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Preface

The rapid evolution of semiconductor technologies continues to drive breakthroughs across

a multitude of industries, from computing and telecommunications to healthcare and renewable

energy. Recognizing the importance of fostering knowledge exchange in this transformative field,

we are pleased to present this reprint volume, “Latest Advancements in Semiconductor Materials,

Devices, and Systems”, a collection of articles that were originally published in a Special Issue of

Micromachines.

This reprint aims to provide readers with a comprehensive overview of cutting-edge research on

semiconductor materials and devices, emphasizing novel approaches to material synthesis, advanced

device architectures, numerical simulations, and practical applications. The scope of this collection

spans both traditional silicon-based systems and emerging technologies, such as two-dimensional

materials and wide-bandgap semiconductors, reflecting the dynamic landscape of semiconductor

research.

The motivation behind curating this reprint is to offer an accessible resource for researchers,

engineers, and students, bridging the gap between fundamental studies and applied advancements.

By compiling these exemplary works, we aim to inspire innovative thinking and promote

collaborative efforts in the pursuit of future semiconductor breakthroughs.

The contributions in this volume are authored by a diverse group of scientists and engineers

from around the world, whose expertise and dedication have enriched this collection. Each article

represents a valuable piece of the broader mosaic of semiconductor science, offering readers both

theoretical insights and practical perspectives.

We extend our deepest gratitude to the authors for their outstanding contributions and

commitment to advancing knowledge in this field. Special thanks are due to the editorial team at

Micromachines for their guidance and meticulous review process, as well as to the reviewers, whose

constructive feedback ensured the high quality of the published articles.

This volume is dedicated to the global semiconductor research community, whose efforts

continue to illuminate the path toward technological progress. We hope that this book will serve

as a valuable resource, sparking new ideas and fostering collaborations across disciplines.

Zeheng Wang and Jing-Kai Huang

Guest Editors
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Editorial
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The field of semiconductor research is experiencing a paradigm shift as the boundaries
of Moore’s Law are being approached [1]. While the exploration of next-generation semi-
conductors, such as 2D materials and wide-bandgap semiconductors, continues to reveal
new horizons for electronic devices, advancements in traditional semiconductors, such as
silicon (Si) and germanium (Ge), remain crucial for current and emerging technologies [2–5].
These advancements, in conjunction with sophisticated modeling, simulation, and fabrica-
tion techniques, are paving the way for remarkable innovations not only in materials and
devices but also in circuits and systems, thus enriching the landscape of semiconductor
research. In this Editorial, we summarize 10 cutting-edge papers that highlight the wide
range of innovations within the design, optimization, and modeling of devices and systems
based on various materials, as well as their applications. These contributions can be broadly
categorized into five key areas: (1) revolutionary materials, (2) the optimization of devices,
(3) advanced modeling methods, (4) the techniques used for characterizing traps, and
(5) circuits and systems.

The creation of wide- and ultrawide-bandgap semiconductor materials, such as sil-
icon carbide (SiC), gallium nitride (GaN), and diamond, has significantly improved the
performance of power electronics [6–8]. Rafin et al. provided a comprehensive review of
wide- and ultrawide-bandgap semiconductor power devices, comparing Si, SiC, GaN, and
emerging diamond technology devices [9]. Wide- and ultrawide-bandgap semiconductor
power devices exhibit significant superiority over Si in terms of their voltage blocking,
switching speeds, efficiency, and thermal performance. SiC and GaN devices are becom-
ing increasingly prevalent, particularly in electric vehicles, renewable energy, aerospace,
and high-frequency applications. Diamond’s exceptionally wide bandgap could enable
unprecedented power densities and the high-temperature operation of power devices.

GaN-based high-electron-mobility transistors (HEMTs) are considered promising can-
didates for next-generation high-efficiency power conversion applications [10–13]. The
optimization of these devices is critical to improving their performance [14]. Chen et al.
present a novel enhancement-type GaN HEMT with a high power transmission capabil-
ity [15]. In this transistor, a graded Al mole fraction is utilized to broaden the conduction
band and create a three-dimensional electron sea (3DES) so that a coherent channel can
be formed. Benefiting from the high electron density of the 3DES, this device exhibits an
outstanding high-power performance. Deng et al. systematically compared the differences
between MOCVD-SiNx and LPCVD-SiNx in terms of their Ohmic contact and related
interfaces [16]. The growth interface of LPCVD-SiNx can suppress leakage effectively.
Furthermore, it was discovered that LPCVD-SiNx devices can improve their RF output
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performance by creating a lower Ohmic contact resistance. Therefore, LPCVD-SiNx devices
exhibit an excellent performance in small-sized modules working in low-voltage applica-
tions, which highlights their potential uses in small 5G terminals. Yang et al. report on
the optimization of ultraviolet (UV) photodetectors with a TiO2 nanorod (NR)-containing
active layer and a solid–liquid heterojunction (SLHJ) via the atomic layer deposition (ALD)
of an Al2O3 passivation layer [17]. The oxygen vacancies in the TiO2 are effectively filled
by the diffusing of Al, Ti, and O atoms between the Al2O3 passivation layer and TiO2 NRs
during the annealing treatment. A difference of four orders of magnitude is observed in
the photocurrent-to-dark-current ratio, demonstrating the advantages of an ALD-Al2O3
passivation layer in UV photodetectors.

Advanced modeling methods are vital to optimizing the design of devices. Recently,
many researchers have become interested in artificial neural network (ANN) methods,
using them in areas such as the subthreshold swing modeling of GaN HEMTs [18], GaN
Ohmic contacts used for fabrication processes [19,20], and predicting the effect of statistical
variability on Si junctionless nanowire transistors [21]. Within this area, Zhao et al. have
proposed a compact ANN model generation methodology for GAA nanosheet FETs (NS-
FETs) used at advanced technology nodes [22]. The DC and AC characteristics of NSFETs
can be reproduced by the optimized ANN model with a fitting error (MSE) of 0.01.

The characterization of traps is useful for improving device reliability, and the CV
test, pulse IV, deep-level transient spectroscopy, simulation model, etc., are techniques
frequently used to identify the state of traps in semiconductor devices [23–27]. Zou et al.
reviewed the characterization techniques used for detecting bulk traps and interface traps
in GaN HEMTs [28]. Electrical, optical, and junction capacitance methods have been
widely used to probe the traps in GaN HEMTs. However, their low sensitivity, poor spatial
resolution, and frequency range limit trap characterization, so further optimizations and
innovations in their characterization techniques are needed.

Circuits and systems play a critical role in the explosive development of information
technology, which has been regarded as a powerful engine in contemporary human civiliza-
tion [29–31]. Interested in this topic, Jiang et al. proposed a lumped circuit based on a 3DIC
physical structure and calculated the values of all the lumped elements in the circuit model
and the transmission line model [32]. The 3DIC jitters, integrating DRAM logic and 3DIC
designs into the simulation environment, were analyzed by the proposed CPSIA method,
which determined that the timing uncertainty introduced by the 3DIC crosstalk ranged
from 31 ps to 62 ps. Chen et al. proposed a novel frequency-domain broadband model
(Sensi-Freq-Model) of the conduction susceptibility of integrated circuits, which accurately
quantifies the conduction immunity of components in the frequency domain and builds a
model of integrated circuits based on their quantized data [33]. The “Sensi-Freq-Model” can
reduce the broadband modeling time by about 90% compared to the traditional ICIM-CI
method, with a normalized mean square error (NMSE) of 18.5 dB. Li et al. designed a
high-efficiency internally matched power amplifier with a 2.5 µm GaN HEMT [34]. An
output power of 43.75 dBm, large-signal gain over 15.75 dBm, and PAE of 78.5% at 2.45 GHz
were obtained from the proposed power amplifier, which is 13.4 × 13.5 mm2 in size. Xiao
et al. presented a bandgap reference (BGR) source capable of operating over a wide input
range [35]. The high-order curvature compensation method was used and a pre-regulation
circuit was incorporated into the BGR. Then, a temperature coefficient (TC) of 0.88 ppm/◦C
and stable operation with variations in the power supply voltage were achieved over a
temperature range of −40 ◦C to 130 ◦C.

In conclusion, this Special Issue showcases the dynamic landscape of semiconductor
materials, devices, and systems, highlighting the innovations seen across a broad spectrum
of research areas. From the exploration of wide- and ultrawide-bandgap materials to
advancements in device optimization, modeling techniques, and characterization methods,
these contributions underscore the field’s diversity and its pivotal role in technological
progress. These studies not only push the boundaries of current semiconductor capabilities
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but also lay a strong foundation for future breakthroughs in energy efficiency, computa-
tional power, and miniaturization, driving us closer to the next era of electronic innovation.

Acknowledgments: This work was not supported by any internal or external funding associated
with the authors’ affiliations.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The GaN industry always demands further improvement in the power transport capability
of GaN-based high-energy mobility transistors (HEMT). This paper presents a novel enhancement-
type GaN HEMT with high power transmission capability, which utilizes a coherent channel that
can form a three-dimensional electron sea. The proposed device is investigated using the Silvaco
simulation tool, which has been calibrated against experimental data. Numerical simulations prove
that the proposed device has a very high on-state current above 3 A/mm, while the breakdown
voltage (above 800 V) is not significantly affected. The calculated Johnson’s and Baliga’s figure-of-
merits highlight the promise of using such a coherent channel for enhancing the performance of GaN
HEMTs in power electronics applications.
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1. Introduction

In recent years, wide bandgap semiconductor devices have gained significant attention
in power electronics due to their superior performance compared to their silicon-based
counterparts [1–4]. Among these, Gallium Nitride (GaN) and its alloys with Indium and
Aluminum have been shown to be particularly promising for high-frequency applications,
thanks to the high mobility two-dimensional electron gas (2DEG) that forms in their
heterojunctions [5–10]. The AlGaN/GaN High Electron Mobility Transistor (HEMT) is one
such device that takes advantage of this high mobility 2DEG, with electron mobilities that
can exceed 1800 cm2/V·s [11,12].

However, natural GaN HEMTs are depletion-mode devices due to their intrinsically
continuous 2DEG, which can lead to standby leakage and increase the complexity of driver
circuits [13–15], therefore, the enhancement-mode devives are desired in power electronic
applications. Various device structures, such as fluoride ion implantation, pillar structure,
and field coupling gate, have been proposed and explored to address this issue [16–18].
Additionally, extensive studies from our group and others have demonstrated that p-GaN
on HEMT is a charming strategy for the realization of the enhancement-type GaN HEMTs
based on the process in contemporary foundries [19–23]. Despite these efforts, the low
concentration of the thin 2DEG still limits the current transportation, preventing the device
from reaching its full potential [24].

To overcome this limitation, we hereby explore the use of a coherent channel for
realizing a novel AlGaN/GaN HEMT with an enhancement-type functionality and very
high-power transmission capability based on p-GaN-on-HEMT architecture [25]. Our
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device uses a coherent channel consisting of a GaN cap channel with n-type doping and an
AlGaN layer channel with graded Al mole fraction. The graded Al mole fraction broadens
the conduction band and creates a three-dimensional electron sea (3DES), which is different
from the electron slab induced by buck doping. This new structure allows for a significantly
higher current density and a higher breakdown voltage (BV) compared to traditional
HEMTs. A numerical analysis of our proposed device shows that it has the potential to
boost the performance of GaN-based power applications significantly.

2. Structure and Mechanism

The proposed Coherent Channel High Electron Mobility field-effect Transistor (CC-HEMT)
structure with three-dimensional electron sea (3DES) heterojunction can be fabricated on an
AlGaN(graded)/GaN wafer, which can be realized by the typical MOCVD process. In this
structure, the Al mole fraction of the AlGaN layer (15 nm) linearly increases from 0 at the
heterojunction to 0.3 at the AlGaN surface, as shown in Figure 1. A p-type GaN layer is then
deposited on top of the heterojunction, followed by a highly n-type-doped thin GaN layer
of 10 nm, which serves as the active region of the source to ensure that the Ohmic contact
is based on n-GaN for source and drain so that the source and drain Ohmic contact can be
formed simultaneously. An etching and passivation process between the p-GaN pillar and
drain electrode should be employed to prevent p-type leakage from the source to the drain
by RIE/ICP-RIE and PECVD, and the passivation dielectric is Silicon Nitride (SiN). The gate
is designed in a trench form and is covered with a 10 nm HfO2 dielectric layer, which can be
conducted through ALD growth to form high quality gate dielectric. The gate metal extends
over the source and 3DES regions, creating a continuous current channel perpendicular to the
heterojunction. The standard fabrication process can be referred to as shown in Figure 2. The
aforementioned processes have been well-developed and have already shown potential for
achieving the superior performance of various GaN-based devices [26–31].

The working mechanisms of the proposed device under different biasing conditions
can be seen in Figure 3. During off-state, the inversion channel is not formed in the p-GaN
layer, so the Ohmic source and 3DES channel are separated by the p-GaN layer, and the
device blocks high drain voltage by the reverse-biased p-GaN/3DES junction. When the
device turns on, an inversion channel is formed in the p-GaN layer, connecting the 3DES
and the Ohmic source, and current will flow though the coherent channel (combined by
n-type GaN cap and graded AlGaN) and the inversion channel formed in p-GaN layer. The
channel length is defined by the inversion layer, which should not be too short and located
at a too heavily doped p-type region. A short channel may not be practically achievable
due to fabrication process limitations or induce the short channel effect. On the other hand,
a heavily doped p-GaN layer can cause depletion in the 3DES, leading to channel pinch-off.
In this design, the gate-to-source length is set at 1 µm. Further device specifications are
listed in Table 1. The Silvaco tool is used to simulate the device’s performance.
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Figure 4. (a) The calibration of the simulation tool; (b) the simulated energy band diagrams and the 
three-dimensional electron sea distribution at the coherent channel. 
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Figure 3. Schematical illustrations of the device’s working mechanisms under (a) turned-on and
(b) blocking bias.

Prior to simulation, a calibration of the physical models used in this work is performed.
The calibrated device is chosen as a p-GaN gate HEMT due the he similar material compo-
sition as the proposed CC-HEMT, such as p-GaN, AlGaN and i-GaN. And the simulated
data fits well with the experimental data from the same HEMT device structure with a
p-GaN gate [32], as shown in Figure 4a, indicating that the settings of physical models
used in this work are reasonable. The detailed settings of the physics models, such as the
Shockly–Read–Hall recombination model, Fermi–Dirac static model, electric field depen-
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dence model concentration dependent mobility model, and impact ionization model, are
the same as our previous publications [16,18,33,34].
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Figure 4. (a) The calibration of the simulation tool; (b) the simulated energy band diagrams and the
three-dimensional electron sea distribution at the coherent channel.

Table 1 shows the specifications of the simulated device in this work, including the
short name, full name, and the doping concentration and dimensional values.

Table 1. Specifications of the simulated device in this work.

Short Name Full Name Value

LS Source length 40 nm

HP p-GaN height 200 to 400 nm

NA p-GaN doping concentration 1018 cm−3

/ n-GaN doping concentration 3 × 1020 cm−3

/ GaN cap doping concentration 2 × 1020 cm−3

/ Thickness of n-GaN 10 nm

/ Thickness of GaN cap 1 nm

/ The thickness of graded AlGaN 15 nm

3. Results and Discussion

Figure 4b displays the energy band structure of the proposed CC-HEMT perpendicular
to the wafer through the p-GaN pillar. The graded Al fraction lowers the energy band,
resulting in the formation of 3DES with high electron density above 1013 cm−3 in the
AlGaN layer, which means the conduction channel is expanded to be a coherent three-
dimensional channel instead of the sheet conduction channel of 2DEG in conventional GaN
HEMTs. However, since the p-GaN partially depletes the electrons, the Fermi level above
the band gap for p-GaN in the p-GaN layer depletion region, and the 3DES region does not
span the entire AlGaN layer, as shown in Figure 4b, where the simulated 3DES length is
approximately 25 nm. Additionally, the doping and polarization of the thin GaN cap layer
contribute to a peak concentration of electrons located near the interface. Although, due to
polarization, a valley of the concentration appears at the top of the coherent channel, the
lowest concentration of the valley is still higher than 1010 cm−3. The formation of 3DES
approximately aligns with recent experiments [35] and theoretical calculations [24].
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Figure 5a,b represents the transfer performance of the CC-HEMT. A narrow source of
40 nm (LS) is utilized as an example to improve simulation efficiency. Furthermore, to verify the
functionality of the proposed device, the p-GaN doping limit of 1018 cm−3 is utilized, reflecting
current fabrication processes and making for a challenging condition simulation to explore the
device performance’s boundary. As indicated in the figure, the current transportation capability
of the device decreases as the p-GaN height (HP) increases; this is due to the equivalent increase
in the resistance of the channel. Nonetheless, the current flowing through the device is over
3 A/mm in all three samples when the drain voltage is 6 V, which is much higher than the
calibrated p-GaN gate HEMT. This high performance is attributable to the high density of
3DES formed in the graded AlGaN layer, which is the key feature of the CC-HEMT. As shown
in Figure 5b, threshold voltage (VTH, defined at ID is 1 mA/mm) is insensitive to HP, as HP
increases from 200 nm to 400 nm, the varation of VTH is lower than 0.04 V, which means
the proposed CC-HEMT has a lager process tolerance. Also, shorter HP results in higher
peak transconductance—This is because of the merit of higher gate controllability through
shorter channel length. For the pinch-off region (VG < 1V), HP does not influence the leakage
significantly, mainly because of the stable depletion region of the p-n junction formed by p-GaN
and the coherent channel, which does not extend to exceed 200 nm. It should be noted that this
paper aims at exploring the use of a coherent channel for realizing a novel AlGaN/GaN HEMT
with an enhancement-type functionality with very high-power transmission capability based
on p-GaN-on-HEMT architecture and the device performance’s boundary, so the comparation
between the calibrated device and the proposed device is not performed.
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However, it should be noted that the maximum Al content and thickness of the
AlGaN layer should be traded off while considering the p-GaN doping concentration.
High p-type doping may completely deplete the 3DES, which could be prevented by
increasing the Al gradation of the AlGaN layer. However, in doing so, the resistance of
the layer will also increase, resulting in a reduction of the device’s current transportation
performance. Consequently, the optimal device configurations should be studied further
while considering the aforementioned factors.

Figure 6 gives the output performance of the proposed CC-HEMT with various HP
from 200 nm to 400 nm under VGS of 4 V, where the output curves exhibit good saturation
performance, indicating that the channel is resilient to parasitic effects like the short-channel
effect. Compared to other recently reported devices, the proposed device boasts a very high
current transmission capability [18,22,34,36]. Because of higher series resistance, higher
p-GaN thickness turns out to be higher DC RON, as can be seen in the Figure 6b—the
device saturation current drops as a consequence. However, due to the high electron
density of 3DES, the lowest saturation current with HP of 400 nm still stays higher than
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5 A/mm, which suggests the proposed device exhibits the desired high potential in power
applications.
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Figure 7 presents the simulated results of the current density and electric field distribu-
tion of the proposed device working in a forwarding or blocking state. It can be seen from
Figure 7a that an inversion channel is formed in the p-GaN layer to connect the 3DES and the
Ohmic source and the main part of the current flows just through the coherent channel (the
coherent channel is highlighted by a zoom out insert) when the device turns on (VG = 4V and
VD = 3V), which indicates that the high current transportation capability is attributable to
the high density of 3DES formed in the graded AlGaN layer. Also, the reverse blocking, as
in Figure 7b, shows the same behavior as the mechanism of the design—The electric field
crowded under the p-GaN pillar (VD = 800V and other gates are grounded). Meanwhile,
the stable depletion region of the p-n junction formed by p-GaN and the coherent channel
can reduce the leakage significantly. It is expected that the depletion region of the device
can extend towards the drain within the buffer layer, where the material’s critical electric
field is relatively high so that a higher breakdown voltage can be obtained.

