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Abstract. Semiconductor materials are currently one of the most core materials in the world’s
high-tech industry, and the research and development of semiconductor materials is related to
the improvement of human technological level. This paper presents a comparative study of
Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs) and High Electron Mobility
Transistors (HEMTs), two pivotal components in electrical engineering, each with unique
characteristics and functions. Despite structural similarities, MOSFETs and HEMTs differ
significantly in operation and conduction methods. MOSFETs rely on an inversion layer formed
at the semiconductor-oxide interface, controlled by gate voltage, for electron conduction.
Conversely, HEMTs utilize a two-dimensional electron gas (2DEG) at the interface of materials
like Gallium Nitride and Aluminum Gallium Nitride, offering high electron mobility crucial for
performance. Both share similar I-V characteristics but differ in performance under various
conditions. MOSFETs are cost-effective, ideal for mass production and general applications,
while HEMTs excel in stability and performance in extreme conditions, suitable for high-
performance needs. This study underscores the importance of selecting the right component
based on application-specific requirements, highlighting MOSFETs for cost-efficiency and
HEMTs for challenging environments. This article will provide some guidance for the research
of MOSFET and HEMT.
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1. Introduction

With the development of the times, semiconductor materials have entered the third-generation
semiconductor era. The third-generation semiconductor materials are led by wide bandgap materials
such as SiC and GaN. The maturity of wide bandgap technology provides enormous opportunities to
ameliorate fast switching capabilities, high blocking voltage abilities, and high temperature operating
conditions for power devices [1]. SiC can be applied to make power electronic devices such as MOSFET
and IGBT, while GaN is applied to HEMT components. SiC MOSFET is replacing Si IGBT, for its their
great conduction resistance, switching speed, and wide operating temperature range [2]. GaN MOSFET
also has high potential in Power Switch for its low loss of energy [3]. These components are widely used
in a large number of radiation resistant and high-temperature resistant materials, for satellite
communication, power electronics, aerospace and other fields.

© 2024 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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But these materials also face many challenges now. The production of third-generation
semiconductor materials is a major constraint on their development. But currently, third-generation
semiconductors have significant performance advantages compared to previous semiconductors, so the
development prospects of third-generation semiconductors are very broad. Firstly, this paper provides a
detailed analysis of the structure, conductive mechanism, working principle, and characteristic curves
of MOSFET and HEMT. Afterwards, the advantages and disadvantages of both were analyzed through
examples, and their application scenarios were analysed. The development of semiconductor materials
and their constituent electronic components.

2. Basic Analysis

2.1. Structure of MOSFET and its working principle

According to different conductive methods Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFET) can be classified into Enhancement MOS and Depletion MOS. For each class of MOSFET,
they can be classified into PMOS and NMOS. The N-channel enhanced MOSFET is basically a left-
right symmetric topology structure.

It generates a layer of SiO, thin film insulation layer on a P-type semiconductor, and then diffuses
two highly doped N-type regions using photolithography technology, leading out the electrodes from
the N-type region, one is the drain electrode D and the other is the source electrode S. A layer of metal
aluminium is plated on the insulation layer between the source and drain electrodes as the gate G. An
ohmic contact electrode is connected to the substrate and is called substrate electrode. The diagrammatic
sketch is shown in Figure 1 [4].
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Figure 1. diagrammatic sketch of MOSFET [4]

When the voltage between gate and source (V) is 0. The P-type semiconductor and the two regions
diffused with N-type semiconductor can be regarded as 2 diodes that are connected back to back, which
means there will be no current through the device.

When Vi is higher than 0, for the source of the NMOS is connected to the substrate, there will be
an electric field from gate to substrate. With the effect from electric field, the multi carrier holes in the
P-type semiconductor near the gate are repelled downwards, resulting in a thin depletion layer of
electrons. But when the voltage between gate and source is not big enough, the number of electrons
between drain and source is not going to be big enough to form a current channel, which means the V¢
will keep 0.

