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Abstract: 4H-SiC MESFETs are used for many applications 

including home, industries, and many more. Many approaches 
are available to analyze the model of the 4H-SiC MESFETs. 
The examination of MESFETs in relation to their direct 
current characteristics is a complex endeavor. This paper 
focuses on three primary factors that influence these 
characteristics: surface trapping, thermal effects, and 
substrate trapping. By exploring these effects, we aim to 
provide a clearer understanding of the DC behavior of 
MESFETs. The model for the current-voltage (I-V) 
characteristics that we present is based on the Caughey-
Thomas configuration. This model effectively addresses the 
trapping of electrons in the substrate through various deep-
level trapping mechanisms, takes into account the field-
dependent mobility of electrons, and provides a detailed 
analysis of the two-dimensional charge distribution that occurs 
beneath the gate of the MESFET. This proposed method is 
comprehensive, accounting for all significant thermal effects 
and material flaws, including traps. Despite the challenges 
posed by the complexity of intricate mathematical equations 
associated with the 4H-SiC MESFET, which are essential for 
deriving accurate I-V characteristics across different 
operational regions, a solution is sought. To tackle this issue, 
the Whale Optimization Algorithm (WOA) is utilized, enabling 
the effective resolution of multiple complex equations related to 
the 4H-SiC MESFET. This approach ensures that the resulting 
I-V characteristics are precise and reliable. As a result, the 
performance of the analytical model developed closely mirrors 
that of a real 4H-SiC MESFET. Additionally, various 
behavioral traits of the model are obtained and thoroughly 
evaluated using the MATLAB programming. 

Keywords—MESFET, Whale optimization, Self heating 
effects, 4H-SiC; Multiple Trapping; Thermal effects. 

I. INTRODUCTION 
Electronic semiconductor devices, such as Bipolar 

Junction Transistors (BJTs), Metal-Oxide-Semiconductor 
Field-Effect Transistors (MOSFETs), and Metal-
Semiconductor Field-Effect Transistors (MESFETs), play a 
crucial role in a multitude of applications that we encounter 

daily [1-2]. These devices are integral to the functioning of 
various electronic systems and technologies, making them 
indispensable in modern society. Silicon Carbide (SiC) is 
recognized as a particularly important material for the 
development of high-power microwave circuits and radio 
frequency (RF) circuitry, due to its outstanding properties 
that enhance performance and efficiency [3-4]. Among the 
different types of MESFETs, certain characteristics 
distinguish them, rendering them particularly well-suited for 
a diverse range of applications and modules, thereby 
expanding their use in the electronics industry. 

The benefits of this material can be mainly attributed to 
its advantageous characteristics [5]. These are include a wide 
bandgap that allows for efficient operation even in high 
voltage situations, a high saturated electron velocity that 
boosts the operational speed of electronic devices, a 
significant breakdown field that enables the material to 
endure high electric fields without failure, and exceptional 
thermal conductivity that supports effective heat dissipation 
during operation. SiC has a range of features that make it an 
excellent option for requiring strong performance in 
challenging environments. The unique material properties of 
4H-SiC MESFETs will be employed to develop advanced 
microwave circuits, contingent upon the confirmation that 
the 4H-SiC substrate is semi-insulating (SI) [6]. 

The standard technique for creating SI substrates 
typically involves the addition of deep level dopants. These 
dopants are essential for ensuring that the Fermi level (FL) is 
situated at the midpoint of the bandgap, a condition that is 
crucial for achieving the desired electrical properties. 
Nevertheless, the presence of material defects significantly 
complicates the production of high purity semi-insulating 
(HPSI) substrates. Although HPSI substrates can be 
manufactured, this process often results in the introduction of 
extra deep levels within the material. These deep levels can 
act as traps for charge carriers, leading to a reduction in the 
performance of electronic devices that are constructed on 
these substrates. 
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The effects of substrate and surface trapping phenomena 
play a critical role in determining device performance, 
particularly through issues like current collapse in direct 
current characteristics, variations in transconductance that 
depend on frequency, and the lag transients linked to both 
drain and gate operations [7-8]. These elements collectively 
reduce the overall power efficiency of the device. Thus, it is 
essential to develop accurate models that consider these 
trapping effects to facilitate a precise evaluation of SiC 
devices. This modeling is crucial for understanding the 
impact of these phenomena on device behavior and for 
enhancing their performance in practical applications. 
Therefore, the paper should incorporate a detailed modeling 
approach to achieve characteristics that closely resemble 
those of a real-time MESFET. 