Figure 8 shows Johnson’s Figure-Of-Merit (JFOM) of the proposed device with differ-
ent specifications of the p-GaN pillar. For the JFOM, it is related to the saturation electron
velocity of the device Vsat and the critical electric field EC, as below [37,38]:

JFOM =
VsatEC

2π
(1)

The Vsat is dependent on the cut-off frequency fT and the length of the gate LG (in our
case, this should equal the height of the p-GaN, namely the length between the source and
the coherent channel):

Vsat = fT ·2π·LG (2)

We can approximately estimate the EC by using the breakdown voltage BV and
introducing a linear component of fitting, a:

EC =
2BV
a·LG

(3)

Therefore, if the adjustable parameter is 2, the frequency JFOM can be obtained in a
form of:

JFOM = fT ·BV (4)

As can be seen in Figure 8, the device features high JFOM values; this can be attributed
to the functionality of the coherent channel, where the high-density, large-volume 3DES is
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formed by the combination of doping (for the n-GaN cap layer) and polarization (for the
graded AlGaN layer). Before the best point of doping concentration, higher doping yields
higher JFOM; this is because the depletion region between the p-GaN and the coherent
channel decreases, and this decreasing trend dominates the JFOM. The concentration
exceeding the best point, however, will reduce the mobility of the vertical channel inside
the p-GaN, which starts to dominate in lowering the JFOM.
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Figure 7. Simulated (a) current density in a forward-biased device and (b) electric-field distribution in
a blocking device. Note that these two figures are from devices with different geometric specifications
in order to achieve the best contrast.

Figure 8b can be achieved by fixing the p-GaN doping to 1018 cm−3, varying HP from
200 nm to 400 nm and varing LS from 20 nm to 40 nm. In this figure, it can be seen that the
best height of the p-GaN is around 300 nm for the high JFOM. Lower heights can reduce the
BV and, therefore, reduce the JFOM, while higher heights can lower the channel conductivity,
as shom in Figure 6b, and result in a lower cut-off frequency. These two factors need to be
considered in further studies.
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If considering the adjustable factor a in Equation (3), a more comprehensive trend of
JFOM vs. HP can be drawn with various LS from 20 nm to 40 nm, as in Figure 9. According to
the simulation, a THz-level JFOM can be obtained in the best cases. This high performance is
the direct consequence of the feat of the coherent channel. In this channel, the polarization
layer provides the high-mobility component of the coherent channel, while the doping layer
provides extra carriers for current transport. With such a combination, the coherent channel
can exhibit high JFOM as well as a high Baliga’s FOM (BFOM), as can be seen in Figure 10.
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In particular, the BFOM peaks when the height of the p-GaN reaches around
350 nm; this indicates that the breakdown happens within the p-GaN until it is higher than
350 nm—then the breakdown is the responsibility of the coherent channel. Therefore, we
can achieve an even higher BFOM, with high JFOM remaining, by extending the coherent
channel length. All these facts suggest that the proposed architecture of CC-HEMT with a
coherent channel can be favored in future power applications.

It should also be noted that this research is a proof-of-concept study, and some of the
parameters adopted here are ideal. In reality, owing to the limits of the fabrication process,
the presence of traps and defects may significantly influence the final performance of the
device. Further studies are required to validate the superiority of the proposed device
experimentally, which is not the scope of the current study.

4. Conclusions

In conclusion, the proposed CC-HEMT demonstrates outstanding high-power perfor-
mance, which is attributed to the introduction of the coherent channel by the graded AlGaN
layer with the n-GaN cap layer. The graded Al fraction lowers the energy band, resulting in
the formation of 3DES with high electron density above 1013 cm−3 in the AlGaN layer. The
device exhibits a remarkable on-state current exceeding 3 A/mm and a high BV of over
800 V, which suggests the proposed device exhibits the desired high potential in power
applications. Meanwhile, the proposed CC-HEMT can achieve an even higher BFOM, with
high JFOM remaining, by extending the coherent channel length. And the Although further
optimization of the device configuration is necessary, the CC-HEMT holds great potential
in enhancing the overall performance of future power applications, such as LED power
management, wireless power transmission, and charging stations, according to a rigorous
numerical analysis presented.
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Abstract: This study employed atomic layer deposition (ALD) to fabricate an Al2O3 passivation layer
to optimize the performance of ultraviolet (UV) photodetectors with a TiO2-nanorod-(NR)-containing
active layer and a solid–liquid heterojunction (SLHJ). To reduce the processing time and enhance
light absorption, a hydrothermal method was used to grow a relatively thick TiO2-NR-containng
working electrode. Subsequently, a 5-nm-thick Al2O3 passivation layer was deposited on the TiO2

NRs through ALD, which has excellent step coverage, to reduce the surface defects in the TiO2 NRs
and improve the carrier transport efficiency. X-ray photoelectron spectroscopy revealed that the
aforementioned layer reduced the defects in the TiO2 NRs. Moreover, high-resolution transmission
electron microscopy indicated that following the annealing treatment, Al, Ti, and O atoms diffused
across the interface between the Al2O3 passivation layer and TiO2 NRs, resulting in the binding
of these atoms to form Al–Ti–O bonds. This process effectively filled the oxygen vacancies in
TiO2. Examination of the photodetector device revealed that the photocurrent-to-dark current ratio
exhibited a difference of four orders of magnitude (10−4 to 10−8 A), with the switch-on and switch-off
times being 0.46 and 3.84 s, respectively. These results indicate that the Al2O3 passivation layer
deposited through ALD can enhance the photodetection performance of SLHJ UV photodetectors
with a TiO2 active layer.

Keywords: TiO2 nanorod (NR); Al2O3; ultraviolet (UV) photodetector; atomic layer deposition (ALD)

1. Introduction

Ultraviolet (UV) photodetectors are widely used in various fields, including industry,
healthcare, and defense. The materials and structure of the active layer in UV photodetec-
tors considerably influence the sensitivity and stability of these devices. Most currently
available UV photodetectors are based on inorganic compounds, and multiple studies
have developed various nanostructures to enhance the performance of UV photodetec-
tors. Commonly used two-dimensional (2D) thin-film materials in UV photodetectors
include AlN, GaN, Ga2O3, ZnO, and TiO2 [1–6]. In addition, scholars have explored the
use of one-dimensional (1D) nanostructures, such as nanowires, nanorods (NRs), and nan-
otubes, to enhance photodetector performance [7–9]. Given the superior light-harvesting
capability and shorter electron transport pathways of 1D structures compared with those
of 2D structures, the present study selected TiO2 NRs as the active layer to fabricate
UV photodetectors.

To achieve effective light absorption, the active layer of the UV photodetector should
comprise a relatively thick film. Common vacuum deposition techniques, such as sputter-
ing [10,11], atomic layer deposition [12,13], and chemical vapor deposition [14,15], provide
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stable film quality with easily controllable parameters; however, the film deposition rate in
these methods is typically low. Alternatively, numerous studies have utilized nonvacuum
hydrothermal methods [16,17] to synthesize TiO2 NRs; these methods are cost-effective
and enable rapid film growth. Nevertheless, relevant studies have reported that TiO2 NRs
synthesized through hydrothermal methods often exhibit oxygen vacancy defects [18],
which can degrade the performance of UV photodetectors. Research has indicated that
TiO2 NRs can be coated with a thin passivation layer to effectively reduce their oxygen
vacancies. For instance, one study used the liquid-phase deposition method to deposit
Al2O3 passivation layers on TiO2 NRs in UV photodetectors [18]. This method enabled
excellent step coverage to be achieved on 1D TiO2 NRs and effectively passivated their
defects, thereby reducing the switch-off time from 26.5 to 16.5 s during device switching.
Moreover, electrochemical deposition has been employed to fabricate TiO2 NRs/Au/PTTh
UV photodetectors [19], which exhibit adequate step coverage and a high detectivity of
1.6 × 1010 Jones. The performance comparison of the UV photodetector studies is shown in
Table 1. However, because hydrothermal methods are nonvacuum processes, they result in
the generation of a higher number of defects in the passivation layer than vacuum processes.
In addition, the sputtering method has been used to fabricate AlN passivation layers [20]
for UV photodetectors with TiO2 NRs. This method offers the advantages of few defects
and easy film thickness control, and it reduces the switch-off time of the photodetector to
4.32 s. However, the sputtering process exhibits poor step coverage when the TiO2 NRs
have high aspect ratios. Thus, a more suitable method is required for coating passivation
layers on TiO2 NRs.

Table 1. The performance comparison of UV photodetectors studies.

Active Layer λcut (nm) Sensitivity Detectivity
(Jones) Ref.

Al2O3/TiO2 NR 365 4380 1.73 × 1010 this work
TiO2 NRs/Au/PTTh 365 - 1.67 × 1010 [19]
AlN/TiO2 nanorod 350 1360 2.87 × 109 [20]

ZnO/TiO2 365 388 1.10 × 1010 [21]
AgNW/NiO TiO2/FTO 365 - 1.60 × 1010 [22]

A passivation layer should have a low thickness, few defects, the ability to repair film
surface defects, and excellent step coverage. Therefore, the present study employed ALD
to deposit a high-quality Al2O3 passivation layer on the TiO2-NR-containing active layer
of UV photodetectors with a solid–liquid heterojunction (SLHJ). Figure 1 illustrates the
energy-level diagram of the SLHJ UV photodetectors in this work. Al2O3 can be used to
provide surface passivation to reduce the number of oxygen vacancy defects on the TiO2
NRs surface and can prevent reverse leakage current in SLHJ UV photodetectors, thereby
enhancing the performance of photodetectors. Because a sufficient supply of oxygen atoms
is maintained in the ALD process, this process can decrease the number of oxygen vacancy
defects that are inherently present in the TiO2 NRs, thereby enhancing the quality of the
working electrode of the UV photodetector. This study explored the atomic diffusion
between an Al2O3 passivation layer and a TiO2-NR-containing working electrode after
thermal treatment. The performance of the SLHJ UV photodetectors with Al2O3/TiO2 NR
structures was also examined.
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Figure 1. The energy-level diagram of Al2O3/TiO2 NR UV photodetectors. 
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illustrated in Figure 2a. Initially, TiO2 NRs were synthesized using a hydrothermal 
method. A solution of 6 M HCl and 2 M titanium isopropoxide (TTIP) was prepared. This 
solution was then combined with deionized water in a Teflon-lined autoclave, in which a 
fluorine-doped tin oxide (FTO) glass substrate (area: 2 cm × 2 cm, resistivity: 15.5 Ω/m2) 
was placed. The autoclave was heated in a circulating oven at 160 °C for 3 h to obtain a 
working electrode. Next, the 1-µm TiO2 NRs/FTO was removed, rinsed with deionized 
water, and dried using nitrogen gas. Subsequently, ALD was employed to deposit an 
Al2O3 passivation layer on the TiO2 NRs, with trimethylaluminum (TMA) and ultrapure 
water used as the precursor and oxidizing agent, respectively. During the deposition pro-
cess, the reaction temperature was set to 90 °C, the process pressure was maintained at 6 
× 10−2 Torr, and Ar gas at a flow rate of 100 sccm was used as the purge gas. Each ALD 
cycle involved the following steps in sequence: TMA injection for 1.5 s, Ar gas purging for 
30 s, H2O injection for 1 s, and Ar purging for 60 s. The ALD growth mechanism is shown 
in Figure 2b. A total of 50 ALD cycles were performed to grow a 5-nm-thick Al2O3 pas-
sivation layer on the TiO2 NRs, which resulted in the formation of an Al2O3/TiO2 NRs/FTO 
working electrode. Next, the Al2O3 passivation layer was subjected to annealing treat-
ments at 300 °C, 400 °C, 500 °C, and 600 °C to enhance its properties, with the heating rate 
set at 30 °C/min and the temperature hold time set at 1 h. Finally, a Pt/FTO counter elec-
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Figure 1. The energy-level diagram of Al2O3/TiO2 NR UV photodetectors.

2. Experiment

The process used in this study to fabricate the Al2O3/TiO2 NR working electrode
is illustrated in Figure 2a. Initially, TiO2 NRs were synthesized using a hydrothermal
method. A solution of 6 M HCl and 2 M titanium isopropoxide (TTIP) was prepared. This
solution was then combined with deionized water in a Teflon-lined autoclave, in which a
fluorine-doped tin oxide (FTO) glass substrate (area: 2 cm × 2 cm, resistivity: 15.5 Ω/m2)
was placed. The autoclave was heated in a circulating oven at 160 ◦C for 3 h to obtain a
working electrode. Next, the 1-µm TiO2 NRs/FTO was removed, rinsed with deionized
water, and dried using nitrogen gas. Subsequently, ALD was employed to deposit an Al2O3
passivation layer on the TiO2 NRs, with trimethylaluminum (TMA) and ultrapure water
used as the precursor and oxidizing agent, respectively. During the deposition process, the
reaction temperature was set to 90 ◦C, the process pressure was maintained at 6× 10−2 Torr,
and Ar gas at a flow rate of 100 sccm was used as the purge gas. Each ALD cycle involved
the following steps in sequence: TMA injection for 1.5 s, Ar gas purging for 30 s, H2O
injection for 1 s, and Ar purging for 60 s. The ALD growth mechanism is shown in Figure 2b.
A total of 50 ALD cycles were performed to grow a 5-nm-thick Al2O3 passivation layer
on the TiO2 NRs, which resulted in the formation of an Al2O3/TiO2 NRs/FTO working
electrode. Next, the Al2O3 passivation layer was subjected to annealing treatments at
300 ◦C, 400 ◦C, 500 ◦C, and 600 ◦C to enhance its properties, with the heating rate set at
30 ◦C/min and the temperature hold time set at 1 h. Finally, a Pt/FTO counter electrode
was prepared, and a 60-µm-thick spacer (SX1170-60, Solaronix, Aubonne, Switzerland) was
placed between the Al2O3/TiO2 NRs/FTO and Pt/FTO electrodes. The spacer was melted
by applying pressure on a 100 ◦C hot plate to bind the working electrode (photoelectrode)
and the counter electrode substrate. Deionized water was then injected to create a UV
photodetector with SLHJ.

The experimental characterizations conducted in this study were as follows. First, the
surface morphologies of the Al2O3 and TiO2 NR films were analyzed through field-emission
scanning electron microscopy (JEOL JSM-7000F, Tokyo, Japan) under an accelerating voltage
of 15 kV. Second, the microstructures of the TiO2 NRs coated with Al2O3 were examined
through high-resolution transmission electron microscopy (HR-TEM, model: JEM-2100 F,
Japan). Third, the chemical compositions and bonding of the TiO2 active layer and Al2O3
passivation layer were investigated through X-ray photoelectron spectroscopy (XPS; PHI
5000 VersaProbe, Japan) with Al Kα radiation (photon energy of 1486.6 eV). The energy
resolution of the adopted XPS instrument was 0.5 eV full width at half maximum. XPS
measurements were conducted at a base pressure of 7.4 × 10−7 Pa in an analyzer chamber.
A 2-kV argon ion beam with a current density of 100 A/cm2 was used to acquire the depth
profiles, and the binding energy of each element was calibrated to that of the C1s (284.5 eV)
peak. Finally, the current (I)–voltage (V) characteristics of the created photodetector under
UV illumination (illumination intensity and wavelength of 15 W and 365 nm, respectively)
and dark conditions were explored using the HP 4145B Semiconductor Parameter Analyzer.
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3. Results and Discussion

A 2D thin film of TiO2 NRs was generated through the reaction of TTIP with water
[Reaction (1)]. Subsequently, this layer was subjected to etching with HCl. In this process,
the Cl− ions in HCl molecules reacted with Ti atoms to form TiCl3 [Reaction (2)]. Previous
research [18] has indicated that TiO2 NRs with a preferred (002) orientation can be obtained
using 6 M HCl [Figure 3a]. A cross-sectional FE-SEM image of the deposited Al2O3
passivation layer is displayed in Figure 3b. The thickness of this layer was approximately
5 nm, and this thickness value was confirmed through HR-TEM [Figure 4c]. Figure 3c
shows the EDS elemental analysis results for the ALD-Al2O3 film. Mapping analysis results
show that the Al2O3 film grows uniformly, and the element ratio of Al to O is 40% to 60%.
The ALD process involves chemical grafting to grow an Al2O3 thin film (Figure 2). A single
ALD cycle involves the following steps: First, water vapor was used to attach the OH−

functional groups to the surface of the TiO2 NRs. Subsequently, TMA gas was introduced
to grow the Al2O3 thin film, after which CH4 was removed using Ar gas. In this study,
50 ALD cycles were conducted to grow an Al2O3 passivation layer to ensure that this layer
was uniformly coated on the TiO2 NRs, thereby enhancing its passivation effect on the
surface defects of these NRs.

Ti{OCH(CH3)2}4 + 2H2O→ TiO2 + 4(CH3)2CHOH (1)

2Ti + 6HCl→ 2TiCl3 + 3H2↑ (2)

To explore the effect of the annealing treatment on the microstructure of the Al2O3/TiO2
NRs, HR-TEM was conducted. Figure 4a,d display the cross-sectional HR-TEM image and
SAED pattern of the Al2O3/TiO2 NRs produced without annealing treatment. This image
reveals that the lattice spacing of the TiO2 (110) plane was 3.31 Å [Figure 4b]. Moreover,
the lattice spacings of the Al2O3 (003) and TiO2 (101) planes were 4.91 Å and 3.47 Å, re-
spectively [Figure 4c]. The analysis results revealed that in the unannealed Al2O3/TiO2
NR structure, the Al2O3 thin film was predominantly concentrated on the outer edges of
the TiO2 NRs, and the Al2O3 lattice did not form [Figure 4b]. Figure 4e,h display a cross-
sectional HR-TEM image and SAED of the Al2O3/TiO2 NR structure after this structure
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was annealed at 500 ◦C. The analysis results revealed that after annealing at 500 ◦C, the
lattice spacing of the TiO2 (110) plane was 3.24 Å [Figure 4f]. In the middle section of the
Al2O3/NR structure [Figure 4g], the lattice spacings of the TiO2 (110), Al2O3 (003), Al–Ti–O
(111), and Al–Ti–O (311) planes were 3.26, 4.86, 3.89, and 2.08, respectively. These results
indicate that after annealing at 500 ◦C, Al2O3 diffused into the TiO2 NRs. As shown in
Figure 4g, the thickness of the interface between TiO2 and Al2O3 increased to 10 nm after
annealing at 500 ◦C, which confirmed that Al, Ti, and O atoms diffused across the interface
between TiO2 and Al2O3 to form Al–Ti–O bonds. This diffusion process resulted in the
effective filling of the oxygen vacancies in TiO2. Thus, annealing can increase the thickness
of the Al2O3/TiO2 interface, which reduces the oxygen vacancy defects in the TiO2 NRs,
thereby enhancing the photodetector performance.
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Figure 5a,b show the Ti 2p XPS spectra of the TiO2 NRs before and after they were
passivated by the Al2O3 film. The background noise in these spectra was eliminated using
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the Shirley method in the Spectral Data Processor v4.5 software program, and the spectra
were deconvoluted. The binding energy (Eb) was calculated as follows:

Eb = hv − Ez − w (3)

where Ez is the kinetic energy of the emitted electron, w is the work function, which
represents the energy required to remove an electron from the surface of a solid, and hv is
the incident photon energy. The binding energy calculations enabled the determination of
the proportions of different oxidation states of Ti in TiO2, namely Ti4+, Ti3+, and Ti2+. Ti3+

and Ti2+ represent oxygen vacancy states, and Ti4+ denotes a stable state. The Ti4+
2p3/2 peak

was located at 459± 0.2 eV. As depicted in Figure 5a,b, after the TiO2 NRs were coated with
the Al2O3 passivation film, the area proportion of the Ti4+ peak in the Ti 2p XPS spectrum
increased from 52.7% to 64.6%, whereas the combined area proportion of the Ti3+ and Ti2+

peaks decreased from 47.3% to 35.4%. These results indicated that the oxygen vacancy
defects in the TiO2 NRs were reduced after they were coated with the Al2O3 layer. This
improvement was attributed to the chemical passivation effect of the Al2O3 film, which
reduced the surface defect density of the TiO2 NRs and the number of dangling bonds
on their surfaces, thereby enhancing their intrinsic properties. Figure 5c,d show the Al
2p and O 1s XPS spectra of the Al2O3 layer. From Figure 5c, it can be observed that the
area percentages of Al-O, Al-OH, and Al-Al were 95.6%, 3.1%, and 1.3%, respectively. This
result shows that the bond between Al and oxygen is complete, and the Al2O3 film has few
defects. However, Figure 5d again proves that the bond between oxygen and aluminum is
complete, and the Al-O and Al-OH areas are 95.4% and 4.6%, respectively. In this way, a
passivation layer with fewer defects can further improve the characteristics of TiO2 NRs
UV photodetectors.
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tions. A high LDR value under dark conditions indicates high device stability. Overall, the 
Al2O3 passivation layer improved the stability of the SLHJ UV photodetectors. 