When V¢ continue to increase to the threshold voltage (Vry), most of the holes on the surface of the
P-type semiconductor will be repelled and the amount of the electrons will be enough to change the
surface of the P substrate into N-type layer, known as the “inverted layer”, and form a current channel
between drain and source [4]. As shown in the figure 2.
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Figure 2. Inverter layer (Photo/Picture credit: Original)

The larger the Vg, the thicker the channel. In that case, when there is a voltage between drain and
source (Vps), there will be current from drain to source.

For the resistance in the channel, the voltage drop exists. Gradually reduce the potential of each point
in the channel from the source to the drain along the channel. The voltage in the drain is the smallest,
which means the channel near the drain is the thinnest. In that case, the thickness of the channel is no
longer uniform, and the entire channel is inclined. With the growth of the Vp ¢ the channel near the drain
will become thinner, and when it comes to a critical point.

Vps = Vs — Vr (D

The channel at the drain end disappears, leaving only the depletion layer, which is called “pre pinch
off”. As shown in the figure 3.

Figure 3. Pre pinch off (Photo/Picture credit: Original)

When Vj¢ keep growing, the pinch off point will keep moving from drain to source. As shown in
figure 4.
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Figure 4. Moving of pinch off point (Photo/Picture credit: Original)

In that case, when Vjg keep growing, the drain current will no longer grow. The characteristic curves
are shown in the following figure 5.
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Figure 5. Work curves (Photo/Picture credit: Original)

The Enhancement PMOS is quite similar to NMOS, but the direction of current and voltage are

opposite to NMOS.
The structure of Depletion MOS is similar to Enhancement MOS, but positive ions are implanted

previously in its SiO; insulation layer so that when Vs is 0, the positive ions can still form an electric
field from gate to substrate which attract enough electrons to form a channel from drain to source. When

Vs get lower than 0, the electric field will be
Weakened which make the channel thinner and reduce the current. When it comes to pinch off

voltage Vp, the current will be 0. The characteristic curve is shown in the following figure 6.
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Figure 6. Work curve of Depletion MOS (Photo/Picture credit: Original)

2.2. Structure of GaN HEMT and its working principle

Structurally, GaN High electron mobility transistor9(HEMT) can be classified into horizontal structure
and longitudinal structure. According to different conductive methods, it can be classified into normal
on GaN HEMT and normal off GaN HEMT. The basic structure of a typical normal on GaN HEMT is
shown in figure 7 [5].
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Figure 7. Structure of GaN HEMT [4]

The bottom layer of the device is the substrate layer, followed by the epitaxial growth of an N-type
GaN buffer layer and the epitaxial growth of a P-type AlGaN barrier layer, forming an AlGaN/GaN
heterojunction. Finally, the gate electrode is deposited on the AlGaN layer, and the source electrode and
drain electrode are heavily doped and connected to the two-dimensional electron gas in the channel to
form an ohmic contact.

In the GaN, there is huge Electronegativity difference between Ga and N, so that the N-GA covalent
bond has strong polarization characteristics. The wurtzite structure of GaN is non centrosymmetric, and
its covalent bond in the vertical direction is longer, so that it has spontaneous polarization phenomenon.
For the lattice constant of GaN is larger than AlGaN, the GaN will give the AlGaN an outward stress,
which cause the Piezoelectric polarization in AlGaN. For the AlGaN layer is much thinner than GaN,
the stress given by AlGaN can be ignored. Totally, in AlGaN layer there is Piezoelectric polarization and
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spontaneous polarization, and in GaN layer there is only spontaneous polarization. So the electric field
from up to down in AlGaN is stronger than GaN, so that the interface between two materials has positive
charge. And the is band order difference between the energy bands of two materials. When they form
the heterojunction, they have to rebalance the energy bands in order to make the Fermi energy levels
equal. And the energy band of conduction band edge will bend, and that make it smaller than the Fermi
energy level, which build a quantum well that collect many electrons. At the same time, the high
potential barrier on one side of the wide bandgap AlGaN makes it difficult for electrons to cross the
potential well, and electrons are restricted from moving laterally in the thin layer at the interface, which
is called two-dimensional electron gas (2DEG) [4].