The MESFET model is characterized by a set of 
nonlinear equations that present significant challenges in 
terms of solving them directly, often requiring specific 
assumptions to simplify the process. At the same time, a 
range of optimization methods is utilized to effectively 
manage various nonlinear and intricate functions. Notably, 
the Whale Optimization Algorithm (WOA) has emerged as a 
particularly effective optimization technique [9-10], 
recognized for its strength in addressing complex nonlinear 
mathematical functions. 

Recent studies conducted by various researchers have 
yielded significant insights, which are summarized in the 
following paragraph. The authors cited in reference [11] 
perform a power density analysis of the 4H-SiC MESFET. In 
reference [12], the focus is on the displacement damage 
related to the 4H-SiC MESFET. A simulation study regarding 
the 4H-SiC MESFET has been executed by the authors in 
reference [13]. The power characteristics of the dual-channel 
4H-SiC MESFET are detailed by the authors in reference 
[14]. Reference [15] addresses the simulation and design 
considerations relevant to the 4H-SiC MESFET. The 
fabrication aspects of the 4H-SiC MESFET are outlined by 
the authors in reference [16]. A comparative analysis of 
various 4H-SiC MESFETs is conducted by the authors in 
reference [17]. The authors in reference [18] present an 
analysis of low insulator fields in 4H-SiC. The integration of 
a bulgy channel to enhance MESFET performance is 
discussed by the authors in reference [19]. The performance 
of the 4H-SiC MESFET across lightly doped, heavily doped, 
and insulated regions is investigated by the authors in 
reference [20]. Enhanced characteristics of the 4H-SiC 
MESFET are achieved through the integration of a partially 
undoped and low-doped region, as elaborated in references 
[21-22]. This paper offers a comprehensive analytical 
framework for the direct current operation of 4H-SiC 
MESFETs, taking into account all critical trapping effects 
and thermal influences that significantly affect the 
performance of these devices. 

The remainder of the manuscript is structured by offering 
an in-depth analysis of the model in Section II. The 
methodology of the WOA approach for addressing complex 
functions is detailed in Section III. A variety of results and 
analyses are showcased in Section IV. Conclusions are 
formulated in Section V. Important references are compiled 
in the references section.  

II. ANALYSIS 
This document presents a comprehensive proposed 

model that details the direct current characteristics of 4H-SiC 
MESFETs. It takes into account all relevant trapping 
phenomena and thermal effects that could influence the 
performance of the device. The model includes the bias 
dependence of the series resistances at both the source ( SR ) 
and drain ( DR ) terminals, which are critical for 
understanding the device's behavior under different operating 
conditions. Figure 1 provides a detailed schematic cross-
section of the MESFET, highlighting its structural 
components and overall layout, which are essential for 
grasping the device's design and functionality. In contrast, 
Figure 2 focuses on the depletion regions located on the 
surface of the device in the ungated areas. This figure offers 
valuable insights into the electrical characteristics and 
behavior of these regions, which are important for 
understanding the device's performance. 
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Fig. 1: Schematic structure with back depletion region of 4H-SiC 

MESFET. 
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Fig. 2: Schematic structure with depletion region at ungated portions. 