Figure 5. Ti 2p spectra of the (a) TiO2 NRs, (b) Al2O3/TiO2 NRs annealed at 500 ◦C and (c) Al
2p, (d) O 1s of ALD-Al2O3 film.

Figure 6 displays the I–V curves measured under UV illumination and dark conditions
for SLHJ UV photodetectors with Al2O3/TiO2 NR structures subjected to annealing at dif-
ferent temperatures. The measurements were taken under both ultraviolet illumination and
dark conditions. The results revealed that the photodetector containing an Al2O3/TiO2 NR
structure annealed at 500 ◦C exhibited a photocurrent and dark current of 1.22 × 10−5 and
8.96 × 10−9 A, respectively. These results confirm that high photodetection performance
can be achieved when the photodetector contains an Al2O3 passivation layer that has been
deposited through ALD and annealed at an optimal temperature. To evaluate the effect of

21



Micromachines 2024, 15, 1402

an Al2O3 passivation layer on photocurrent characteristics, the sensitivity, light-dependent
resistance (LDR), and detectivity of photodetectors with and without an Al2O3 thin-film
coating were compared in Table 2. The formulas for calculating these parameters are
as follows:

Sensitivity =
Iphoto

Idark
(4)

LDR = 20 log (
Iphoto

Idark
) (5)

Detectivity =
R√

2 q Idark
(6)

where Iphoto is the photocurrent, Idark is the dark current, q is the elementary charge of an
electron, and R is the responsivity. The calculation results indicated that the sensitivity,
LDR, and detectivity of the photodetector with an Al2O3/TiO2 NR structure exhibited a
substantial improvement in performance than those of a photodetector with TiO2 NRs only,
with sensitivity increasing from 8 to 4380, LDR increasing from 17.7 dB to 72.8 dB, and
detectivity increasing from 3.19 × 107 to 1.73 × 1010 Jones. The chemical passivation effect
of the Al2O3 film considerably enhanced the sensitivity of the TiO2 NRs. Therefore, the
resulting UV photodetector exhibited an improved ability to detect UV light and a faster
response. In general, high sensitivity correlates with high detectivity, which is a quality
factor that reflects photodetectors’ ability to avoid interference from other light sources
during UV detection. Moreover, the LDR is inversely proportional to the light intensity;
thus, it can be used to assess the stability of photodetectors under dark conditions. A
high LDR value under dark conditions indicates high device stability. Overall, the Al2O3
passivation layer improved the stability of the SLHJ UV photodetectors.
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a TiO2 NR structure and Al2O3/TiO2 NR structure were 0.52 and 0.46 s, respectively. Fur-
thermore, their switch-off times were 7.64 and 3.84 s, respectively. These results indicate 
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enhancing the switching characteristics of the UV photodetector. 

Figure 6. Photocurrent and dark current characteristics of SLHJ UV photodetectors with Al2O3/TiO2

NR structures subjected to annealing under different temperatures.

Figure 7 depicts the on–off switching characteristics of UV photodetectors with and
without an Al2O3 passivation layer (i.e., with an Al2O3/TiO2 NR structure and a TiO2 NR
structure, respectively). During the measurement process, no external bias was applied
(bias = 0), and the switching time and total measurement duration were set to 50 and 275 s,
respectively. As displayed in Figure 7a, the Al2O3 passivation layer caused the photocurrent
density to increase from 1.7 to 7.8 µA/cm2. Figure 7b,c displays magnified views of
the switch-on and switch-off times of the photodetectors with a TiO2 NR structure and
Al2O3/TiO2 NR structures, respectively. The switch-on time was defined as the time when
the current density exceeded 90%, and the switch-off time was defined as the time when the
current density dropped below 10%. The switch-on times of the photodetectors with a TiO2
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NR structure and Al2O3/TiO2 NR structure were 0.52 and 0.46 s, respectively. Furthermore,
their switch-off times were 7.64 and 3.84 s, respectively. These results indicate that the Al2O3
thin film considerably improves the switching characteristics of the photodetector. This
improvement was attributed to the chemical passivation effect of this film, which effectively
reduced the number of oxygen vacancy defects in the TiO2 NRs, thereby enhancing the
switching characteristics of the UV photodetector.
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Figure 7. (a) Switching characteristics of SLHJ UV photodetectors with a TiO2 NR structure and 
Al2O3/TiO2 NR structure, (b) magnified view of the switch-on and switch-off times of the UV pho-
todetector with the TiO2 NR structure, and (c) magnified view of the switch-on and switch-off times 
of the UV photodetector with the Al2O3/TiO2 NR structure. 

4. Conclusions 
This study improved the photodetection performance of UV photodetectors with 

SLHJ- and TiO2-NR-containing active layers by depositing an Al2O3 passivation layer on 
this active layer through ALD. The results of HR-TEM results confirmed that after the 
Al2O3/TiO2 NR structure was annealed, an Al–Ti–O interface was formed between TiO2 

Figure 7. (a) Switching characteristics of SLHJ UV photodetectors with a TiO2 NR structure and
Al2O3/TiO2 NR structure, (b) magnified view of the switch-on and switch-off times of the UV
photodetector with the TiO2 NR structure, and (c) magnified view of the switch-on and switch-off
times of the UV photodetector with the Al2O3/TiO2 NR structure.
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Table 2. Photocurrent, dark current, sensitivity, light-dependent resistance (LDR), and detectivity of
ultraviolet (UV) photodetectors with solid–liquid heterojunction (SLHJ) and Al2O3/TiO2 nanorod
(NR) structures annealed at various temperatures.

Annealing
Temperature

Iphoto
(A)

Idark
(A) Sensitivity LDR

(dB)
Detectivity
(Jones)

TiO2 NRs 3.66 × 10−7 4.38 × 10−8 8 17.7 3.19 × 107

300 ◦C 4.81 × 10−7 4.65 × 10−8 10 20.3 4.49 × 107

400 ◦C 6.12 × 10−5 8.96 × 10−8 683 56.7 4.55 × 109

500 ◦C 1.37 × 10−4 3.13 × 10−8 4380 72.8 1.73 × 1010

600 ◦C 5.81 × 10−6 7.19 × 10−8 81 38.1 4.77 × 108

4. Conclusions

This study improved the photodetection performance of UV photodetectors with
SLHJ- and TiO2-NR-containing active layers by depositing an Al2O3 passivation layer
on this active layer through ALD. The results of HR-TEM results confirmed that after
the Al2O3/TiO2 NR structure was annealed, an Al–Ti–O interface was formed between
TiO2 and Al2O3. This interface was formed because Al diffused into the TiO2 NRs during
thermal annealing, thereby passivating their surface defects. XPS analyses indicated that
the Al2O3 passivation layer reduced the Ti3+ and Ti2+ defects in the TiO2 NRs, with the
combined area proportion of these two defects in the Ti 2p XPS spectrum decreasing from
47.3% to 35.4%. This reduction in oxygen vacancy defects was attributed to the filling effect
provided by the ALD-Al2O3 process. Accordingly, the sensitivity of the ALD-Al2O3/TiO2
NR SLHJ ultraviolet photodetector increased from 8 to 4380, and its detectivity improved
from 3.19 × 107 to 1.73 × 1010 Jones. The photocurrent-to-dark-current ratio exhibited a
difference of four orders of magnitude. Additionally, the turn-on and turn-off times of
the photodetector decreased by 0.06 and 3.8 s, respectively. The aforementioned results
indicate that the ALD-Al2O3 passivation layer is highly effective and has the potential for
future applications in enhancing the performance of photodetector devices.
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Abstract: In this paper, a high-efficiency compact power amplifier is designed and fabricated with a
0.25 µm GaN high electron mobility transistor (HEMT) to meet the demands of a high integration
level and high efficiency for microwave wireless power transfer (WPT) systems. The proposed power
amplifier (PA) is implemented using an internally matched method to achieve a compact circuit
size. The output second and third harmonic impedances can be optimized through output matching
circuits, eliminating the need for additional harmonic matching networks. This approach simplifies
the design of matching circuits and reduces the circuit size. Furthermore, the input third harmonic has
been controled for improving the efficiency of DC-to-RF conversion. The total size of the proposed PA
is 13.4× 13.5 mm2. The test results obtained from the continuous wave (CW) testing indicate that the
output power of the power amplifier at 2.45 GHz reaches 43.75 dBm. Additionally, the large-signal
gain is measured at 15.75 dB, and the power-added efficiency (PAE) achieves a value of 78.5%.

Keywords: GaN HEMT; power amplifiers; high efficiency; 2.45 GHz

1. Introduction

Wireless power transfer (WPT) systems represent a promising trend in the future
development of electronic power delivery methods [1]. The dimensions of the circuit are
also critical, as the high integration level required for beam-forming structures necessitates
a compact design for power amplifiers. Consequently, compact, high-efficiency, and high-
power amplifiers play a vital role in WPT systems. The most crucial metric for evaluating
a WPT system is its transfer efficiency. Gallium nitride (GaN) high electron mobility
transistors (HEMTs) are particularly well-suited for applications demanding high power
and efficiency due to their exceptional electrical characteristics.

The GaN power amplifier can be realized through three primary methods: a Mono-
lithic Microwave Integrated Circuit (MMIC), an external matching circuit (EMC), and an
internally matched circuit. In comparison to an MMIC and EMC, the internally matched
power amplifier demonstrates significant advantages in terms of device performance,
size, and production cost [2]. To satisfy the design requirements for miniaturization, high
efficiency, and high output power, the internally matched power amplifier has increas-
ingly become a focal point of research and has found widespread applications in satellite
navigation and radar detection fields [3–5].

The theoretical drain efficiency (DE) of class E and class F power amplifiers is 100% [6–8].
Both design methodologies can satisfy the requirement for high efficiency at a single
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frequency. However, a significant limitation of class E power amplifiers is that the output
capacitance of the transistor has a pronounced effect on the maximum operating frequency,
particularly in the microwave range [9]. The theoretical DE of class F power amplifiers
can also reach 100%, but this is contingent upon achieving impedance matching across all
harmonics. Typically, impedance matching for the second and third harmonics necessitates
additional circuit design; however, it should be noted that any insertion loss introduced
by higher harmonic matching circuits may adversely affect power-added efficiency (PAE)
more than the efficiency gains achieved through such matching [10].

In the microwave frequency range, a power amplifier (PA) designed with class F archi-
tecture is recognized as one of the most effective methodologies for enhancing the power-
added efficiency (PAE) of narrow-band power amplifiers. Recent years have witnessed
extensive research focused on harmonic termination techniques aimed at developing high-
efficiency power amplifiers [11]. To meet the harmonic impedance requirements of a class
F power amplifier, it is essential to manage not only the output harmonic impedance but
also the input harmonic impedance. Various techniques have been proposed for harmonic
tuning, including open-ended stubs integrated into external matching circuits [2,12,13],
on-chip LC tuning circuits [14–16], and off-chip LC tuning circuits [17–19].

In 2009, F. M. Ghannouchi proposed a 2.45 GHz inverse class F power amplifier (PA)
with a power-added efficiency (PAE) of 71.5% [20]. A. A. Ismail reported a 2.45 GHz class
F PA characterized by high linearity; however, its PAE is only 62% [21]. Both of these
studies employed externally matched circuits, which tend to occupy larger physical sizes
compared to internally matched PAs. In 2018, Takumi Sugitani et al., from Mitsubishi
Electric Corporation [14], presented a high-power and high-efficiency power amplifier
designed for microwave heating applications, achieving an output power exceeding 57 dBm
and demonstrating a drain efficiency (DE) greater than 70% at the frequency of 2.45 GHz.
This internally matched power amplifier incorporates an on-chip LC tuning circuit situated
near the gate terminals of the HEMT to regulate the input second harmonic impedance
while utilizing an open-ended stub to manage the output second harmonic impedance. The
on-chip LC tuning circuit offers minimal area occupation along with superior consistency
in both amplitude and phase; however, it lacks tunability.

To address the growing demand for compact and high-efficiency power amplifiers
in microwave wireless power transfer systems, we have designed an internally-matched
power amplifier that operates with high efficiency at a frequency of 2.45 GHz, utilizing
0.25 µm GaN HEMT technology. The implementation of LC components is achieved
through bonding wire and thin-film circuit techniques to ensure a compact design. Addi-
tionally, harmonic tuning methods are employed to enhance overall efficiency.

2. Overall Design

The GaN HEMT under consideration is fabricated utilizing an advanced GaN chip
production line provided by Dynax Semiconductor Inc. This device achieves a typical
power density of 6.0 W/mm, a drain efficiency (DE) of 73% at 6 GHz, and a typical gain
of 19.0 dB. To meet the power requirement of 20 W while ensuring high power-added
efficiency (PAE) with a compact internally matched power amplifier (PA), a single-stage
topology has been employed. The overall gate size of the GaN HEMT die measures
655 × 2725 µm. The schematic diagram illustrating the internally matched power amplifier
circuit topology is presented in Figure 1.

In order to meet the output power requirements and maximize the power-added
efficiency (PAE) of the power amplifier, the transistor operates in deep class AB mode. The
gate voltage (Vgs) is set at −2.7 V, while the drain voltage is maintained at 28 V, resulting
in a quiescent current of 50 mA for the transistor. Input and output matching are achieved
through an LC tuning circuit that utilizes a parallel plate capacitor along with bonding wire
as inductance elements. Both input harmonic matching and output harmonic matching are
considered and analyzed as follows.
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Figure 1. Schematic diagram of the internally matched power amplifier circuit topology.

3. High-Efficiency Matching Circuit Design

Firstly, a simulation of load pull and source pull for the fundamental frequency is
conducted at 2.45 GHz for the GaN HEMT die by employing an accurate model [22].
This large-signal model provides precise impedance values while taking into account the
influence of the knee voltage characteristic of GaN HEMTs. The fundamental output
impedance of the GaN HEMT is measured to be 5.7 + j*10.2 Ω, whereas its input impedance
is determined to be 1.1 + j*3 Ω. Regarding amplifier bandwidth issues, according to
the Bode-Fano criterion, there exists a constraint between the bandwidth and reflection
coefficient as follows [23]:

BW =
πω0

R ln
(

1
τmin

) (1)

n =

(
RL
RS

) 1
K

(2)

In which, RL denotes the load impedance, K stands for the number of nodes in the T-
type network, and n represents the impedance conversion ratio. From (1) and (2), increasing
the LC network’s order will expand the bandwidth, but it will also result in greater physical
space requirements and increased insertion loss. Since the power amplifier required to
be designed is a high-efficiency power amplifier operating at 2.45 GHz, it is necessary to
minimize the influence of the working bandwidth on the output power and PAE. So, the
output matching circuit only needs to use an L-C-L network to implement the matching
of the virtual part, while increasing the impedance of the real part to 10 Ω, and then
transforming the real part to 50 Ω through the quarter-wavelength transformation line. The
input matching circuit also uses an L-C-L network and quarter-wavelength transformation
line to achieve the best match with the source impedance between 1.1 + j*3 Ω and 50 Ω.

Second, the GaN HEMT undergoes 2nd and 3rd load/source pull simulations using
precise modeling techniques. Figure 2 shows the 2nd and 3rd load pull simulation results.
In Figure 2, the impedance point of the optimal PAE is offset compared with the ideal class
F power amplifier due to the influence of the parasitic parameters of the transistor.

The class F power amplifier requires that the input 2nd and 3rd harmonic impedance
is in the short state. The 2nd source pull simulation results show that the 2nd harmonic
optimal source impedance is 1.4 + j*0.595 Ω. The 3rd source pull simulation results show
that the 3rd harmonic optimal source impedance is 1.41 + j*1.79 Ω. The impedance point of
the optimal PAE is slightly offset compared with the ideal class F power amplifier due to the
influence of the parasitic parameters of the transistor. In order to achieve optimal harmonic
source impedance, we need to increase the off-chip harmonic tuning circuit to achieve
this requirement. Due to the accuracy of L and C values, the harmonic tuning circuit may
cause a frequency mismatch of fundamental frequency. To avoid power and gain loss at
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operation frequency and to simplify the input matching network, only the 3rd harmonic
tuning circuit is applied in the input matching network. The input harmonic matching
network is shown in Figure 1. The 3rd harmonic tuning circuits are LC series resonant
circuits, which are realized in the same way as the fundamental frequency matching circuit.
The resonant frequency of a series L-C resonant circuit can be calculated by (3).

f =
1

2π
√

LC
(3)

Figure 2. Simulated PAE dependence with the output harmonic impedance.

By setting the values of L and C reasonably, the resonant frequency of the LC resonant
circuit is the third harmonic frequency, respectively, so as to realize the short circuit state
of the input third harmonic. The simulation curve of input matching network impedance
with and without harmonic tuning is given by Figures 3 and 4.

Figure 3. Simulation results of impedance curve of input matching circuit without harmonic tun-
ing circuit.
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Figure 4. Simulation results of impedance curve of input matching circuit with harmonic
tuning circuit.

Figure 5 gives the schematic diagram of the output match network. The simulation
results of the impedance curve of the output matching circuit are given by Figure 6. It can
be seen that the 2nd harmonic impedance achieved by the output matching circuit without
harmonic tuning is 0.511 + j*31.466 Ω. If harmonic tuning is added, the 2nd harmonic
impedance achieved by the output matching circuit is 0.002 + j*2.003 Ω. Combined with the
2nd load pull simulation results in Figure 2, it can be seen that the output matching circuit
without the output 2nd harmonic tuning will transform the 2nd harmonic impedance to the
region with the highest efficiency, while the output matching circuit with the output 2nd
harmonic tuning will transform the 2nd harmonic impedance into the “trap” with low effi-
ciency. The case of the 3rd harmonic is the same as the case of the 2nd harmonic. Therefore,
for output matching, we adopt the method of combining fundamental frequency matching
with the 2nd and 3rd harmonic matching, rather than the harmonic tuning method.

Figure 5. Schematic diagram of output matching circuit.

Figure 7 shows the simulated result of large-signal performance with and without a
harmonic tuning circuit. The output power and gain at saturation in the two cases have
almost no difference. The biggest difference in PAE between the with and without harmonic
tuning cases is 4% when the PA saturates.