Vps can build a lateral electric field, which activates 2DEG to form i;. And V5 can control the
deepness of the quantum well which change the size of the two-dimensional electron gas surface density
in the channel to control i;. For normal on GaN HEMT, when Vs is 0, 2DEG already exist. When V¢
is lower than 0, it will form a reverse electric field and cut off 2DEG. For normal off GaN HEMT, only
when V¢ is higher than 0, the 2DEG exist. In that case, the working curves of HEMT are almost
consistent with those of MOSFET.

3. The applications of MOSFET and HEMT

3.1. The advantages of MOSFET and its application

MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistors) exhibit several advantages including
high input impedance, minimal on-resistance, rapid switching capabilities, absence of secondary
breakdown, and a reduced noise figure. Traditionally, silicon (Si) has been the primary material for
MOSFETs. However, recent advancements have seen the adoption of Silicon Carbide (SiC) in high-
voltage power conversion applications due to its superior performance attributes.

Hai Xu critically examines and contrasts two MOSFET models: Cree’s second-generation SiC
MOSFET (C2M0080120D) and IXYS’s Si MOSFET (IXFH24N90P) [6]. Experimental analysis reveals
that SiC MOSFETs demonstrate lower on-resistance, indicating reduced power loss, alongside a
decreased threshold voltage and augmented breakdown voltage, thereby enhancing blocking
performance. These findings suggest that SiC effectively optimizes the inherent advantages of
MOSFETs in terms of conduction resistance and stability.

In contemporary applications, SiC MOSFETs have become prevalent in switching devices due to
their high operating junction temperature, elevated breakdown voltage, increased power density, higher
switching frequency, and reduced switching power loss [7]. An illustrative example is a MOSFET-based
bidirectional switching power pole (BSPP), which benefits from SiC MOSFETs through a power trace
design that minimizes parasitic inductance and balances transient performance between high-side and
low-side power MOSFETs, achieving optimal switching performance.

Beyond switching devices, MOSFETs are integral to power amplifiers, where cost-effectiveness, low
distortion, and interference resistance are critical. While traditional Class AB amplifiers exhibit low
efficiency, SiC MOSFETs are increasingly applied to Class B amplifiers. This study introduces an
enhanced Baxandall quasi-complementary output circuit using SiC, complemented by auxiliary circuits
such as output current detectors and BUCK topology control circuits. Simulation results indicate a
maximum undistorted power output of 251.17W for the amplifier, with an efficiency improvement of
26% post-optimization [8§].

3.2. The advantages of HEMT and its application
Power electronic devices, traditionally operated at standard ambient temperatures, acquire critical
importance in specialized fields like aerospace and superconductivity where their performance in
cryogenic environments is vital.

Chenyu Tian investigates key electrical parameters — threshold voltage, breakdown voltage, and on-
resistance — of SiC MOSFETs and GaN HEMTs under low-temperature conditions (ranging from 300K
to 77K) [9]. The baseline characteristics of the SiC MOSFET include a threshold voltage of 4V,
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breakdown voltage of 1200V, and on-resistance of 160€2, while the GaN HEMT exhibits a threshold
voltage of 1.4V, breakdown voltage of 600V, and on-resistance of 93.5Q. At reduced temperatures, the
SiC MOSFET displayed an increase in threshold voltage from 2.707V to 7.505V, a decrease in
breakdown voltage from 1610.4V to 1079.2V, and an increase in on-resistance from 0.223Q to 2.775Q.
The contrasting trends observed between the two components are attributed to their distinct structural
properties. The study concludes that GaN HEMTs demonstrate superior electrical properties in low-
temperature environments compared to SiC MOSFETs.