This trapping phenomenon pertains to the influence of 
three primary deep level traps, namely Z1/2, EH6/7, and RD1/2, 
which have been recognized in the HPSI substrate of 4H-SiC. 
These traps significantly contribute to the reduction of 
channel current, as demonstrated in the I-V characteristics of 
the material. When these traps capture charge carriers, they 
obstruct the current flow, resulting in a marked decrease in 
the overall channel current observed during electrical 
measurements. The various types of deep level traps (DLT) 
found in the material are categorized as acceptor types. The 
position of the FL within the substrate's bulk will be 
established by implementing the neutrality charge conditions. 

SDNpN subN SAn    (1)  
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here ,,, pnNSD and N SA denotes the ionized shallow donor , 

free electrons, holes, and acceptor concentration, NT is the 
density of ionized traps in the bulk substrate. 

The overall concentration of negative charge is primarily 
indicated on the substrate side, especially in proximity to the 
interface of the channel substrate (CS). This concentration is 
influenced by the occupancy probability of deep traps that 
are situated within the bulk material. The connection 
between these factors can be expressed mathematically 
through the following equation: 

NT
i

eqlTf
i

eqlnonTfN sub
3

1

3

1
 (2) 

3

1

11
3

1 i
KT

fETE

e
g

NT
i nTepTe

pTe
NTN sub

      (3) 
here nTpT ee  represents the rate of the emission of holes, 

TE & fE  are the trap and FL energies respectively.  
A surface trapping phenomenon denotes a decrease in 

current resulting from the presence of trapped charges within 
the channel. These charges are located in the ungated regions 
situated between the gate and source points, as well as in the 
areas between the drain and gate points. The effect of series 
resistance at the drain point ( DR ) and source series 
resistance ( SR ) illustrated in Figure 1 (b) is projected where 
the SR  or DR  values are resistances and are state density of 
non-uniform interfaces itD . This itD  profile is segregated 

as three sections [3-6] i.e., conduction band edge CBedge
itD , 

and distribution of itD  valences band edge VBedge
itD , and at 

the middle mid
itD . itD is mathematical expression is 

represented by below equation. 

t

EE

VBedge
it

t

EE

CBedge
it

mid
itit

fsfs

eDeDDED (4) 
where fsE is the surface FL.  

Taking into account the irregular distribution of itD , the 
voltage at surface built-in sbi  is defined as an expression of 

itD  and is utilized in the computation of ungated SR  at 
section. The expression below is employed to calculate the 
potential at surface built-in section. 

dEEfED
N

W
fsE

E

it
d

D

0

1    (5) 

where DW  is the region at surface depletion width at the 
surface source side, doping concentration represented by dN , 
and Ef  represents the function of Fermi distribution. 
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The updated model illustrates the influence of SR  and 
DR  on the I-V properties under various surface scenarios 

( itD  profile). Figure 3 illustrates the relationship between 
SR  and DR  as they vary with the gate bias. 
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Fig. 3: Plot of RD and RS versus VG. 

The self-heating phenomenon refers to a complex 
interplay of factors including low field mobility, the impact 
of temperature on velocity saturation, and the levels of free 
carrier concentrations within a semiconductor device. When 
the drain voltage is increased, there is a corresponding 
decrease in the drain current observed. To accurately 
determine the I-V characteristics of the device, an iterative 
method is employed. This method involves systematically 
adjusting the temperature and drain voltages to observe how 
these changes affect the current flow, as documented in 
reference [7]. Other parameters are obtained from [23-32].  

The MESFET model utilized to illustrate the I-V 
characteristics employs the Caughey-Thomas representation, 
which effectively illustrates the impact of the electric field on 
electron mobility. This model also accounts for the 
phenomenon of substrate trapping, wherein electrons are 
captured by various deep-level traps typically present in 4H-
SiC materials. Additionally, the model offers a 
comprehensive analysis of the charge distribution occurring 
in two dimensions beneath the gate, thus providing valuable 
insights into the device's performance under varying 
operating conditions. The instantaneous current within the 
channel, taking into account the mobility that is field-
dependent, is expressed as: 

xhaxWnxEEqID    (6) 
here a represents epitaxial layer thickness, Width is W , 

E represents field dependent mobility, thickness of the 
depletion layer is xh , and xn represents concentration of 
the electrons. 