The impedance transformation for fundamental frequency matching is achieved using
an alumina substrate which has a permittivity of 9.9 and the thickness of the substrate is
0.254 mm, with a characteristic impedance of 24.1 Ω. These matching circuits are designed
to realize the optimal output harmonic impedance.

The components in the matching circuit are realized by different substrate materials,
and then all the components are glued to the inside of the tube shell by conducting resin,
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and finally connected by gold wire. The inductance L is achieved using a bonding wire
with a diameter of 25 µm. Capacitor C is implemented using thin-film technology, and the
substrate material is made of alumina ceramics with a relative dielectric constant of 9.9.
The capacitance value of the parallel plate capacitor can be calculated by (4).

C = ε0εrd
A
d

= ε0εrd
W · l

d
(4)

Here, W denotes the width of the capacitor, and l denotes its length. The ε0 represents
the permittivity of the medium of the capacitor, and εrd represents the permittivity of
the vacuum.

Figure 6. Impedance curve simulated result of output matching circuit.

Figure 7. Simulated result of large-signal performance with and without harmonic tuning circuit.
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4. Results and Discussion

We evaluated the RF performance of an internally-matched power amplifier with the
measurement fixture. Figure 8 is the top-view picture of the GaN power amplifier using a
harmonic tuning circuit and measurement fixture. The detail of the proposed PA is given
with an enlarged photo shown in Figure 9. The metal cavity underneath the measurement
fixture is used to improve the heat dissipation of the internally-matched power amplifier.
The width of a single gate finger is 210 µm. The package size is 13.4 × 13.5 mm2. The
internally-matched power amplifier is tested under the condition of a CW signal. The drain
bias voltage is 28 V, and the quiescent drain current is 50 mA.

We assessed the RF performance of an internally matched power amplifier using a
measurement fixture. Figure 8 presents a top-view image of the GaN power amplifier, which
incorporates a harmonic tuning circuit and measurement fixture. Detailed information
regarding the proposed power amplifier is provided in an enlarged photograph shown in
Figure 9. The metal cavity located beneath the measurement fixture serves to enhance heat
dissipation for the internally matched power amplifier. Each gate finger has a width of
210 µm, and the package dimensions are 13.4 × 13.5 mm2. The internally matched power
amplifier was evaluated under continuous wave (CW) signal conditions, with a drain bias
voltage set at 28 V and a quiescent drain current of 50 mA.

Figure 8. Picture of the GaN power amplifier using the harmonic tuning circuit and measurement fixture.

Figure 9. Picture of the detail of the proposed internally matched power amplifier.

4.1. Small-Signal Measurement

Figure 10 is the picture of the small-signal parameter measurement setup. Vector
Network Analyzer ZVB 8 from Rohde & Schwarz is applied to measure the small-signal
parameters. A 51 dB attenuator is applied to prevent the overpowering of the Vector
Network Analyzer. Figure 11 presents a comparison between simulated and measured
small signal results from 1 to 3 GHz. It can be seen that the measured input reflection
coefficient is less than −8 dB, which is 3 dB lower than the simulated one. The measured
small-signal gain is better than 19.8 dB, which is 2 dB lower than the simulated one. The
discrepancy between the measured and simulated S-parameters is mainly caused by the

33



Micromachines 2024, 15, 1354

SMA connector at the input and output of the measurement fixture and the inaccuracy of
the GaN active device model.

DC
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Power 

Amplifier

51dB 
Attenuater

Vector 
Network 
Analyzer
（VNA）

20W 
Power 

Amplifier

51dB 
Attenuater

VNA

DC
Power Supply

Figure 10. Small-signal parameter measurement setup.

Figure 11. Measured and simulated S-parameter results.

4.2. Large-Signal Measurement

Figure 12 is the picture of the large-signal parameter measurement setup. Vector Signal
Generator SMCV100B from Rohde & Schwarz (Munich, Germany) is applied to generate
the RF signal. A Driver amplifier is applied to provide enough input power for DUT. Power
Meter N1912A from Keysight (Santa Rosa, CA, USA) is applied to measure the accurate
output power of DUT. The DC current is measured by the DC power supply. A continuous
wave (CW) is implemented to test the performance of the proposed PA. The input power
range is from 14 dBm to 28 dBm. The operation frequency is 2.45 GHz.
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Figure 12. Large-signal parameter measurement setup.
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Figure 13 gives the comparison result of measured and simulated data of the proposed
PA. The gain and PAE curves are shown in Figure 13. The saturated power of the internally-
matched PA is 43.75 dBm (23.71 W), while the PAE is 78.5% when input with 28 dBm
power. The gain is 21.2 dB in the linear range and 15.75 dB at saturation power. The P1dB is
42.13 dBm. In addition, we also measured the output power and PAE of the power amplifier
without an input harmonic tuning circuit, as shown in Figure 14. The measurement of PA
without a harmonic tuning circuit is done after removing the bonding wire of the input
harmonic tuning circuit. When the input power is 28 dBm, the output power of the power
amplifier is 43.73 dBm (23.6 W) while the PAE is 76.0%. This indicates that the PA is still in
a high-efficiency mode, which means the output harmonic load is much more important
than the input harmonic load. In our design, the output matching has already satisfied the
output harmonic load condition so that the PA can perform well without input harmonic
tuning. It can be seen from Figure 15 that the PAE of the harmonic tuning circuit is 2.5%
higher than that of the non-harmonic tuning circuit under the same output power, which
is mainly due to the reduction in the dynamic drain current as shown in Figure 16. In
addition, it can be seen that there is a certain gap between the measured result and the
simulated result. From Figures 13 and 14, the simulation results with harmonic tuning
have a larger gap with measured results than the simulation without harmonic tuning.
And, all the measured results show lower output power when the input power is low.
This indicates that the harmonic load of the GaN model is not correct in the low-power
region. It can be noticed that the simulated PAE is lower than the measured results; the
inaccuracies in the Pdc representation within the GaN model contribute to these issues.
Additionally, discrepancies between the modeling test environment and the application
test environment lead to variations in simulated Pdc. This has a significant influence on
PAE and gain simulation in low-power regions.

Qdi = Pout(W) · PAE/Dimension
(

mm2
)

(5)

Table 1 displays the comparison of the latest advancements in correlation design
performance. We define Qdi which is shown in (5) to compare the performance of each
power amplifier. It can be seen from Table 1 that most of the externally-matched PA has
good PAE performance at 2.45 GHz. However, the circuit size of externally matched PAs
is much larger than this work. Although MMIC PAs have a smaller circuit size, our work
performs with better power and PAE. Our work can achieve 23-watt output power with a
circuit size of 13.4 × 13.5 mm2, which makes it suitable for wireless power transfer systems.

Figure 13. Simulated and measured large-signal performance with harmonic tuning circuit.
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Figure 14. Simulated and measured large-signal performance without harmonic tuning circuit.

Figure 15. Measured large-signal performance with and without harmonic tuning circuit.

Figure 16. Comparison of measured dynamic drain current in two cases.
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Table 1. Comparison of state-of-the-art PA under CW operation.

Reference Freq (GHz) Pout (W) Gain (dB) PAE (%) Type Qdi Size (mm2)

2018 [14] 2.45 450 13 67 Internally-
matched NA NA

2020 [24] 2.4 33 13.6 78.8 Externally-
matched 1.27 31× 66

2013 [25] 3.1 10 15 82 Externally-
matched 0.46 40× 45

2009 [26] 3.5 11 12 78 Externally-
matched 0.1 80× 110

2021 [27] 2 7 10 74 Externally-
matched 0.17 51× 59

2023 [28] 4.25 11.8 11.5 55.3 Externally-
matched 0.14 62× 77

2022 [10] 2.21 11.5 15.6 82.6 Externally-
matched 0.51 29× 64

2022 [29] 1.97 10.4 10.8 79.3 Externally-
matched 0.69 26× 46

2024 [30] 2.6–3.6 12.0 8.5 50.8 MMIC 45.8 3.5× 3.8

2021 [31] 2.6–3.8 5.25 10.2 55 MMIC 29.6 6.5× 1.5

This work 2.45 23.7 15.75 78.5 Internally-
matched 10.28 13.4× 13.5

5. Conclusions

In order to meet the high-power, high-efficiency, and miniaturization requirements of
a microwave wireless power transfer system, a high-power and high-efficiency internally
matched power amplifier based on an off-chip LC tuning circuit at 2.45 GHz is designed in
this paper. The second and third harmonic matching impedance can be reached without
an extra harmonic circuit, which simplifies the output matching design and reduces the
circuit size. Further more, the input harmonic tuning circuit has the advantages of a
moderate circuit area, excellent harmonic control ability, and low loss. Based on the
proposed method, an internally-matched power amplifier at 2.45 GHz is fabricated by
using a 0.25 µm GaN HEMT. The results show that output power is 43.75 dBm, large-signal
gain is over 15.75 dBm, and PAE is 78.5% at 2.45 GHz. The proposed PA is implemented
with a size of 13.4 × 13.5 mm2. The compact size, high efficiency, and high power can allow
the PA in this work to potentially be usefed in wireless power transfer systems.
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Abstract: With the continuous advancement of electronic technology, the application of high-voltage
integrated circuits is becoming increasingly prevalent in fields such as power systems, medical
devices, and industrial automation. The reference circuit within high-voltage integrated circuits must
not only exhibit insensitivity to temperature variations but also maintain stability across a broad
voltage supply. This paper presents a bandgap reference (BGR) source capable of operating over
a wide input range. This BGR employs a high-order curvature compensation method to eliminate
nonlinear voltage terms, resulting in minimal temperature drift. The circuit achieves an impressive
temperature coefficient (TC) of 0.88 ppm/◦C over a temperature range from −40 ◦C to 130 ◦C.
To ensure stable operation within a 4–40 V range, the design incorporates a pre-regulation circuit
that stabilizes the supply voltage of the BGR core at a fixed value, thereby enhancing the ability to
withstand variations in power supply voltage.

Keywords: bandgap reference; wide input range; high-order curvature compensation; temperature
coefficient

1. Introduction

Due to its low TC and high power supply rejection ratio (PSRR), the BGR voltage
source, serving as a fundamental component in integrated circuits, has been extensively
utilized in DC–DC converters, analog-to-digital converters, low-dropout regulators, and
other mixed-signal applications [1–3]. However, the large variation in the supply voltage
range can lead to fluctuations in the reference voltage provided by the BGR, consequently
impacting circuit operation. High performance BGRs with a wide input range (e.g., 4–40 V)
are extensively applied in high-voltage integrated circuits, including smart grids, energy
storage systems, and electric vehicles [4].

In addition to supply independence, an ideal BGR should exhibit minimal sensitiv-
ity to temperature variations. A conventional BGR achieves a temperature-independent
output by combining two voltages with opposite TCs [5]. Specifically, a complementary-to-
absolute-temperature (CTAT) voltage comes from the base-emitter voltage VBE of bipolar
transistors, while the difference between the base-emitter voltages of two bipolar tran-
sistors operating at unequal current densities yields a directly proportional-to-absolute-
temperature (PTAT) voltage. However, the presence of higher-order temperature term
T ln T in the base-emitter voltage causes the output reference voltage to still fluctuate with
temperature. As a result, the linear combination of positive and negative TC voltages often
leads to a TC exceeding 10 ppm/◦C. Previous studies have proposed various methods to
mitigate the effects of the higher-order term T ln T. Lavrentiadis et al. employed MOSFET
transistors operating in the sub-threshold region instead of bipolar transistors to generate
reference voltage [6], achieving a TC of 24 ppm/◦C. Du et al. [7] referenced the curvature
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compensation method from [8] to compensate for the T ln T nonlinearity; the author re-
ported a typical TC of 1.5 ppm/°C but reached a current consumption of 267 µA. Various
methodologies have been proposed by designers to generate a compensatory current that
resembles the shape of the T ln T curve [9–11]. For example, Malcovati et al. utilized a T2

current to compensate for nonlinear terms [9], while Cao and Shen et al. employed the
emitter current and the base current of the transistor for compensation [10,11]. However,
an analysis of the provided expressions for compensation current reveals that the compen-
sation term does not adequately fit the nonlinear term T ln T, resulting in a temperature
drift exceeding 1 ppm/◦C.

This paper presents a BGR circuit designed to operate effectively over a broad voltage
range. The proposed BGR incorporates advanced compensation techniques aimed at
minimizing temperature drift. Experimental findings demonstrate that utilizing a 0.18 µm
Bipolar-CMOS-DMOS (BCD) process, the reference voltage achieves a TC of less than
1 ppm/◦C across a power supply range from 4 V to 40 V. To accommodate the wide-input
voltage range required for the power supply and to enhance the precision of the BGR
circuit, a customary approach involves first generating a low-voltage power supply using
a pre-regulator circuit. This pre-regulated supply stabilizes voltage around 3.3 V, which
subsequently powers the core BGR circuit. Within this wide-input range, the BGR core
circuit produces a stable 1.2 V reference voltage with minimal TC. Figure 1 illustrates the
block diagram of designed BGR.

Figure 1. Block diagram of designed BGR.

2. Materials and Methods
2.1. Pre-Regulator Circuit

The pre-regulator circuit discussed in this article is illustrated in Figure 2a. Transistors
MP1, MP2, MP3 along with the resistor RS collectively form the start-up circuit, ensuring
stable and reliable operation of the pre-regulator module. A self-biased current source is
implemented using a cascode current mirror, providing a current that remains independent
of the supply voltage. This current flows through the diode-connected MOS transistors
to generate the regulated output voltage. High-voltage devices are utilized in the pre-
regulator circuit to efficiently convert a wide range of input voltages into a lower, more
stable output voltage. Incorporating a feedback loop minimizes the impact of power supply
fluctuations on the output voltage stability. In contrast to the pre-regulator circuit described
in [11], this design utilizes a PMOS transistor for driving rather than an NMOS transistor.
This choice allows for a reduction in the minimum operating voltage of the pre-regulator
circuit. As illustrated in Figure 2b, the PMOS-driven circuit achieves a lower minimum
operating voltage by one threshold voltage compared to its NMOS-driven counterpart.
During operation, the regulator maintains a tiny drop-out voltage relative to the supply,
ensuring normal operation even under low-power conditions and reducing energy loss
from the power source.
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Figure 2. (a) Schematic of proposed pre-regulator circuit. (b) Regulated output voltages of two
structures [11].

2.2. Nonlinearity in BGR

Figure 3 presents a current-mode BGR circuit [12], where the operational amplifiers
OP1 and OP2 adjust the gate voltage of the PMOS devices to equalize VX, VY, and VZ.
Transistor Q2 consists of n unit transistors connected in parallel, and Q1 is a single unit
transistor. This configuration generates PTAT and CTAT currents, with their expressions
given as follows.

Figure 3. Schematic of a traditional current mode BGR.

IPTAT =
VEB1 −VEB2

R1
=

VT ln n
R1

(1)

ICTAT =
VEB1

R2
(2)

Here, VEB1 and VEB2 are emitter–base voltages of the bipolar junction transistor Q1 and
Q2. VT = kT/q is the thermal voltage, where k is the Boltzmann constant, T is the absolute
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temperature, q is the electron charge. The PTAT and CTAT currents are copied and passed
through a resistor R3 to generate a zero-TC voltage.

VREF0 = (IPTAT + ICTAT) · R3

=

(
VT ln n

R1
+

VEB1

R2

)
· R3

(3)

However, the base–emitter voltage of a BJT is not a purely linear function of tempera-
ture; it can be expressed as [13]

VBE(T) = VG(T)−
(

T
Tr

)
VG(Tr) +

(
T
Tr

)
VBE(Tr)

− (η − δ)

(
kT
q

)
ln
(

T
Tr

) (4)

where VG(T) is the bandgap voltage at temperature T, η = 4− n, n represents the order of
temperature dependence of carrier mobility, δ is the order of temperature dependence of
collector current. Tr refers to reference temperature.

Equation (4) shows that besides a CTAT term, VBE(T) includes a T ln(T/Tr) term,
which introduces nonlinearity. The presence of this higher-order term causes the reference
voltage to exhibit curvature as temperature varies. To achieve temperature independence
of the reference voltage, it is necessary to eliminate this nonlinear term.

2.3. Implementation of High-Order Compensation

When high-precision reference voltages are required, the nonlinear terms in VBE
cannot be neglected. Exponential current generators have been employed in curvature
compensation [14]. The compensation current is generated by sub-threshold MOS transis-
tors, which exhibit significant deviations across different fabrication processes. The efficacy
of this approach using a single compensation current is suboptimal, often necessitating
multi-segment compensation for the circuit. Therefore, it is essential to generate a term that
more accurately matches the nonlinear component.

Figure 4 shows the complete circuit of the proposed BGR core, based on the current-
mode BGR circuit discussed in Section 2.2. In the circuit, transistors M7 and M8 have
the same aspect ratio Wn/Ln. M1, M2, and M6 have identical device dimensions. Bipolar
junction transistors Q3 and Q4 consist of the same units in parallel. Currents for both PTAT
and CTAT have been designed to be 100 nA. Since VGS7 + VBE3 = VGS8 + VBE4, we have

VGS7 −VGS8 = VBE4 −VBE3 = VT ln
IC4

IC3
= VT ln

I9

I7

=

√
2

µnCox
Wn
Ln

(√
I7 −

√
I8

) (5)

where VGS7 and VGS8 are gate-source voltages of MOS transistors M7 and M8, µn represents
the mobility of electrons, and Cox is the gate-oxide capacitance per unit area. The current
flowing through M8 can be expressed as

I8 = IR + IB4

=
VBE4

R5
+

1
β

I9
(6)
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where VBE4 is the base–emitter voltage of bipolar junction transistor Q4, β represents the
common-emitter current gain of Q4. Thus, we obtain the output current as follows:

I9 = I7 · exp(

√
2

µnCox
Wn
Ln

(√
I7 −
√

I8
)

VT
)

=
VT ln n

R1
· exp

(
√

2
µnCox

Wn
Ln

VT
(

√
VT ln n

R1
−
√

VBE4

R5
+

1
β

I9)

)
(7)

Figure 4. Proposed BGR core circuit with compensation.

The resistor values of R1 and R5 can be determined through numerical simulations
using specialized software (such as MATLAB R2023b). Nonlinear terms can be eliminated
by applying compensating current. Figure 5 illustrates that compared with former research,
the generated current effectively matches the T ln(T/Tr) term across a wide temperature
range. The error between these curves remains below 10% across temperatures ranging
from 10 ◦C to 130 ◦C.

Figure 5. Normalized curve of T ln(T/Tr), I9, and compensation terms used in [9–11].

Transistor M10 copies the current of M9 to obtain the compensating current IEXP
and injects it into resistor R4, thereby eliminating the nonlinear term and generating
reference voltage.

VREF = (IPTAT + ICTAT) · (R3 + R4) + IEXP · R4 (8)
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Due to the errors and mismatches inherent in chip manufacturing, it is essential to
adjust the resistance values in the circuit to minimize temperature drift caused by process
variations. Notably, R2 governs the linear trend of the reference voltage, while R3 controls
the magnitude of the output voltage. Resistor trimming networks are employed at R2 and
R3 to modify these resistances.

Fuse trimming is a relatively conventional method for adjusting resistance values,
where each resistor in a series resistor network is connected in parallel with a fuse. Each
fuse is associated with two trimming pads, and prior to trimming, the fuse short-circuits
the resistor. During the trimming process, a voltage pulse applied across the terminals of
the fuse burns it out, gradually increasing the resistance value of the resistor network.

