken into account
and the transitions are modeled with constant resistivity. Accordingly, in the simulated model, a 100 nm
thick resistor layer has been placed between both the Pt-Si and Si-VO2 interfacing surfaces.

Three cases were examined: (a) if a barrier is assumed only at the Pt-Si transition, (b) if a barrier is
assumed only at the Si-VO2 transition and (c) if barriers are assumed at both transitions with same
voltage drops. In case (a) the resistivity of the layer between Pt-Si is 1.33 × 105 Ω cm and the HTC at
the bottom of the substrate is 46 W/m2 K; in case (b), the resistivity of the layer between Si-VO2 is
377 Ω cm and the HTC at the bottom of the substrate is 100 W/m2 K; and in case (c), the resistivity of
the layer between Pt-Si is 6.7 × 104 Ω cm, between Si-VO2 it is 189 Ω cm and the HTC is 60 W/m2 K.
Results of the three simulations are shown in Figure 10b.

Both curves show an acceptable degree of validity. However, it is difficult to reach a near-absolute
accuracy while neglecting the nonlinearity of the transitions. The location of the resistor defines the
dissipation point. From circuitry point of view, the three cases are equivalent. We assume that there is
a barrier at both transitions, so in the rest of the article, we perform the simulations with the model
corresponding to case (c).

The experimental data in Figure 10a show a “noisy” behavior in the ascending current phase.
When the current increases through the SMT layer, some conductive channels are switched ON, which
as a consequense gives the noisy path. When the current decreases, the SMT conductive channel
collapse faster. This phenomenon can also be observed with decreasing current, but it is much more
moderated than with the increasing current case. The origin of the noisy signal is that a lot of parallel
conductive channels are in the SMT layer (depends on the crystal structure). The real VO2 layer is
not a homogenous crystal, it has a spiky structure [48]. While input power increases, some of the
conductive channels are “switched ON”, which are connected in parallel with the original SMT phase.
If the dissipated power decreases (the resistance decreases) then it can switch back, which shows a
jump back to the original path. This phenomenon also appears in other structures, for example in [40],
the lateral structure with two Pt contacts are directly attached to VO2, no Si substrate is interposed.
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Figure 10. V-I curve of (r = 10 µm, h = 50 nm) vertical VO2 resistor based on: (a) Laboratory measurement.
(b) Simulation results.

4.1. Dependence on Thickness

In the first set of simulations, we investigated how the VO2 structure behaves on different
thicknesses and what is the effect of changing h on the characteristics of our structure. The range of h
used in the simulations is (10 nm to 300 nm) which is investigated at different radii. Figure 11 shows
how the resistance (R) of VO2 layer changes with thickness. Resistance during the nonconductive
and conductive phases is the point of interest here (refer to Figure 9b). Resistance is calculated as the
1/slope = (∆V/∆I) of the V-I curve. It can be concluded from Figure 11a that the nonconductive
phase resistance increases as thickness increases. Furthermore, R dependence on h becomes lower at
larger radii. On the other hand, conductive phase resistance shows no direct relation with thickness at
these h and r ranges, Figure 11b.
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Figure 11. VO2 resistance during (a) the nonconductive phase and (b) during the conductive phase at
different thicknesses.

The current at which VO2 resistor is turned on (when resistivity drops significantly) is called the
opening current. Similarly, the current at which the VO2 resistor is turned off (during the cooling phase)
is called the closing current. Voltages associated with these currents are opening voltage and closing
voltage, respectively. Figure 12 illustrates the dependence of opening and closing currents on the
variation of thickness. Since the opening current is associated with the nonconductive phase resistance
and the closing current is associated with the conductive phase resistance, the opening current falls as
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thickness increases due to the elevation of R versus thickness (in the nonconductive phase), Figure 12a.
On the other hand, the current remains unchanged as thickness increases because resistance is not
affected by thickness (in the conductive phase), Figure 12b. A high degree of compatibility can be
noticed between Figures 11 and 12.
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Figure 12. The dependence of the (a) opening and (b) closing currents on the thickness of the
VO2 resistor.

4.2. Dependence on Radius

The second set of simulations is to study how the structure responds to change in radius.
Simulations performed with different radii r in the range of (200 nm to 30 µm) and are investigated at
different thicknesses. Figure 13 concludes that radius has a strong effect on the VO2 resistance, and the
resistance drops nonlinearly for both the nonconductive phase (Figure 13a) and the conductive phase
(Figure 13b) as radius increases. It is explained with the relation R = ρ l

A , ρ is the resistivity, l is length
(which is h here) and A is the cross-sectional area (which is here πr2).
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Figure 13. VO2 resistance during (a) the nonconductive phase and (b) during the conductive phase at
different radii.

As a consequence of the resistance dependence on radius, opening and closing currents increase
as radius increases. Figure 14 illustrates the effect of changing the radius on the opening current
(Figure 14a) and the closing current (Figure 14b). For low current applications, it is worth to consider
decreasing the radius since it allows the phase change to occur at much lower currents.
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Figure 14. The dependence of the (a) opening and (b) closing currents on the radius of the VO2 resistor.

During the hysteresis domain, the resulting V-I curve also has hysteric nature (refer to Figure 9b).
Maximum difference between the resistance of VO2 resistor during heating and cooling phases is called
the maximum switching resistance. It can be observed that the maximum switching resistance varies
linearly versus thickness Figure 15a, in contrast, it has a nonlinear dependence on the radius Figure 15b.
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Figure 15. The dependence of the maximum switching resistance on (a) the thickness and (b) the radius
of the VO2 resistor.

5. Conclusions

The results of this article offer a good base of sample sizes estimates for further studies in
submicron modeling of VO2 resistors. A valid operating model will pave the way for designing
thermal-electronic logic circuits. The results provided in our previous work [39] about the lateral
structures and results of this article about the vertical structures will straiten the range of samples sizes
for producing and studying. This will save both time and effort.
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Abbreviations

The following abbreviations are used in this manuscript:

VO2 Vanadium dioxide
CMOS Complementary metal–oxide–semiconductor
TELC Thermal-electronic logic circuits
SMT Semiconductor-to-metal transition
Si Silicon
SiO2 Silicon dioxide
RF Radio frequency
Pt Platinum
FDM Finite difference method
FEM Finite element method
FVM Finite volume method
HTC Heat transfer coefficient
SUNRED Successive network reduction method (also the simulator name)
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