Further, the potential of GaN HEMTs in space exploration is explored. These devices are considered
for use in communication and navigation satellites, where they could replace traveling wave tube
amplifiers (TWTA) commonly used for their high output power capability above the L-band [10].
Despite a lower maximum output power compared to MOSFETs, GaN HEMTs offer advantages in terms
of weight, size, and performance efficiency. The study involved testing the output power, linear gain,
power increase efficiency of HEMTs in the L/S band, and designing a hybrid microwave integrated
circuit with two-stage HEMT to optimize weight and size while enhancing efficiency. The device’s
applicability in the S-band and its stability in various radiation environments were verified through DC
High Temperature Operating Life Test (DC HTOL) and RF High Temperature Operating Life Test (RF
HTOL), affirming its feasibility in space environments.

Finally, the paper discusses the prospects of GaN HEMTs in ultra high-speed wireless
communication, high-sensitivity sensing, and imaging in millimeter-wave and terahertz-wave wireless
communication within the domains of 5G and future-generation mobile communication systems. The
exceptional electrical characteristics of GaN HEMTs, including a high current gain cutoff frequency (fT)
reaching 450GHz and a maximum oscillation frequency (fmax) of 600GHz, underscore their potential
in advancing wireless communication technology [11].

3.3. Comparison between HEMT and MOSFET

HEMT and MOSFET are both high-performance electronic components. The advantages of MOSFET
lies in its fast switch speed, good stability, and its lower costs. It can be used in logic circuit, signal
amplifier, and electric switching. His biggest problem is performance issues in ultra-high pressure and
ultra-high temperature environments.

Although the SiC MOSFET solved the problem of high-pressure environment, the working condition
in extreme temperature environments is still not ideal. Due to its unique 2DEG, GaN HEMT performs
better in low-temperature environments than MOSFET. Its excellent output power, radiation resistance,
and low quality make it have great prospects in the field of communication satellites, and space
exploration. However, due to its high cost, its widespread application still faces certain difficulties. This
table 1 represents the commonalities and differences between MOSFET and HEMT.

Table 1. Comparison between HEMT and MOSFET

MOSFET HEMT
Commonalities Fast switching speed, good stability

Good performance in high-
pressure and high-temperature
environments

Low cost, no secondary

Advantage breakdown, low noise figure

Poor performance in high-
Disadvantage pressure and high-temperature
environments

Expensive raw materials, high
costs

4. Conclusion
Based on the analysis above, the conclusion drawn in this article is as follows: both MOSFET and HEMT
have gate, drain, source, and body structures. But there are significant differences in their conductive
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mechanisms. MOSFET mainly relies on the inversion layer formed by the upward shift of electrons
caused by the voltage between the gate and source for conduction. HEMT mainly relies on the 2deg
formed between the gate and drain due to material and other factors for conductivity. Although the two
have different guiding principles, their working curves are relatively similar. MOSFET and HEMT are
both high-performance semiconductor devices, with advantages such as good stability and fast switching
speed. The unique advantage of MOSFET lies in its relatively mature production process and material
cost, while HEMT has excellent advantages such as anti-interference, radiation resistance, and high
temperature resistance. However, HEMT is relatively difficult to manufacture and has high
costs. MOSFET is often used in circuit conversion switches and high-power amplifiers, while HEMT
can be used in fields such as chargers and even satellites.

Semiconductor materials are the most important electrical materials in various fields in the 21st
century, and their development is related to the progress of the world in high-tech industries. The main
difficulties in the development of semiconductor materials are precision, integration, and production
processes. The production process difficulties include single point production and batch production. At
present, the number of transistors integrated on the chip has reached billions, and the precision of
transistors has reached the nanometer level. With the continuous improvement of integration and
precision, further technological development will inevitably become more difficult. The efficient
parallel connection of multiple HEMTs and the reduction of energy loss are also worthy of research. The
simulation models of SiC MOSFET and GaN HEMT have a significant impact on the reliability of their
circuits. However, with the increasing demand for semiconductor materials, it is believed that
investment in semiconductor technology breakthroughs will also continue to increase. The development
of semiconductor technology will definitely have a decisive role in the development of all industries of
humanity.

The demand for semiconductor materials in various industries around the world will definitely
increase in the future. Semiconductor materials with more complex processes and better effects will
definitely be created and applied with the advancement of human technology. This article only explores
two widely used semiconductor materials, MOSFET and HEMT.
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