Figure 6 illustrates the resistance trimming network utilizing the fuse trimming tech-
nique employed in this work. The fixed resistance RF of R2 and R3 are 6.66 MΩ and
6.44 MΩ, respectively, and the unit trimming resistance RT connected in parallel with the
fuse are 40 kΩ and 60 kΩ.

Figure 6. Resistance trimming network.

3. Results

The BGR is designed using a 0.18 µm BCD process. The schematic depiction of the
overall circuit is illustrated in Figure 7. In the BGR core, we use the same start-up circuit as
in the pre-regulator circuit. The mirrored current from the current source is injected into the
BJT branch to help the circuit generate the reference voltage more quickly. The output of the
BGR circuit is shown in Figure 8 across a temperature range of −40 to 130 ◦C. The output
voltage from the structure depicted in Figure 3 exhibits a TC of 7.74 ppm/◦C, as illustrated
in Figure 8a. After implementing the advanced compensation methods proposed in this
paper, the TC of the reference voltage was improved to 0.88 ppm/◦C.

The untrimmed output of the BGR under different process corners is illustrated
in Figure 9a (T, S, F are abbreviations for typical, slow, and fast, representing carrier
mobilities. The first letter refers to NFETs, while the last letter refers to PFETs.). The
variation between corners and temperatures reaches 6.5%. Through fuse trimming, the
vertical discrepancy in output voltage across various corners is maintained within a margin
of 1 mV. Table 1 presents the TCs of the proposed BGR before and after trimming. The
results indicate that the circuit is capable of delivering a stable reference voltage despite
significant temperature variations.
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Figure 7. Proposed BGR structure.

Figure 8. BGR output under temperature variation. (a) BGR output using structure in Figure 3.
(b) BGR output without IEXP. (c) Compensation current IEXP. (d) BGR output after compensation.

Table 1. Simulation TC under different corners.

Simulation Corner TC Without Trimming TC With Trimming

TT 0.88 ppm/◦C 0.88 ppm/◦C
FF 11.57 ppm/◦C 1.84 ppm/◦C
SS 32.42 ppm/◦C 1.37 ppm/◦C
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Figure 9. Output voltage with temperature across corners. (a) Reference without trimming. (b) Refer-
ence after trimming.

Figure 10a shows the output curves of the circuit at different supply voltages across
varying temperatures. It can be observed that the changes in supply voltage result in an
impact of less than 0.001% on the circuit output, which can be neglected. This observation
is also supported by the PSRR curve depicted in Figure 10b. At a supply voltage of 4 V,
the circuit achieves a PSRR of −167.38 dB at 10 Hz, −114.62 dB at 1 kHz, and −51.8 dB at
100 kHz. The results depicted in Figure 10 demonstrate that the circuit exhibits a robust
resilience to power supply fluctuations.

Figure 10. (a) Output voltage with temperature across various supply voltages. (b) PSRR across
various supply voltages.

Table 2 presents the performance of the BGR and compares it with other published
results. Compared with other works, our design achieves the lowest TC. In addition
to excellent temperature independence, our circuit also exhibits remarkable rejection of
voltage variations. In [6], the use of MOSFETs operating in the sub-threshold region
can reduce the power consumption of the circuit to some extent; however, the TC of the
reference circuit will greatly increase.
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Table 2. Performance summary and comparison.

Parameter
Design

[6] [7] [9] [10] [11] [This Work]

Process (µm) 0.18 0.18 BCD 0.18 BCD 0.18 BCD 0.18 BCD 0.18 BCD

Supply voltage (V) 9–15 4.5–35 2.47–10 3–18 4.4–35 4–40

Reference (V) 2.507 2.5 1.218 2.048 1.205 1.2

Temperature (◦C) −20–80 −40–125 −50–125 −40–125 −40–125 −40–130

TC (ppm/◦C) 24 1.5 9 1.2 3.83 0.88

Current consumption (µA) 8.47 267 - 279.6 23 9

PSRR (dB)
−60@10 Hz −102.82@10 Hz −86@120 Hz - −96@120 Hz −167.38@10 Hz
−53@1 kHz −114.62@1 kHz
−81@1 MHz −51.8@100 kHz

4. Discussion

The proposed circuit not only achieves superior performance metrics but also demon-
strates feasibility for practical applications requiring high precision and stability, such as
power management systems and precision analog circuits. The advanced compensation
techniques employed effectively address common challenges associated with temperature-
induced variations, making this design a robust and reliable solution for modern inte-
grated circuits.

However, compared to existing achievements, the minimum start-up voltage of our
design remains relatively high, primarily constrained by the operating voltage of the BGR
core. To further reduce the minimum operating voltage of the circuit, we could explore
redesigning the BGR core module using processes characterized by lower threshold volt-
ages and reduced static currents. This approach would also contribute to a decrease in
the circuit’s power consumption. Future work could investigate further optimization and
integration strategies to enhance performance and adaptability across different semicon-
ductor processes.

5. Conclusions

This article presents a low-TC BGR circuit that employs an advanced high-order
temperature compensation technique and can operate over a wide range of temperatures
and supply voltages through the implementation of a pre-regulation module. With a
minimum TC of 0.88 ppm/◦C and a PSRR of −167.38 dB at 10 Hz, this circuit demonstrates
good resilience against temperature and voltage variations.
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Abstract: During circuit conduction immunity simulation assessments, the existing black-box model-
ing methods for chips generally involve the use of time-domain-based modeling methods or ICIM-CI
binary decision models, which can provide approximate immunity assessments but require a high
number of tests to be performed when carrying out broadband immunity assessments, as well as
having a long modeling time and demonstrating poor reproducibility and insufficient accuracy in
capturing the complex electromagnetic response in the frequency domain. To address these issues,
in this paper, we propose a novel frequency-domain broadband model (Sensi-Freq-Model) of IC
conduction susceptibility that accurately quantifies the conduction immunity of components in the
frequency domain and builds a model of the IC based on the quantized data. The method provides
high fitting accuracy in the frequency domain, which significantly improves the accuracy of circuit
broadband design. The generated model retains as much information within the frequency-domain
broadband as possible and reduces the need to rebuild the model under changing electromagnetic
environments, thereby enhancing the portability and repeatability of the model. The ability to reduce
the modeling time of the chip greatly improves modeling efficiency and circuit design. The results
of this study show that the “Sensi-Freq-Model” reduces the broadband modeling time by about
90% compared to the traditional ICIM-CI method and improves the normalized mean square error
(NMSE) by 18.5 dB.

Keywords: integrated circuit (IC); models of integrated circuits for RF immunity behavioral
simulation-conducted immunity modeling (ICIM-CI); immunity modeling; electromagnetic
compatibility (EMC) modeling; direct power injection (DPI); X-parameters

1. Introduction

The immunity of integrated circuits is related to the electromagnetic safety of electronic
devices (Figure 1) [1]. Researchers J. Loeckx and G. Gielen [2] found that small circuit
topology changes can increase the immunity of integrated circuits by several orders of
magnitude during DPI testing [3]. In light of this finding, being able to predict whether a
device will pass sensitivity testing before it is manufactured is of great importance in terms
of cost reduction [4,5]. However, chip manufacturers in general do not provide immunity
models for their chips; as such, circuit designers must obtain a model of the chip’s behavior
by utilizing specific testing methods. This behavioral model is called the “black-box model”,
and involves extraction without knowing the internal physical details of the chips; instead,
through the mapping of input and output signals, an abstract mathematical expression is
obtained to describe the relationship between the recorded input signal x(t) and the output
signal y(t). When the black-box model and the DUT are inspired by the same input signal,
the output of the black-box model should effectively be as close as possible to the actual
response of the DUT. The use of behavioral models protects the intellectual property (IP)
rights of the device manufacturer and reduces the difficulty involved in modeling [6]. The

Micromachines 2024, 15, 658. https://doi.org/10.3390/mi15050658 https://www.mdpi.com/journal/micromachines50
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authors of articles [7] and [8] used artificial neural networks (ANNs), Volterra levels [9],
time-domain behavioral models such as envelope domain models [10], nonlinear impulse
response models [11], and two-path memory models [12] in their studies, and constructed
time-domain-sensitive behavioral models of devices to describe the output behavioral
effects of the devices. However, time-domain models usually require a large number of
tests to be conducted and for characterizations in the time domain to be made in order to
generate a model that is accurate over a specific frequency range [13]. In the aforementioned
techniques, the models can only be used to focus on IC faults (detection efficiency, jitter,
etc.) in the time domain, and it is difficult to analyze mismatches between ports and
high harmonics, which in turn prevents them from meeting the needs of broadband EMC
applications. Moreover, one model only supports the simulation of a single frequency
point under a single interference, and a large number of simulation models need to be
established if the simulation is performed in the broadband frequency range. Therefore,
frequency-domain models are more suitable for simulating distributed components over
a bandwidth. In recent years, the ICIM-CI [14] model has been shown to predict chip
immunity. The ICIM-CI [15] model is able to approximate and replace accurate chip or
circuit simulations by using a look-up table and power distribution network (PDN)-based
approach and enables the use of the model in the frequency domain [16].
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However, the model still needs to depend on time-domain measurements when
obtaining the IB (input behavior) netlist, which leads to the need for a large number of
tests in broadband multi-frequency applications as well as redundant designs, which
makes the process cumbersome and time-consuming. This then leads to a lack of model
adaptability and the need to rebuild the model frequently when the criterion is changed,
which in turn increases the amount of work required and overall time consumption. In
addition, the ICIM-CI model has limitations in handling the nonlinear characteristics of
the chip when it is under interference, and linear assumptions often need to be made [17],
which leads to discrepancies between the model and the actual measurement results. In
addition, since the model is based on the go–no-go decision criterion, it is not capable
of parametric simulation, which limits its ability to accurately predict and meticulously
analyze the performance of integrated circuits in complex electromagnetic environments
and also obstructs circuit designers from integrating the chip into the cascade simulation
of the whole circuit board. Due to this issue, the model is unable to comprehensively
assess the electromagnetic characteristics of the circuit, resulting in a negative impact on
overall design efficiency. Therefore, although the ICIM-CI model provides a framework for
frequency-domain analysis, its limitations in terms of efficiency and nonlinear characteristic
handling [18], as well as its inability to support overall quantitative simulation at the board
level, are important challenges that need to be overcome.

In this study, we present the “Sensi-Freq-Model”, a novel immunity black-box model
for the rapid frequency-domain characterization of chips based on X-parameter theory,
which aims to address the limitations of existing models. The model is accurate in character-
izing the output characteristics of chips in both time and frequency domains and supports
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the parametric simulation of chips in circuits. The main advantage of the model is that it
can adapt to changes in the sensitivity criteria so that circuit designers can quickly adapt to
changes in design specifications or complex electromagnetic environments without having
to dedicate long periods of time to reconstructing the model, which greatly improves the
model’s versatility and modeling efficiency. This flexibility and efficiency are especially
important for modern circuit design, in particular in the pursuit of high-precision and fast
iterative engineering.

The present paper is organized as follows: Section 2 describes the structure and
theoretical basis of the model. Section 3 illustrates the extraction process and simulation
results through two simulation examples. Lastly, in Section 4, we verify the modeling
results and analyze them through the use of a test modeling example.

2. Sensi-Freq-Model Structure

In general, chips exhibit nonlinearity when sensitized by conducted interference [19],
and this nonlinear effect is the main cause of EMC failures on chips. This is why the
assumption of linearity often leads to biased final predictions [20,21]. When a small signal
is injected, at this moment, the system exhibits linear characteristics and the harmonic
frequencies at the output are negligible. The behavior of the chip can be sufficiently
characterized using the scattering parameters in this case; however, with an increasing
number of injected signals, the system will exhibit nonlinearity, and the range available
for the scattering parameter will continue to decrease. The harmonic response cannot
be ignored (Figure 2), at which point the output signal will produce multi-harmonic
spectral mapping on the chip. Therefore, based on the characteristics of the chip-conducted
interference response, the Sensi-Freq-Model modeling theory is proposed in combination
with the X-parameter theory [22,23].
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We introduce a set of multivariate complex functions Fpk(.) into the frequency domain
that relate all relevant input spectral components Aqn to the output spectral components
Bpk (where q and p range from 1 to the number of signal ports and m and n range from
zero to the highest harmonic index). The mathematical expression is as follows:

Bpk = Fpk
(

A11, A12 . . . , A1n, A21, A22, . . . , A2n, ...Aq1, Aq2, ...Aqn
)

(1)

where A11 denotes the input interference fundamental frequency.
While the chip is under the interference condition, it usually comprises a large-signal

interference input component A11, a DC excitation component, a regular drive signal
input component, and other input components (harmonic frequency components). At this
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time, the relatively small regular drive signal input component satisfies the superposition
principle, and all of the large-signal excitation and large-signal response in the excitation
can be expressed by Equation (2):

LSOP =





DCS(LOSP) =
{

DCSq
}

RFS(LOSP) = A11

DCR(LOSP)
p = X(FDCR)

p
({

DCSq
}

, |A11|
)

B(LOSP)
p,k = X(F)

p,k
({

DCSq
}

, |A11|
)

Pk

(2)

where DCS(LSOP) denotes the DC excitation present in the chip related to the large-signal
DC bias excitation DCSq at port q.

RFS(LSOP) denotes the RF interference excitation present in the chip equal to the
large-signal interference input component A11.

DCRp
(LSOP) denotes the DC response at the large-signal operating point of port p re-

lated to the large-signal DC bias excitation DCSq at port q, and the large-signal interference

input component A11, with the parameter X(FDCR)
p used to denote the X-parameter element

of the excitation portion of the DC bias voltage.
B(LSOP)

p,k denotes the system response at the large-signal operating point related to
the large-signal DC bias excitation DCSq at port q and the large-signal interference input

component A11, with the parameter X(F)
p,k used to denote the X-parameter element of the

large-signal operating point’s influence [24].
Therefore, combining the effects of the large-signal nonlinear mapping and the linear

non-analytic mapping that describe the co- and cross-frequency disturbances caused by the
small-signal incidence, the scattering wave at the response port can then be described by
Equation (3):

Bpk
∼= XF

pk(re f LOSPin)Pk +

q = N
l = K

∑
q = 1
l = 1

(q, l) 6= (1, 1)

XS
pk,ql(re f LOSPin)Pk−l Aql

+

q = N
l = K

∑
q = 1
l = 1

(q, l) 6= (1, 1)

XT
pk,ql(re f LOSPin)Pk+l A∗ql

(3)

where P = ejϕ(A11) is a unit-length phase quantity with the same phase as A11.XF
pk, XS

pk,ql ,

and XS
pk,ql represent frequency-domain X-parameter elements that describe co-frequency

disturbances caused by a small signal incident on the port of the device during testing. XT
pk,ql

represents a frequency-domain X-parameter element that describes the cross-frequency dis-
turbances caused by a small signal incident on the port of the device during testing. LSOPin
represents the excitation portion of the LSOP, and refLSOPS represents the corresponding
reference excitation.

The A-wave of incidence and the B-wave of scattering have two sets of indexes: p and
q refer to the port number of the chip, while k and l refer to the number of harmonics.
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3. Results
3.1. Immunity Modeling Based on Simulated Circuits

In this section, a method for extracting immunity models using chip-simulated circuits
is presented and the accuracy of the Sensi-Freq-Model is verified. An analog circuit model
of an operational amplifier built based on white-box theory is used. The circuit structure
and specific parameters are shown in Figure 3. This white-box model was built to extract the
Sensi-Freq-Model and verify the difference between its output in the simulation software
and the white-box model. The op-amp is a forward amplifier circuit, and the parameters
set for normal operation are Vin+: f = 10 kHz, V = 100 mV sine wave signal, and the DC
bias voltage set to V+ = +15 V and V− = −10 V. When the chip is in normal operation,
the output of the circuit is as seen in Figure 4. Based on the DPI test method of IEC62132-
4 [3], interference signals of different frequencies and powers are applied to the op-amp’s
input ports and power supply ports. The interference signals are selected for continuous
waveforms according to Section 5 of IEC 62132-4. Here, the interference noise signal is
simulated using the signal source module (power source-N Frequencies and Power Levels)
in the ADS (advanced design system). The output of the op-amp is shown in Figures 4–7.
Interference signals of different levels, when observing the output response sensitivity
characteristics of the monitoring port, can be mainly divided into four phenomena (Table 1),
which can be used to describe the faults as four types of situations according to the IC
performance level specified in IEC62132-1 [25]. The specific description is shown in Table 1,
and its output waveform schematic is shown in Figures 4–7.
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exposure to disturbance. 

Figure 6 Class CIC 
The output waveform experiences distortion or jitter. The IC does not perform within the
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Figure 7 Class CIC 
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Figure 3. The constructed op-amp white-box model is used to extract the Sensi-Freq-Model and 
verify its accuracy. Component labeling in blue, component parameters in black. 

Figure 3. The constructed op-amp white-box model is used to extract the Sensi-Freq-Model and
verify its accuracy. Component labeling in blue, component parameters in black.
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Table 1. Output type and description of the operational amplifier after interference.

Case Criteria IC Performance Level Description

Figure 4

∆Voutp-p ≤ 13.2 mV

Class AIC Normal output

Figure 5 Class AIC

All monitored functions of the IC perform within
the defined tolerances during and after exposure
to disturbance.

Figure 6 Class CIC

The output waveform experiences distortion or
jitter. The IC does not perform within the defined
tolerances during exposure and does not return to
normal operation. It returns to normal operation
via manual intervention.

Figure 7 Class CIC

The output waveform experiences serious
distortion or jitter. The IC does not perform within
the defined tolerances during exposure and does
not return to normal operation by itself. It returns
to normal operation via manual intervention.

Through the use of simulation, the Sensi-Freq-Model is extracted, a simulation model
is built, the accuracy of the model is tested and it is verified as to whether the model can
accurately reflect the output response of the chip under different disturbed situations to
compare the built Sensi-Freq-Model with the traditional ICIM-CI model in the frequency-
domain immunity prediction curves.

3.1.1. Model Extraction

During normal operation of the chip, the interference injection signal is injected
from V− and Vin+ (Figures 8 and 9) separately, and the power of the interference signal
is in the range from −40 dBm to 20 dBm. Each parameter in Equation (2) is solved
according to the proposed method outlined in Section 2 to complete the operational
amplifier immunity model.
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Figure 8. Extraction of injection immunity models for the power terminal of V−. DC Bias is a DC
source; R1 and R2 are resistors; C1 is the capacitor; L1 is the inductor; Load is the matching load; RFI
is a source of radio frequency interference; VDC is the DC voltage source for the amplifier.
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Figure 9. Extraction of the injected immunity model for the input terminal of Vin+. DC Bias is a DC
source; R1 and R2 are resistors; Load is the matching load; Vin and RFI are the amplifier’s function
signal and interference signal injection source; VDC is the DC voltage source for the amplifier.

3.1.2. Model Verification

The accuracy of the extracted immunity model is examined by first verifying whether
the model can output an accurate time-domain response waveform at a single frequency.
As an example, the frequency of interference injection to the input is set at 100 kHz to
verify the accuracy of the model. It can be seen that the model is able to accurately simulate
the response waveforms of the device under various disturbed/unperturbed states, such
as normal operation (Figure 10), distorted output waveform (Figure 11), distorted and
jittered output waveform (Figure 12), and severely distorted output signal (Figure 13).
These results show that the model is able to accurately predict the disturbed behavior and
provide quantitative waveforms.
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3.1.3. Discussion

As can be seen from the results displayed in the above section, the Sensi-Freq-Model
can directly output the response waveform of the chip after being perturbed; therefore, it is
only necessary to build broadband immunity prediction curves for different immunization
standards after one test. Compared to the traditional ICIM-CI model, which needs to
determine the immunity criteria before establishing the immunity prediction curves, the
Sensi-Freq-Model does not need to be re-modeled due to the change in the test criteria,
which will result in significant savings in overall modeling time. In this section, the
immunity criterion is set to the condition that the allowable change in peak-to-peak output
voltage ∆Voutp-p is ≤5% for comparison purposes, and Figure 14 shows the comparison
of the results of using the method proposed in this paper and the traditional ICIM-CI
modeling method with white-box simulation when interference is injected from the power
supply side through the V- port. It can be seen that, under this immunity criterion, both
modeling methods predict the sensitivity better because the chip has higher linearity.
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Figure 14. Comparison of the sensitivity prediction of the two modeling methods with the ac-
tual white-box output results (at the power supply side’s V− with the immunity criterion at
∆Voutp-p ≤ 5%).