The modified properties of a MESFET that includes 
surface and substrate trappings can be represented as [7]: 

3
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3
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here, drain bias represented by DV , pV and 11k are constants 
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 Width of the normalized depletion of the channel is 

SD UU 11 , and SD UU  represents the width of the 
normalized depletion of gate drain(source). GV is the 
negative gate bias satv is the saturation velocity, and 

biV indicates the schottky gate built in potential value.  

By integrating modulation length of the channel, the 
channel beneath the gate is segmented into a pinch-off 
( 1LL ) and linear regions ( 1L ), as illustrated in Figure 1. 
Then:  
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1LU is the width of the normalized depletion and 11LU is 

the depletion width at interface of CS. 

A two-dimensional examination of equations for 
determining the potential within the depletion portion 
beneath the gate is articulated as: 

2/1
1

1

2/1
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2

sinh

2

P

Gbi

P

Gbi
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(9)
 

The existing expression above in the region under 
saturation beyond 1Lx  is  

111111 LUkLU
sat

vN subdNaWqDI  (10) 

III. WOA APPROACH FOR NONLINEAR I-V FUNCTIONS 
The Whale Optimization Algorithm (WOA) [9-10] is a 

sophisticated metaheuristic optimization technique that takes 
its inspiration from the unique hunting behaviors of 
humpback whales. This algorithm mimics various strategies 
that these whales use in their natural habitat, such as 
encircling their prey, executing bubble-net feeding 
techniques, and systematically searching for food sources. 
By emulating these behaviors, WOA aims to identify optimal 
solutions to complex problems. It is widely recognized as a 
highly effective optimization method and is frequently 
utilized in a variety of fields, including computer science, 
engineering, and other areas that require efficient problem-
solving techniques. The hunting technique of Whales is 
graphically represented in Figure 4.  

 
Fig. 4: Hunting behavior of Whales. 

Humpback whales are renowned for their distinctive 
hunting techniques, especially in relation to the WOA. These 
extraordinary animals demonstrate an impressive capability 
to surround their prey by swimming in increasingly tighter 
circles, all while following a spiral trajectory. This elaborate 
hunting strategy not only reflects their cognitive abilities but 
also emphasizes the intricate relationships within marine 
ecosystems. The mathematical models that depict this 
hunting behavior and the related actions of humpback whales 
are crucial and can be represented through various equations 
and diagrams that illustrate the dynamics of their movements 
and tactics. The WOA method serves as a highly effective 
tool for solving numerous complex equations in a very short 
time frame. Therefore, the various intricate mathematical 
equations discussed in this paper are efficiently resolved 
using the WOA technique. Below mathematical expressions 
are involved in the process of the WOA.  

(t)-(t) *VCVH     (16) 

HVV A-(t)1)(t *     (17) 

(t)-(t)* VVH      (18) 

5.0if(t))(2cose
5.0ifA-(t)1)(t *bl

*

qVlH
qHVV  (19) 

VVCH rand     (20) 

HVV A-1)(t rand     (21) 

araA 2      (22) 
rC 2      (23) 

)(2cose(t)1)(t bl* lHVV   (24) 
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Where, coefficient vectors are CA  and , ‘t’ is iteration, 

VV  and*  are position vectors of best and present solutions.  
The optimal voltage and current points for a 4H-

MESFET, at which it can generate best curve suitated to 
experimental shape, is referred to as the best solution. In 
every iteration, the locations of the participants are modified, 
and the targeted mathematical expression is assessed. The 
optimal value of the best solution will be considered as the 
identifier for the 4H-SiC MESFET characterization equation.  