When injecting interference to Vin+ and setting ∆Voutp-p ≤ 5%, it can be seen that the
prediction accuracy of the ICIM-CI model deteriorates when the system has a nonlinear
response due to interference; in contrast, the Sensi-Freq-Model’s prediction accuracy is still
relatively satisfactory (Figure 15).
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Figure 15. Comparison of the sensitivity prediction of the two modeling methods with the actual
output results (at the Vin+ port with the immunity criterion at ∆Voutp-p ≤ 5%).

Changing the immunization criterion to output voltage peak-to-peak ∆Voutp-p ≤ 10%,
the ICIM-CI requires that the model be rebuilt; however, the Sensi-Freq-Model can provide
the immunity curve directly based on the output waveforms, and it can also be seen
that the prediction accuracy of ICIM-CI is still lower than the prediction accuracy of the
Sensi-Freq-Model (Figure 16).

It can be seen that the Sensi-Freq-Model can provide a very accurate output response
in both time and frequency domains. Compared to ICIM-CI, even when the immunity
criterion is changed, the model can still accurately predict the sensitivity phenomena of the
device under examination without the need for re-measurement and modeling, which will
greatly reduce the time required for modeling and testing.

3.2. Immunity Modeling Based on Measurements

In this section, we will verify the accuracy of the methodology by obtaining a Sensi-
Freq-Model immunity model of the device using actual instrumentation and performing
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immunity simulations using the model. An operational amplifier, which is more susceptible
to sensitization, was chosen for testing and modeling. The amplifier was used in a voltage
follower configuration [26], in which interference to the input differential pair may cause
the amplifier output to be offset, making the amplifier inoperable [27]. In addition, of all
the possible interference signals, those overlaid on the op-amp input pins are the most
difficult to prevent [28]. The op-amp is powered by a ±2.5 V supply voltage, with the V+
pin set to 0 VDC. Interference signals are injected through a bias tee on this pin.
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Figure 16. Comparison of the sensitivity prediction of the two modeling methods with the actual
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Using a test instrument to extract the Sensi-Freq-Model parameters of the chip when
it encounters a sensitive injection, the achieved immunity model of the chip is then loaded
in the simulation software, and the generated model simulation results are compared with
the output generated using the DPI test.

3.2.1. Model Extraction

The Sensi-Freq-Model of the chip can be extracted using a nonlinear vector network
analyzer (NVNA), signal source (optional), DC source, external phase reference generator,
and appropriate instrument control and processing software [29]. The NVNA provides the
RF interference environment to which the chip is exposed. The DC source provides the
chip’s basic operating environment, and an external phase reference generator is used to
provide a standard phase reference to ensure phase consistency. The setup configuration is
shown in Figure 17.
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Using the test setup described above, the parameters of Equation (3) can be solved and
expressed as a matrix, enabling the chip’s Sensi-Freq-Model to finally be generated. The
model parameters of this operational amplifier are extracted from the 10–100 MHz band
under RF interference from −10 dBm to 10 dBm. We loaded the Sensi-Freq-Model in the
simulation software and performed a two-port harmonic balance simulation to simulate
the behavior of the op-amp when exposed to interference.

3.2.2. Model Verification

The results obtained from the DPI measurements were compared with the equivalent
model obtained to verify the accuracy of the model, and the DPI test configuration is shown
in Figure 18.
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Figure 18. DPI test setup.

By using an RF generator, RF amplifiers, directional coupler, bias-tees, RF power me-
ters, oscilloscopes, and other equipment, the interference waveforms specified in IEC62132-
1 are applied to the chip, and the output waveforms of the chip are recorded. DPI measure-
ments are performed by injecting an interference signal into the DUT (on the V+ pin or
input) via a bias tee, with the operational amplifier used as a follower circuit and powered
by a supply voltage of ±3 V. The V+ pin is set to 0 VDC.

Substituting the test results into Equation (3), the response values of the Sensi-Freq-
model of the chip at different power levels are obtained. The accuracy of the modeling
method is verified by comparing the actual DPI test results of the board. Similarly, the com-
parison of the measured and simulated results of the frequency- and time-domain measure-
ments at 50 MHz after inputting interference signals with different powers (Figures 19–22)
shows that the jitter of the chip’s output response increases as the input power is increased.
When the input power is 10 dBM, the output signal is severely distorted, and the chip
cannot work properly. It can be seen that the Sensi-Freq-Model can provide accurate output
waveforms after disturbance, regardless of whether this disturbance is in the form of a
small jitter or severe distortion.
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Figure 22. Injection of 10 dBm interference.

Figure 23 shows the comparison between the curves of the sensitivity level using the
Sensi-Freq-Model method and the conventional ICIM-CI with the measured results when
the condition of the immunity criterion ∆Voutp-p ≤ 30 mV is introduced. It can be seen
that the op-amps increase their immunity to disturbances as the disturbance frequency
increases, and this trend can be predicted using both modeling methods; it is obvious,
however, that using the method proposed in this paper (Sensi-Freq-Model) is more accurate
than the traditional ICIM-CI modeling method in terms of prediction accuracy.
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3.2.3. Discussion

Table 2 comprehensively demonstrates the comparison of the two modeling methods
in the time and frequency domains in terms of modeling accuracy, modeling time, and
whether cascade quantization simulation can be carried out. It can be seen that the Sensi-
Freq-Model has obvious advantages in terms of modeling accuracy, modeling time, and
support for quantization output and cascade simulation. Compared with ICIM-CI, using
the method outlined in this paper (Sensi-Freq-Model) not only improves the modeling
accuracy in the frequency domain by around 18.5 dB but also has significant advantages in
terms of being able to output quantized waveforms at a single point and support cascade
simulation, as well as improving the overall modeling time.

Table 2. Comparison of the NMSE and modeling times of different models.

Signal Type Modeling Method NMSE
(dB) Modeling Time Supports Cascade

Quantization Simulation

Time domain
Sensi-Freq-Model −30.92 21 s Yes

ICIM-CI No waveform output No

Frequency domain Sensi-Freq-Model −31.3352 0.58 h Yes
ICIM-CI −12.7982 8.3 h No

In contrast, the Sensi-Freq-Model method provides circuit designers with more
flexibility in designing circuit boards by providing quantized waveform output from
monitoring ports. Specifically, based on the specific waveforms output by the Sensi-Freq-
Model, designers are able to not only work with different degrees of redundancy to meet
diverse design needs but also adjust the immunity standard-setting guidelines for the
chips on the board without having to rebuild the chip immunity model. In addition,
designers can further optimize the board layout using the actual immunity waveform
output data provided by the Sensi-Freq-Model. This form of layout adjustment based on
real-world data is difficult to achieve in traditional behavioral-level black-box models of
frequency-domain conduction immunity. With this approach, immunization problems in
circuit design can be more accurately addressed and solved, improving the reliability and
efficiency of the design.

4. Conclusions

In this study, we validate the proposed X-parameter-based IC frequency-domain
conduction sensitivity modeling method, the Sensi-Freq-Model, by comparing simula-
tion and real cases, and the results prove its effectiveness and accuracy in describing
and predicting the conduction sensitivity of ICs. Compared with the traditional ICIM-
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CI modeling method, the Sensi-Freq-Model significantly reduces the time required for
modeling and achieves a reduction of 18.5 dB in normalized mean square error (NMSE)
in the frequency domain, which demonstrates its advantages in terms of efficiency and
accuracy. In addition, the method provides quantifiable simulation results in the time
domain, supporting the need for quantitative simulation of circuit board cascades and
enhancing its application scope and utility. The Sensi-Freq-Model’s modeling process relies
on only unclassified information and quickly obtains highly accurate conduction immunity
predictions from measurements alone over a wide range of frequencies, even in the absence
of a full-impedance model of the integrated circuit and the surrounding PCB. Even in
situations where a full impedance model of the IC and its surrounding PCB is not present,
interference information can be accurately captured in the time-frequency domain over
a wide range of frequencies, without being limited by the criteria for determining chip
susceptibility. In light of the above, the Sensi-Freq-Model not only meets the needs of most
IC terminal users to predict potential EMI in electronic devices but also provides an efficient
and accurate modeling tool for circuit design and EMC analysis.
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Abstract: A multi-layer stacked Dynamic Random Access Memory (DRAM) platform is introduced to
address the memory wall issue. This platform features high-density vertical interconnects established
between DRAM units for high-capacity memory and logic units for computation, utilizing Wafer-
on-Wafer (WoW) hybrid bonding and mini Through-Silicon Via (TSV) technologies. This 3DIC
architecture includes commercial DRAM, logic, and 3DIC manufacturing processes. Their design
documents typically come from different foundries, presenting challenges for signal integrity design
and analysis. This paper establishes a lumped circuit based on 3DIC physical structure and calculates
all values of the lumped elements in the circuit model with the transmission line model. A Cross-
Process Signal Integrity Analysis (CPSIA) method is introduced, which integrates three different
manufacturing processes by modeling vertical stacking cells and connecting DRAM and logic netlists
in one simulation environment. In combination with the dedicated buffer driving method, the
CPSIA method is used to analyze 3DIC impacts. Simulation results show that the timing uncertainty
introduced by 3DIC crosstalk ranges from 31 ps to 62 ps. This analysis result explains the stable slight
variation in the maximum frequency observed in vertically stacked memory arrays from different
DRAM layers in the physical testing results, demonstrating the effectiveness of this CPSIA method.

Keywords: stacked DRAM; WoW; cross-process analysis methodology; signal integrity

1. Introduction

Today’s computing systems are primarily built on the von Neumann architecture,
which reflects a clear separation of processing and memory units [1]. In data processing,
a significant amount of data shuttles back and forth between the processing unit and
the memory unit, resulting in significant latency and energy costs [2–4], forming a criti-
cal performance bottleneck [1,4]. The cost of performing a single multiply−accumulate
operation by the processing unit is much smaller compared to the cost of moving the
associated data [5,6]. The incompatibility between high-density memory processes, such as
Dynamic Random Access Memory (DRAM), and logic processes, along with the increasing
gap between the performance of memory and processing units, collectively contribute to
the memory wall [1–4,7–10]. Several near-memory architectures have been proposed to
address the memory wall problem by reducing the distance between computation and
memory [11–13]. In particular, in the near-memory architectures where standard high-
density memory and logic process components are integrated into a single package [14–18],
cross-process design and analysis methods become a popular research topic [19–21].

Micromachines 2024, 15, 557. https://doi.org/10.3390/mi15050557 https://www.mdpi.com/journal/micromachines66



Micromachines 2024, 15, 557

In near-memory architectures with high-density memory and logic process com-
ponents integrated into a single package, cross-process Signal Integrity (SI) design and
analysis methods depend on the specific stacking architecture, as shown in Figure 1 and
Table 1.

Micromachines 2024, 15, x FOR PEER REVIEW  2  of  23 
 

 

density memory and logic process components are integrated into a single package [14–

18], cross-process design and analysis methods become a popular research topic [19–21]. 

In near-memory architectures with high-density memory and  logic process compo-

nents integrated into a single package, cross-process Signal Integrity (SI) design and analysis 

methods depend on the specific stacking architecture, as shown in Figure 1 and Table 1. 

 High Bandwidth Memory  (HBM)  improves  the memory access performance by a 

Through-Silicon Via  (TSV)  structured  2.5D near-memory  architecture  [22,23]. The 

DRAM dies in HBM are stacked through TSVs and microbumps, forming a DRAM 

stack. The DRAM stack is horizontally interconnected with logic through an inter-

poser. All DRAM dies and logic dies are independently designed with their respec-

tive I/O circuits. These I/O circuits act as isolators for cross-process analysis, segment-

ing the design and analysis within the HBM package into DRAM, logic, and package-

based interconnections. The SI design of constructing an HBM stack is fundamentally 

packaging design [20]. 

 Ref.  [16] reports a wireless stacked Static Random Access Memory  (SRAM) which 

utilizes semiconductor process coils  to establish a vertical data path between  four 

SRAM dies and a logic die, creating a 3D near-memory architecture. In ref. [16], there 

is no metal-based signal interconnect between SRAM dies and the logic die (“Power 

supplies are provided via bonded wires”). The interconnection between the two dif-

ferent semiconductor processes is achieved through a magnetic field model within 

the package of this structure. As a virtual model, the magnetic field model is not con-

strained by any stacking manufacturing process, simplifying the SI analysis of this 

structure. 

Underfill
DRAM Die

DRAM Die

Underfill

DRAM Die

Underfill

DRAM Die

Underfill

Base Die PHY

Interposer

Microbump

C4 bump

Package 
Substrate

Logic Die PEs

bump

Package 
Substrate

DRAM_N Die

DRAM_F Die

HBM SeDRAM

Mini TSV

TSV Microbump

Hybrid 
bonding

I/O

BF

BF BF

BF

BF

BF

BF

BF

BF

BF

BF

BF

BF

BF

BF BF BF BF

Logic Die PHY PEs

I/O

I/O

I/O

I/O

I/O

I/O

I/O

I/O

I/O

Logic Die PEs

bump

Package 
Substrate

SRAM Die

SRAM Die

Wireless stacked SRAM

Coil Coil Coil Coil

SRAM Die
SRAM Die Coil Coil Coil Coil

Coil Coil Coil Coil
PHY

Coil Coil Coil Coil

Coil Coil Coil Coil
I/O

Cross−process analysis 
isolators 

Process 
isolators 

Cross−process analysis 
isolators 

None of
Cross−process analysis 

isolators 

 

Figure 1. Three near-memory architectures with high-density memory and  logic process compo-

nents integrated into a single package. 

 Refs. [17,18] report a Stacked Embedded DRAM (SeDRAM) architecture, a notewor-

thy  technology  in  the  industry  in  recent years and  the  study  target of  this paper. 

SeDRAM vertically stacks DRAM dies and a logic die into a hybrid 3DIC package, 

resulting in the shortest physical distance for memory access at the micron level [24]. 

Unlike HBM’s packaging integration technology, SeDRAM utilizes a Wafer-on-Wafer 

(WoW) Back-End-of-the-Line (BEOL) 3DIC process for manufacturing mini-TSV and 

Hybrid Bonding (HB) to establish high-density vertical memory access interconnects 

between memory and computing units, significantly enhancing memory access effi-

ciency [25]. In this 3DIC package, a substantial number of mini-TSV and HB cells are 

used for interconnecting data paths. 3DIC path of SeDRAM is driven by DRAM and 

Figure 1. Three near-memory architectures with high-density memory and logic process components
integrated into a single package.

Table 1. Comparison of cross-process structures.

HBM [14,15] Wireless Stacked SRAM [16] SeDRAM [17,18]

Integration 2.5D 3D 3D

Memory DRAM High-density SRAM DRAM

Stacked Structure 4~8 memory + 1 logic 4 memory + 1 logic 2~8 memory + 1 logic

Vertical Interconnection

TSV + microbump + interposer None HB + mini-TSV

Metal Wireless Metal

Package None WoW BEOL

Related Processes DRAM and logic Logic 1 and logic 2 DRAM, logic, and 3DIC

Interface between Stacked
Memory and Logic I/O Coil on logic die Buffer

Separation of Processes Yes, by I/O circuit Yes, by magnetic field No

SI Analysis Method Package-based validation Virtual model CPSIA

• High Bandwidth Memory (HBM) improves the memory access performance by a
Through-Silicon Via (TSV) structured 2.5D near-memory architecture [22,23]. The
DRAM dies in HBM are stacked through TSVs and microbumps, forming a DRAM
stack. The DRAM stack is horizontally interconnected with logic through an interposer.
All DRAM dies and logic dies are independently designed with their respective I/O
circuits. These I/O circuits act as isolators for cross-process analysis, segmenting
the design and analysis within the HBM package into DRAM, logic, and package-
based interconnections. The SI design of constructing an HBM stack is fundamentally
packaging design [20].

• Ref. [16] reports a wireless stacked Static Random Access Memory (SRAM) which uti-
lizes semiconductor process coils to establish a vertical data path between four SRAM
dies and a logic die, creating a 3D near-memory architecture. In ref. [16], there is
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no metal-based signal interconnect between SRAM dies and the logic die (“Power
supplies are provided via bonded wires”). The interconnection between the two dif-
ferent semiconductor processes is achieved through a magnetic field model within
the package of this structure. As a virtual model, the magnetic field model is not
constrained by any stacking manufacturing process, simplifying the SI analysis of this
structure.

• Refs. [17,18] report a Stacked Embedded DRAM (SeDRAM) architecture, a noteworthy
technology in the industry in recent years and the study target of this paper. SeDRAM
vertically stacks DRAM dies and a logic die into a hybrid 3DIC package, resulting
in the shortest physical distance for memory access at the micron level [24]. Unlike
HBM’s packaging integration technology, SeDRAM utilizes a Wafer-on-Wafer (WoW)
Back-End-of-the-Line (BEOL) 3DIC process for manufacturing mini-TSV and Hybrid
Bonding (HB) to establish high-density vertical memory access interconnects between
memory and computing units, significantly enhancing memory access efficiency [25].
In this 3DIC package, a substantial number of mini-TSV and HB cells are used for in-
terconnecting data paths. 3DIC path of SeDRAM is driven by DRAM and logic buffers,
creating a cross-process signal integrity analysis environment. As a result, three dif-
ferent semiconductor manufacturing processes, namely, DRAM, logic, and 3DIC, are
integrated into the overall design, making it challenging to distinguish boundaries of
signal integrity design and analysis. Addressing the aforementioned issues, this paper
proposes the Cross-Process Signal Integrity Analysis (CPSIA) method.

In Table 1, among the three near-memory architectures, HBM offers the most conve-
nient simulation framework because the signals across stacks are isolated by I/O. However,
HBM has the lowest vertical stacking density. Wireless stacked SRAM achieves an overlap-
ping layout between the coils of the vertical channel and the memory media, achieving an
area efficiency of 1162 GB/s/mm2 [16], surpassing HBM. The SI analysis of the wireless
stacked SRAM structure is conducted on a unit of stacked chips, with interconnections
between stacks facilitated by virtual models. SeDRAM, leveraging WoW BEOL, greatly
enhances the interconnect density across stacks. However, the I/O-less structure of Se-
DRAM requires a cross-process SI analysis environment that includes DRAM logic and
3DIC processes.

The SI analysis of HBM and wireless stacked SRAM among the three near-memory
architectures listed in Table 1 was conducted on a unit of stacked chips, with system-level
simulation implemented between the stacks. The I/O-less structure of SeDRAM requires
a cross-process SI analysis environment that includes DRAM logic and 3DIC processes.
The signal integrity design and analysis of the SeDRAM architecture presents a signifi-
cant challenge due to its cross-process nature, encompassing the DRAM, logic, and 3DIC
processes. In this hybrid architecture, the memory and computing devices are intercon-
nected through Hybrid Bonding (HB) and mini-TSV cells, with the physical data path
across different manufacturing processes in terms of libraries and design rules provided by
multiple foundries. Standard Electronics Design Automation (EDA) tools do not support
comprehensive SI analysis for these cross-process architectures. To establish sub-micron
vertical interconnections between devices of different manufacturing processes, this cross-
process vertical interconnection employs buffer drivers for the vertical interconnect units,
rather than I/O circuits of HBMs [14,15] or a virtual model of wireless stacked SRAM [16].
Because of the absence of I/O circuits or a virtual model for segmenting the cross-process
structure, the SI analysis of SeDRAM is geared towards buffers, essentially following the
design requirements of a standard 2D chip. However, this takes place in a 3D cross-process
structure. This hybrid architecture demands unique SI design approaches.

This paper addresses the cross-process design and analysis requirements for 3D
vertical stacking that are compatible with three different manufacturing processes and
proposes the CPSIA method for SeDRAM. This paper formulates lumped circuit models
based on the 3DIC physical structure for vertical data paths, facilitating a mixed design
and analysis approach that operates independently of 3DIC manufacturing processes.
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Based on the lumped circuit model, a CPSIA methodology is introduced. It involves the
extraction of buffer netlists based on commercial DRAM and logic foundries and the use of
the combination of lumped circuits to equivalently represent the vertical stacking paths.
A cross-process simulation environment is established, encompassing three commercial
processes in terms of DRAM logic and 3DIC. The consistency of the comparative analysis
between the simulation results and the silicon results demonstrates the effectiveness of this
CPSIA method.

2. Study of the 3DIC Model

This section introduces the physical structure of the vertical stacking path used to
construct the multi-layer vertical stacked DRAM platform. Following the 3DIC physical
structure, a lumped circuit model is proposed, and all values of the lumped elements in the
circuit model are calculated with the transmission line model. A 3DIC frequency-domain
analysis is demonstrated using the circuit model.

2.1. Introduction of Study Target

As shown in Figure 2, the stack of the SeDRAM is the study target of the SI anal-
ysis methodology presented in this paper. The DRAM_Near (DRAM_N), DRAM_Far
(DRAM_F), and logic components are interconnected through HB and mini-TSV technolo-
gies based on the BEOL process, with DRAM_N and DRAM_F representing the DRAM
dies located near and far from the logic die, respectively. The HB cell facilitates face-to-back
interconnection between DRAM_N and DRAM_F, as well as face-to-face interconnection
between DRAM_N and DRAM_F. Mini-TSVs are used to establish interconnections passing
through the DRAM_N substrate.
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The SI analysis goals for HBM and SeDRAM differ; HBM involves system-level SI
analysis, while SeDRAM focuses on cross-process SI analysis. System-level SI analysis is
conducted after the completion of chip design. HBM achieves DRAM design based on
fixed design targets derived from the system level. It performs system-level SI analysis,
including 3DIC, focusing on centralized I/O as the chip-to-chip boundary, resulting in
lower analysis precision. In contrast, SeDRAM requires SI analysis for interconnections
between different stacks during the design process. It involves chip design optimization
based on this SI analysis, necessitating the establishment of a cross-process SI analysis
environment that includes DRAM logic and 3DIC processes. The CPSIA method enables
higher-precision design, simulation, and optimization during the SeDRAM stacking chip
design processes, leading to improved overall system performance.

The physical vertical interconnection is driven by DRAM and logic buffers, and this
vertical stacking path involves constraints from the DRAM logic and 3DIC processes
separately. The 3DIC is expressed by a lumped circuit model, which helps reduce the
complexity of the cross-process simulation environment.

2.2. Lumped Circuit Model of Vertical Stacking Paths

Figure 3a presents a physical model of vertical stacking paths. In this model, a
2HB+1TSV+2HB structure is employed to connect memory access signals, which is the pri-
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mary focus of this work. DRAM_N is interconnected face-to-face with logic, connected by
the lower Inter-Metal Dielectric 2 (IMD2) through HB cells. DRAM_F is interconnected back-
to-back with DRAM_N, connected by upper IMD2 through HB cells. Mini-TSVs traverse
DRAM_N to establish metal connections between the upper and lower HB layers. The cir-
cuit in DRAM_F is interconnected with the circuit in logic through the 2HB+TSV+2HB path.
This vertical data path is the most complex in SeDRAM and serves as the analysis target
because, in SeDRAM, the vertical data paths for the data inputs/outputs (DQs)/command
and address inputs (CAs) of the two DRAM dies are individually interconnected with the
logic die. For yield and impedance considerations, every two HB cells are interconnected
with one mini-TSV, forming the 2HB+1TSV+2HB data path structure.
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According to the rule of thumb in transmission line theory, when the length of a
transmission line is smaller than 1/20 of the target wavelength (λ), lumped elements
can accurately represent the electrical behavior of the transmission line [26]. The target
electromagnetic wave of this paper ranges from 1 GHz to 10 GHz, and the wavelength in
silicon is from 162,000 µm to 16,200 µm. The lumped model studied in this paper consists
of transmission lines in the sub-10 µm range, which is much smaller than the wavelength
of the target frequency, satisfying the 1/20 λ condition. Therefore, lumped elements are
used to model the vertical stacking cells.

The size of vertical stacking cells is in the sub-10 µm range, as shown in Table 2, and
their electrical behaviors can be approximated using lumped elements, as illustrated in
Figure 3b. Lumped elements can be categorized into two groups. The first corresponds
to the lumped elements resulting from the vertical stacking cells themselves, marked in
blue, while the second corresponds to the lumped elements resulting from interactions
between vertical stacking cells, marked in purple. The blue lumped elements form a
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conduction channel, and the purple lumped elements form a crosstalk channel. The
simplified structures of the conduction channel and crosstalk channel are depicted in
Figure 3c.

Table 2. Physical dimensions of the model indicated in Figure 3a.

Dimensions Value Unit Description

TSV
hTSV 10 µm TSV height
dTSV 2.5 µm TSV diameter
PTSV 6 µm TSV pitch

HB

hHB 2 µm HB height
dHBU 0.6 µm Up part of HB diameter
dHBD 1.5 µm Down part of HB diameter
PHB 3 µm HB pitch

Insulation Layer tIL 0.2 µm Insulation layer thick
IMD1 hIMD1 3 µm IMD1 height

In Figure 3b, the blue lumped elements primarily represent the signal path between
DRAM_F and logic dies, running from top to bottom, and include the following:

• RHB, the equivalent resistance of the dual HB cell structure;
• RTSV and LTSV, the equivalent resistance and inductance of the mini-TSV cell connect-

ing the backside and top metal layers of DRAM_N;
• CTSV, the distributed capacitance formed by the outer surface of the mini-TSV copper

pillar and the DRAM_N substrate, enclosed by the insulation layer (SiO2) surrounding
the TSV.

The purple lumped elements in Figure 3b arise from the medium between vertical
stacking cells and manifest in two types of structures. The IMD2 is formed by the BEOL
process to create HB cells, exhibiting good insulating properties but possessing a significant
relative dielectric constant (see Table 3). Due to the thinning of the DRAM_N substrate,
the DRAM_N substrate in the structure of Figure 3a consists solely of the p-type substrate,
which has both non-ideal conductivity and a significant relative dielectric constant (see
Table 3). Distributed parameters exist in the IMD2 and DRAM_N substrate media, serving
as coupling channels for crosstalk between adjacent vertical stacking paths, and their
equivalent lumped elements are as follows:

• CHB, the distributed capacitance formed by the adjacent dual HB cell structures
through the IMD2 medium;

• CIMD, the distributed capacitance formed by the adjacent mini-TSV cells through the
Inter-Metal Dielectric 1 (IMD1) medium (the metal layer of DRAM_N);

• CSub and GSub, the equivalent capacitance and conductance formed by the adjacent
mini-TSV cells through the medium of the DRAM_N substrate.

Table 3. Material parameters of the model indicated in Figure 3a.

Parameters Value Unit Description

TSV
ρTSV 1.68× 10−8 Ω·m Resistivity of TSV (Cu)

µr_TSV 1 \ Relative permeability of TSV

HB ρHB 1.68× 10−8 Ω·m Resistivity of HB (Cu)

Si Sub
σSub 10 S/m Conductivity of Si Sub

εr_Sub 11.9 \ Relative permittivity of Si Sub

IMD1/IMD2 εr_IMD 4.1 \ Relative permittivity of IMD

Insulation Layer εr_IL 4.1 \ Relative permittivity of insulator

Free Space ε0 8.854× 10−12 F/m Permittivity of free space
µ0 1.257× 10−6 H/m Permeability of free space
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The lumped elements in the lumped circuit model can be determined using the
formulas of the transmission line model, including coaxial line, two-wire line, and planar
line models [27]. The calculation of these lumped elements is dependent on physical
dimensions and material parameters, which are detailed in Tables 2 and 3, respectively.

RTSV is calculated using the cylindrical resistor formula:

RTSV = ρTSV ×
hTSV

π × (dTSV/2)2 . (1)

LTSV is determined through the coaxial cable model formula:

LTSV =
µ0 × µr_TSV

2π
× ln

(
PTSV

(dTSV/2)

)
× hTSV . (2)

RHB represents the parallel resistance of two HB cells, where the resistance of each HB
cell is computed in two parts based on the HB structure and using the cylindrical resistor
formula:

RHB =
1
2
(RHBU + RHBD) =

1
2

(
ρHB ×

hHB/2

π × (dHBU/2)2 + ρHB ×
hHB/2

π × (dHBD/2)2

)
. (3)

CTSV represents the distributed capacitance of the mini-TSV in the insulation layer,
and it is calculated using the coaxial line capacitance formula:

CTSV =
1
4


 2π × ε0 × εr_IL

ln
(
(dTSV/2+tIL)
(dTSV/2)

) × (hTSV − hIMD1)


 . (4)

CHB denotes the distributed capacitance of the dual copper pillar structure in IMD2
and is calculated in two parts using the two-wire line capacitance formula:

CHB = CHBU + CHBD =
π × ε0 × εr_IMD

cosh−1
(

PHB
dHBU

) × hHB

2
+

π × ε0 × εr_IMD

cosh−1
(

PHB
dHBD

) × hHB

2
. (5)

CIMD represents the distributed capacitance of adjacent mini-TSVs in IMD1, calculated
using the two-wire line capacitance formula:

CIMD =
π × ε0 × εr_IMD

cosh−1
(

PTSV
dTSV

) × hIMD1. (6)

GSub is the distributed conductance of adjacent mini-TSVs in the DRAM_N substrate,
determined by the two-wire line capacitance formula:

GSub =
π × σSub

cosh−1
(

PTSV
dTSV

) × (hTSV − hIMD1) . (7)

CSub represents the equivalent capacitance of adjacent mini-TSVs in the DRAM_N
substrate and is calculated using the two-wire line capacitance formula:

CSub =
π × ε0 × εr_Sub

cosh−1
(

PTSV
dTSV

) × (hTSV − hIMD1) . (8)

The values of all lumped elements in Figure 3b are determined using the method
described above, as summarized in Table 4. Among these elements, RTSV, LTSV, RHB,
and CTSV impact conduction along the signal path, whereas CHB, CIMD, GSub, and CSub
constitute coupling channels for crosstalk between adjacent vertical stacking paths.
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Table 4. Lumped element values of the model indicated in Figure 3b.

Function Medium Parameters Value Unit Description

Conduction

TSV
RTSV 34.22 mΩ Equivalent resistance of mini-TSV
LTSV 3.138 pH Equivalent inductance of the dual HB structure

HB RHB 34.46 mΩ Equivalent resistance of the dual HB structure

Insulation Layer CTSV 2.689 fF Distributed capacitance between the mini-TSV
copper pillar and the DRAM_N substrate

Crosstalk

IMD2 CHB 0.136 fF Distributed capacitance between adjacent dual HBs

IMD1 CIMD 0.225 fF Distributed capacitance between adjacent mini-TSVs

Si Sub
GSub 0.144 mS Equivalent conductance of SI Sub
CSub 1.522 fF Equivalent capacitance of SI Sub

The lumped elements associated with conduction functionality primarily consist of,
approximately, a 100 mΩ resistor and a 10 fF capacitor, affecting the data channels, which
are comparable to the distributed parameters of metal layers within 2D chips. The lumped
elements related to crosstalk functionality primarily consist of, approximately, a 0.1 mS
conductance and a 1.5 fF capacitance, establishing crosstalk between data channels, which
is comparable to the distributed parameters of metal layers within 2D chips. The scale
of distributed numerical values introduced by 3DIC is not fundamentally different from
2D chip designs. Therefore, SeDRAM employs buffers to drive the vertical stacking paths
and operates at the DRAM core frequency. The driving units and speeds of 3DIC are the
essential differences between SeDRAM and HBM. It is necessary to conduct cross-process
signal integrity analysis in combination with SeDRAM’s dedicated driving methods.

2.3. Frequency-Domain Analysis

The framework for frequency-domain analysis introduces seven channels of lumped
circuits for vertical stacking paths, aiming to analyze the channel characteristics of vertical
stacking paths, including 3DIC crosstalk, as illustrated in Figure 4. Channel 3 in the middle
is considered the victim, while the three outer pairs of channels act as the aggressors.
Fourteen terminations are distributed on both sides of the seven channels for S-parameter
analysis. Each channel incorporates components such as RTSV, LTSV, RHB, and CTSV for
conduction, as well as CHB, CIMD, GSub, and CSub for crosstalk. In this setup, channel 3 near
the center of the framework is chosen as the subject of analysis.

Micromachines 2024, 15, x FOR PEER REVIEW  9  of  23 
 

 

C
on
d
u
ction

C
h
an
n
el 

C
rosstalk
C
h
an
n
el 

C
on
d
u
ction

C
h
an
n
el 

C
rosstalk
C
h
an
n
el 

C
on
d
u
ction

C
h
an
n
el 

C
rosstalk
C
h
an
n
el 

C
on
d
u
ction

C
h
an
n
el 

C
rosstalk
C
h
an
n
el 

C
on
d
u
ction

C
h
an
n
el 

C
rosstalk
C
h
an
n
el 

C
on
d
u
ction

C
h
an
n
el 

C
rosstalk
C
h
an
n
el 

C
on
d
u
ction

C
h
an
n
el 

 

Term1

Channel 0
Aggressor

Term3

Channel 1
Aggressor

Term5

Channel 2
Aggressor

Term7

Channel 3
Victim

Term9

Channel 4
Aggressor

Term11

Channel 5
Aggressor

Term13

Channel 6
Aggressor

Term2 Term4 Term6 Term8 Term10 Term12 Term14
 

Figure 4. Frequency-domain analysis frame. 

Figure 5  illustrates  the  frequency-domain analysis  for channel 3.  In Figure 5a,  the 

insertion loss on channel 3 is displayed in terms of the frequency response ratio between 

termination 7 to 8 and termination 8 to 7. Insertion loss represents the proportion of signal 

loss from the input to the output caused by the 3DIC path, with values closer to zero in-

dicating better performance. The insertion loss on channel 3 is greater than −0.2 dB below 

10 GHz, indicating that insertion loss is not the primary factor affecting 3DIC signal integ-

rity. The return  loss on channel 3  is depicted  in Figure 5b,  including  the  frequency re-

sponse ratio between termination 7 to 7 and termination 8 to 8. Return loss characterizes 

the proportion of the input signal reflected back to the input terminal through the 3DIC 

path compared to the input signal. Typically, a value lower than −30 dB does not signifi-

cantly  affect  channel performance.  In  SeDRAM, vertical  stacking paths  operate  at  the 

DRAM core frequency, which is lower than 1 GHz, resulting in a return loss below −34 

dB, which has no significant impact on signal integrity. However, above 2.5 GHz, the re-

turn loss exceeds −25 dB, becoming a major challenge for signal integrity. 

In
se
rt
io
n
 l
o
ss
 (
d
B
)

S (7,8)

S (8,7)

R
et
u
rn
 l
o
ss
 (
d
B
)

S (7,7)

S (8,8)

(a) (b)  

Figure 5. Frequency-domain analysis. (a) Insertion loss of channel 3. (b) Return loss of channel 3. 

Figure 6a,b demonstrate the impacts of near-end crosstalk and far-end crosstalk on 

channel 3. Taking Figure 6a as an example, six  frequency  response  ratios are overlaid, 

representing the near-end crosstalk impacts of the six aggressors from terminations 1, 3, 

5, 9, 11, and 13. Terminations 5 and 9 are closest to termination 7 and have the greatest 

crosstalk impacts on termination 7, with an impact of −75 dB at 1 GHz. The farther the 

near-end terminations are from relative termination 7, the less their impact on termination 

7. The patterns and numerical values of far-end crosstalk on channel 3 in Figure 6b are 

similar to near-end crosstalk. Therefore, crosstalk is not a significant challenge to signal 

integrity. 

Figure 4. Frequency-domain analysis frame.

73



Micromachines 2024, 15, 557

Figure 5 illustrates the frequency-domain analysis for channel 3. In Figure 5a, the
insertion loss on channel 3 is displayed in terms of the frequency response ratio between
termination 7 to 8 and termination 8 to 7. Insertion loss represents the proportion of signal
loss from the input to the output caused by the 3DIC path, with values closer to zero
indicating better performance. The insertion loss on channel 3 is greater than −0.2 dB
below 10 GHz, indicating that insertion loss is not the primary factor affecting 3DIC signal
integrity. The return loss on channel 3 is depicted in Figure 5b, including the frequency
response ratio between termination 7 to 7 and termination 8 to 8. Return loss characterizes
the proportion of the input signal reflected back to the input terminal through the 3DIC path
compared to the input signal. Typically, a value lower than −30 dB does not significantly
affect channel performance. In SeDRAM, vertical stacking paths operate at the DRAM core
frequency, which is lower than 1 GHz, resulting in a return loss below −34 dB, which has
no significant impact on signal integrity. However, above 2.5 GHz, the return loss exceeds
−25 dB, becoming a major challenge for signal integrity.
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Figure 5. Frequency-domain analysis. (a) Insertion loss of channel 3. (b) Return loss of channel 3.

Figure 6a,b demonstrate the impacts of near-end crosstalk and far-end crosstalk on
channel 3. Taking Figure 6a as an example, six frequency response ratios are overlaid,
representing the near-end crosstalk impacts of the six aggressors from terminations 1, 3,
5, 9, 11, and 13. Terminations 5 and 9 are closest to termination 7 and have the greatest
crosstalk impacts on termination 7, with an impact of −75 dB at 1 GHz. The farther the
near-end terminations are from relative termination 7, the less their impact on termination
7. The patterns and numerical values of far-end crosstalk on channel 3 in Figure 6b are
similar to near-end crosstalk. Therefore, crosstalk is not a significant challenge to signal
integrity.
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Figure 7 demonstrates the crosstalk on channel 3 with the impact of 3DIC lumped
element variation, considering the statistical variations of the vertical stacking path. Under
the 3DIC slow condition, all lumped element values of the vertical stacking path are
increased by 40%, corresponding to the lowest slew rate of digital signals. Conversely,
the 3DIC fast condition involves reducing all lumped element values by 40%, reflecting
the highest slew rate. Among the near-end crosstalk response and the far-end crosstalk
response, the 3DIC fast condition introduces the least crosstalk. Both the 3DIC fast and
slow conditions introduce crosstalk response deviations of less than 6% on the basis of
−65 dB at 1 GHz.
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This section, in conjunction with the stacking structure and the vertical stacking
cell features of the vertical stacked DRAM platform, highlights the distinct nature of
WoW SI analysis: cross-process and the absence of process segmentation by I/O circuit.
The lumped circuit based on the 2HB+1TSV+2HB structure is introduced to establish
a modeling methodology for the vertical stacked DRAM platform. All values of the
lumped elements in the circuit model are calculated with reference to the transmission line
model. Frequency-domain analysis of vertical stacking paths based on lumped circuits is
presented, highlighting that the impact of 3DIC channels increases with the frequency, and
the influence of 3DIC channels below 1 GHz meets the design requirements of SeDRAM.