IV. ANALYSIS AND RESULTS 
This section presents a range of results obtained from the 

MATLAB programming environment. To begin with, we 
assess the performance of the WOA in comparison to other 
well-established optimization methods, including Particle 
Swarm Optimization (PSO) and Ant Colony Optimization 
(ACO). The convergence rates associated with solving the 
intricate equation of the 4H-SiC MESFET, along with its 
performance capabilities, are depicted in Figure 5. This 
figure clearly illustrates that the proposed WOA significantly 
surpasses the performance of the existing PSO and ACO 
techniques. As a result, we have also gathered additional 
findings utilizing the WOA method. Computational 
complexity, convergence time and robustness are the main 
parameters to choose the optimization method. Comparisons 
among PSO, ACO and proposed WOA on these parameters 
are presented in Figure 6. From Figure 6, the proposed WOA 
method is better than PSO and ACO methods.  
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Fig. 5: Performance comparison among PSO, ACO and WOA. 
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Fig. 6: Various responses of proposed WOA over PSO and ACO. 

Figure 7 and 8 present the direct current characteristics of 
the MESFET, which have been derived from the previously 
mentioned data using mathematical equations. The results 
depicted, especially in Figure 7, demonstrate a significant 
correlation with the experimental validations referenced in 
[7]. Furthermore, a comparison is drawn between the current 
models that incorporate self-heating effects and those that do 
not include such features. In addition, Figure 8 provides a 
more detailed comparison between the models with self-
heating and those without, specifically in relation to current 
behavior. 

The unpassivated surface, combined with the distances 
from the source to the gate and from the gate to the drain, 
results in a high density of itD , which contributes to surface 
trapping. The overlap of the depletion region between the 
gate and source, as well as between the gate and drain, leads 
to a rise in SR & DR . As a result, the current failure becomes 
apparent in the I-V curves. The dependence of SR  & DR  on 
bias adds further complexity to the model; nevertheless, it 
may produce characteristics that more accurately reflect 
those of the real 4H-SiC MESFET. 
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Fig. 7: ID-VG properties with surface and substrate trappings. 
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Fig. 8: ID-VD curves with effects of self heating. 

Figure 9 presents a comparative analysis of the 4H-SiC 
MESFET, showcasing the results obtained with the WOA, 
without WOA, and from experimental curves across various 
gate voltages.  
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Fig. 8: Responses with and without WOA.  

The data derived using WOA, which involves solutions 
from a range of mathematical equations, shows a strong 
correlation with the experimental curves. This is particularly 
evident when compared to the results from traditional 
mathematical methods that do not utilize WOA. The 
effectiveness of WOA can be attributed to its ability to 
deliver rapid and accurate solutions for the intricate 
nonlinear mathematical equations that describe the behavior 
of 4H-SiC MESFET. The methodology proposed in this 
analysis successfully captures the I-V characteristics of the 
MESFET with high accuracy and reliability. Consequently, 
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this approach is considered more suitable for guiding future 
research in this area. 

V. CONCLUSION 
We introduce a sophisticated proposed model that 

precisely characterizes the direct current properties of 4H-
SiC MESFETs. This model comprehensively accounts for all 
varieties of material defects by employing a WOA technique. 
As a result, it facilitates an in-depth examination of the 
device's performance across a range of operational 
conditions. Furthermore, we provide an extensive 
comparison of the current behavior between models that 
include charge trapping effects and those that exclude them, 
emphasizing the notable discrepancies in their predictive 
outcomes. The impact of bias dependence and the density of 
interface states of SR  ( DR ) is also considered. The results 
based on simulations are obtained demonstrate a closer 
correlation with the experimental GD VI  curves. The 
proposed analysis has the potential to significantly enhance 
our comprehension of MESFET behavior at microwave 
frequencies. It has been observed that the WOA-based 
method put forward exhibits accurate and consistent 
characteristics when applied to the 4H-SiC MESFET, 
making it a valuable tool for researchers in this field.  
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