3. Cross-Process Analysis

To address the buffer driving (I/O less) method, a cross-process timing-domain analy-
sis method is established, where the 3DIC is represented in the form of a lumped circuit;
the DRAM and logic buffers are represented in netlist form, and they are integrated into
one simulation environment. Employing this method, an impact analysis introduced by
3DIC crosstalk is demonstrated, coupled with memory access behavior across the 3DIC.

3.1. CPSIA Method

In the SeDRAM architecture, the vertical stacking path has a high density, and I/O-
driven chip-to-chip interconnect technologies are neither necessary nor feasible. Instead,
the vertical stacking path is directly driven by a buffer cell within the DRAM and logic chip.
The area overhead of the driving circuit is minimal, aligning well with the high-density
interconnect characteristics of the vertical stacking path. Unlike the channel analysis
method with 50 ohm terminations in Section 2.3, this sub-section combines SeDRAM’s
dedicated driving method for cross-process signal integrity analysis.

As shown in Figure 8, a CPSIA framework consists of three parts: two kinds of netlists
of 25 nm DRAM and 28 nm logic driving buffer based on commercial foundries and
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the lumped circuit model of the vertical stacking path. The combination of these three
simulation elements forms an integrated simulation environment, which includes three
processes. This CPSIA environment establishes a 3D SI analysis method equivalent to
standard 2D chip design, meeting the requirements of the I/O-less driving structure of
SeDRAM and providing greater accuracy than the I/O-based SI analysis. The netlists of
DRAM and logic driving buffers include the Transceivers/Receivers (TX/RX) of DRAM_N,
DRAM_F, and logic, along with impedances of ZimD0, ZimD1, . . ., and ZimD6. These
impedances represent the inner connecting metal layers between the TX/RX ports and the
3DIC logic interface. The netlists of the DRAM and logic driving buffers include analog
behavior described in the DRAM and logic process libraries for signal analysis. The circuit
model of the vertical stacking path consists of lumped elements corresponding to mini-
TSV and HB cells, enabling cross-process simulations without the need for 3DIC process
libraries.
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Figure 8. CPSIA frame.

In SeDRAM, all memory access data signals of DRAM_F and DRAM_N are indepen-
dently designed, with DRAM_F having a longer vertical stacking path, which is the focus
of this analysis. In this CPSIA frame, there are two SI analysis paths, as shown in Figure 8.
This approach closely approximates the actual circuit’s driver and load responses, avoiding
rough evaluation with a 50 ohm driver impedance.

Pseudo-Random Binary Sequence (PRBS) excitation is applied to seven channels. Due
to the synchronous design in the DRAM circuit, eye diagrams of seven channels with the
same direction are overlaid, resulting in two sets of eye diagrams. The first set is obtained by
overlaying eye diagrams collected with seven logic buffers as the TXs on PD0−PD6, and the
second set is obtained by overlaying eye diagrams collected with seven DRAM_F buffers
as the TXs on PL0−PL6. The two sets of eye diagrams are shown in Figure 9, corresponding
to the two signal integrity paths in Figure 9. The two eye diagrams indicating writing
and reading data paths of memory access have high quality and are easily recoverable by
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RXs, resulting in minimal impacts on DRAM timing. Since the speed of the vertical data
paths is below 1 Gbps, the impact of 3DIC is within the tolerance of the vertical stacked
DRAM platform.
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Figure 9. Overlaid eye diagrams at 1 Gbps for the signal integrity analysis. (a) Overlaid eye diagrams 
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Figure 9. Overlaid eye diagrams at 1 Gbps for the signal integrity analysis. (a) Overlaid eye diagrams
from logic to DRAM_F. (b) Overlaid eye diagrams from DRAM_F to logic.

3.2. Impact Analysis Introduced by 3DIC

This sub-section analyzes the impact of 3DIC on memory access. Figure 10 illustrates
the Logic Memory Access (LMA) path for logic reading and writing data from and to
DRAM_N and DRAM_F. The red, green, and blue lines represent CAs, data writing paths
(from the DRAM perspective), and data reading paths of DRAM_F. The yellow, orange,
and cyan lines represent CAs, data writing paths (from the DRAM perspective), and
data reading paths of DRAM_N. CAs include the command address and tCK, which are
unidirectional signals from logic to DRAM, where the address goes through a decoder.
Data writing and reading paths connect the DRAM array and interface through the DRAM
internal data path. The design and layout of DRAM_F and DRAM_N are identical; in fact,
there is only one type of DRAM used in manufacturing the 3DIC wafer, without distinction
between stack layers. The design differences in the 3DIC layers enable DRAM_F to extend
the data path to the logic interface through the 3DIC structure. The only distinction in
the LMA path between DRAM_F and DRAM_N lies in the 3DIC path. The LMA paths
of DRAM_N pass through HBs, while the LMA paths of DRAM_F go through a longer
3DIC connection (2HB+1TSV+2HB structure). The degradation of SI in LMA due to 3DIC
is evident in terms of signal jitter and signal delay introduced by 3DIC.
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Figure 10. Logic memory access paths.

Figure 11 expands on the focus of jitter in the overlaid eye diagrams from logic to
DRAM_F. A jitter of 32 ps is observed in the channel response, including a background
noise of 1 ps, leading to uncertainty in the sampling time on the DRAM and a reduction
in the timing margin for sampling frequency. To isolate the impact of factors other than
crosstalk on signal jitter, only the excitation of channel 3 is retained, while the remaining
logic TXs are set to zero. A jitter of 1.0 ps is discovered, which is not caused by the flipping
of adjacent 3DIC channels. The jitter on the channel response originates from the 3DIC
crosstalk channels and is determined by the random encoding of aggressor channels.
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Figure 11. Jitter analysis of data path.

Figure 12 presents the jitter analysis, considering the impact of driver Process Voltage
and Temperature (PVT) deviations as well as 3DIC variation (see Section 2.2). The Driver
FF/TT/SS conditions utilize netlists extracted from both the DRAM and logic, featuring
the fastest, typical, and slowest combinations of the P-Channel Metal Oxide Semiconductor
(PMOS) and the N-Channel Metal Oxide Semiconductor (NMOS). The combination of
driver FF and 3DIC fast corresponds to the fastest 3DIC channel, while the combination of
driver SS and 3DIC slow corresponds to the slowest 3DIC channel. Figure 12 illustrates the
deviations in signal setup time under various conditions. Notably, the absolute values of
time-domain jitter remain the same across the three conditions, exhibiting a phase deviation
of 4 ps.
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Figure 12. Jitter analysis on data paths with the impact of driver PVT deviation and 3DIC variation.

The jitter introduced by 3DIC reduces the timing margin of the sampling circuits,
becoming a leading cause of the reduced maximum frequency for DRAM_F. Specifically,
when writing data from logic to DRAM_F, the jitter on the DRAM data writing path
(the green path in Figure 10) decreases the timing margin of the first-level data sampling
in the DRAM. When reading data from DRAM_F to logic, the jitter on the DRAM data
reading path (the blue path in Figure 10) reduces the timing margin of the first-level data
sampling in the logic. The CAs (including clock signals) are driven from logic into DRAM_F
through the red path in Figure 10; thus, the jitter on CAs reduces the timing margin of all
data sampling in DRAM_F. The 31 ps jitter demonstrated in Figure 11 is a random jitter
introduced by crosstalk, which is present not only on the data path but also on the clock
net, resulting in a maximum timing uncertainty ranging from 31 ps to 62 ps.

The 3DIC also introduces signal transmission delay. Figure 13 includes the 3DIC
driving sources of the buffers, the response of PRBS excitation in the 3DIC channel, and a
response without a 3DIC channel between logic and DRAM buffers. There is a 0.7 ns delay
between the two responses from the source. In particular, when zooming in on the figure,
there is a 9 ps difference between the two buffer responses, using an 80% VDD threshold as
the transition from low to high.
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The 3DIC load introduces an additional 9 ps delay in the driving response in DRAM_F.
The 3DIC delay does not impact writing data to the memory but affects reading data from
memory. The data reading circuit belongs to the internal tCK clock domain of DRAM_F,
while the sampling data circuit on the logic DIE belongs to the logic tCK clock domain.
Only the former undergoes transmission delay introduced by the 3DIC, reducing the timing
margin of the first-level sampling in logic.

The jitters introduced by the 3DIC are associated with the behavior of aggressor chan-
nels; they are random during the memory access process. Random jitters contribute to the
timing uncertainty of DRAM_F memory access, ranging from 31 ps to 62 ps. Furthermore,
the delay in the 3DIC path affects the timing of the first-level sampling of DRAM in logic.

3.3. Design Optimization of Vertical Stacking

The diverse combinations of mini-TSV and HB form the vertical stacking path between
DRAM_F and logic, as shown in Figure 14. The eye diagrams of the 1HB+1TSV+1HB,
2HB+1TSV+2HB, and 4HB+1TSV+4HB structures are shown separately in Figure 15a,
Figure 9a, and Figure 15b. The proportions of HB and TSV cells have a minimal impact
on the channel. The performance of these three structures in signal transmission is similar,
but they differ in terms of design resource utilization. Mini-TSV cells connect the internal
metal layers of the DRAM_N to the HB layer on the backside of the DRAM_N silicon
substrate, resulting in an active layer footprint on DRAM_N. Unlike HB cells that do not
impact the active layer layout, the number of mini-TSV cells is constrained in DRAM
design. The failure ratio of the signal HB is less than 0.1 ppm. In the case of the maximum
64Gb DRAM, there exists a requirement for 300k HB connections carrying critical signals.
The employment of the 2HB+1TSV+2HB structure for critical signal connections results
in a 3% yield improvement in the 64Gb near-memory product. To prevent the entire
DRAM failing due to the bonding failure of a single HB cell, using the 2HB+1TSV+2HB
structure to establish the vertical stacking data path represents an excellent tradeoff. Yield
is a crucial focus in the large-scale production of SeDRAM. In the collaborative design, a
diverse combination of mini-TSV and HB is utilized to create vertical signal and power
interconnects.

• A 1HB+1TSV+1HB structure is employed for testing signal interconnects.
• A 2HB+1TSV+2HB structure is employed for interconnecting memory access data

signals, such as DQs and CAs. Its advantages include reducing the contact resistance
of HB cells in the data path and enhancing the product yield targets.

• A 4HB+1TSV+4HB structure is utilized for the power network. Four sets of HBs in
parallel are used to address the high contact resistance issue in HBs, reducing voltage
drop and current density in HB cells.

Along with the dedicated buffer driving method, a CPSIA approach is proposed
and utilized to analyze the 3DIC jitters, integrating DRAM logic and 3DIC designs in a
simulation environment. This approach quantifies the timing uncertainty introduced by
3DIC crosstalk, ranging from 31 ps to 62 ps.
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4HB+1TSV+4HB structure.

4. Physical Testing and Result Analyses

The timing uncertainty, ranging from 31 ps to 62 ps, introduced by the random
behavior of aggressor channels coupled through 3DIC crosstalk, was determined. The
3DIC path represents the only difference between DRAM_F and DRAM_N, considering
their identical design and layout. Therefore, the quantified 3DIC impact should manifest
in the physical testing of SeDRAM. This section provides the physical testing results of
the tCK shmoo in a cross-process test structure with commercial DRAM logic and 3DIC
manufacturing processes. DRAM_F and DRAM_N from the same 3DIC wafer exhibit an
unsymmetric distribution in maximum frequency. Subsequently, a study was conducted to
explore the relationship between this phenomenon and the analysis presented in Section 3.

4.1. The Test Chip

A physical testing wafer is established with a DRAM_N, DRAM_F, and logic stacking
structure, as shown in Figure 16. The logic includes DRAM test circuits and test pads used
for interconnection with the test tooling. DRAM_N is vertically interconnected with the
logic through HB cells; DRAM_F is vertically interconnected with the logic through HB and
mini-TSV cells. The vertically interconnected units corresponding to functionally identical
signals for DRAM_N and DRAM_F are physically arranged adjacently to reduce channel
differences in signals with the same function across the two DRAM stacks.
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The Logic, DRAM_N, and DRAM_F dies are organized into the testing chip structure
through the 3DIC process, as shown in Figure 17. The Logic die includes a Design-for-
Test (DFT) circuit used to test the DRAM arrays on DRAM_N and DRAM_F through
their LMA interfaces. The memory access path in the test structure is consistent with
the memory−compute integration application, including the 3DIC data paths from logic
buffers to DRAM_F and DRAM_N buffers. This alignment is also consistent with the
cross-process structure shown in Figure 8. The only distinction between the LMA interfaces
of DRAM_F and DRAM_N is that the DRAM_F includes a more complex 3DIC path with
an HB mini-TSV and HB structure. Under the same 2D chip design, the additional impact
of 3DIC on DRAM_F exists in LMA interfaces. This leads to deviations in test results in
terms of DRAM_F and DRAM_N.

Micromachines 2024, 15, x FOR PEER REVIEW  18  of  23 
 

 

turing processes. DRAM_F and DRAM_N from the same 3DIC wafer exhibit an unsym-

metric distribution in maximum frequency. Subsequently, a study was conducted to ex-

plore the relationship between this phenomenon and the analysis presented in Section 3. 

4.1. The Test Chip 

A physical testing wafer is established with a DRAM_N, DRAM_F, and logic stacking 

structure, as shown in Figure 16. The logic includes DRAM test circuits and test pads used 

for interconnection with the test tooling. DRAM_N is vertically interconnected with the 

logic through HB cells; DRAM_F is vertically interconnected with the logic through HB 

and mini-TSV  cells.  The  vertically  interconnected  units  corresponding  to  functionally 

identical signals for DRAM_N and DRAM_F are physically arranged adjacently to reduce 

channel differences in signals with the same function across the two DRAM stacks. 

DRAM_N

DRAM_F

Test pads

Test tooling

Test 3DIC Chip 

Test 3DIC wafer with 
DRAM_N DRAM_F  
and Logic structure

Logic for test

HB Cell for 
DRAM_N to
Logic

HB and Mini−TSV 
Cells for DRAM_F 
to Logic

Functionally 
identical signals on 
different stacks

 

Figure 16. Testing chip environment. 

The Logic, DRAM_N, and DRAM_F dies are organized into the testing chip structure 

through the 3DIC process, as shown in Figure 17. The Logic die includes a Design-for-Test 

(DFT) circuit used  to  test  the DRAM arrays on DRAM_N and DRAM_F  through  their 

LMA  interfaces.  The memory  access  path  in  the  test  structure  is  consistent with  the 

memory−compute integration application, including the 3DIC data paths from logic buff-

ers to DRAM_F and DRAM_N buffers. This alignment is also consistent with the cross-

process structure shown in Figure 8. The only distinction between the LMA interfaces of 

DRAM_F and DRAM_N is that the DRAM_F includes a more complex 3DIC path with an 

HB mini-TSV and HB structure. Under the same 2D chip design, the additional impact of 

3DIC on DRAM_F exists in LMA interfaces. This leads to deviations in test results in terms 

of DRAM_F and DRAM_N. 

DRAM_N

DRAM_F

BF

Logic for test
DRAM_Far 
data write path

DRAM_Far 
CAs path

DRAM_Near 
CAs path

BF

DRAM_Far 
data read  path

DRAM_Near 
data read  path

BF BF

BF

BF BF

BF DRAM_Near 
data write path

RD DATA_path

Array WR DATA_path

DEC

RD DATA_path

Array WR DATA_path

DEC

DFT circuitTest interface

Test pads of DFT

Functionally 
identical signals on 
different stacks  

Figure 17. Testing chip structure. Figure 17. Testing chip structure.

tCK is the synchronous core clock of the DRAM. The tCK shmoo test follows the
standard DRAM testing procedure: a fixed frequency (tCK) is set to perform read and write
operations on SeDRAM. Diverse data are written into the SeDRAM, including two DRAM
arrays on both DRAM_F and DRAM_N. After reading the operations, the data bus is
checked at each Access Time (tAC) step. After scanning through multiple patterns, if all the
DRAM arrays pass the write and read loops, the tCK shmoo is marked as a pass (in green);
otherwise, it is marked as a fail (in red). The tCK shmoo is a result of extensive scanning of
the DRAM arrays with multiple patterns.

Figure 18 shows the tCK shmoo test results of the double-layered DRAM test chip.
The shortest tCKs for DRAM_N and DRAM_F are 1.64 ns and 1.68 ns, respectively, with
DRAM_F having a slightly lower maximum frequency than DRAM_N. DRAM_F and
DRAM_N are two stacked DRAM arrays on the same 3DIC wafer under the same tempera-
ture. This tCK Shmoo comparison shows that the minimum tCK (maximum frequency)
of DRAM_N is better than that of DRAM_F by 40 ps. The 3DIC is the only distinction
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between the two DUTs of DRAM_F and DRAM_N. The impact of 3DIC is speculated to be
the primary factor influencing this phenomenon.
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Figure 18. DRAM tCK test shmoo. (a) DRAM_F_N. (b) DRAM.

To illustrate the performance gap between DRAM_N and DRAM_F, 12 sets of samples
are depicted in Figure 19. The histogram displays the distribution of the minimum tCK
differences between DRAM_F and DRAM_N for the 12 sets of samples. The test results
include manufacturing deviations and testing errors, indicating that DRAM_N has a speed
advantage over DRAM_F. This is reflected in two aspects: a predominance of positive values
over negative values in the distribution of the difference between the tCK_min of DRAM_F
and the tCK_min of DRAM_N and the average tCK_min differences, which indicate that the
average tCK_min of DRAM_F is smaller than that of the tCK_min of DRAM_N by 26.67 ps.
The impact of 3DIC is speculated to be the primary factor influencing this phenomenon.
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4.2. Analysis of Test Results

The cross-process jitter analysis in Figure 11 shows that 3DIC crosstalk contributes
to 31 ps of jitter on the LMA path, with the timing uncertainty of 31 ps introduced by
the random behavior of aggressor channels coupled through 3DIC crosstalk, which is the
uncertainty in both data and tCK. In the testing environment, the memory access path in
DRAM_F, which includes the vertical stacking path formed by HB mini-TSV and HB cells,
is distinct from DRAM_N. The tCK path uncertainty of 31 ps reduces the timing margin
for all DFF/latch samplings within the DRAM, while the data path uncertainty of 31 ps
reduces the timing margin for the first-level sampling in the writing path and the last-level
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sampling in the reading path. Therefore, this study attributes the 31–62 ps tCK period
deviation observed in the tCK shmoo test results to the impact of 3DIC crosstalk.

4.3. Model Extension

While the impact of 3DIC on signal integrity meets the requirement of the analysis tar-
get below 1 Gbps, this method plays a significant role in determining the evolutionary path
of this vertical stacked DRAM platform, reflected in the expansion of stacking structures
and the enhancement of LMA speed.

The combination of HB and mini-TSV enables us to design higher-stacked DRAM
platforms, thereby increasing DRAM density. Lumped circuit models of an eight DRAM
and one logic stacking structure and of a four DRAM and one logic stacking structure were
established for comparison with the two DRAM and one logic stacking structure analyzed
in this paper. Following the frequency analysis method of Figure 4, it was assumed that
channel 3 was the victim and channel 2 was the aggressor. The near-end and far-end
crosstalk responses of term 5 and term 6 of channel 2 to term 7 of channel 3 are shown in
Figure 20. As the stacking structure becomes more complex, the crosstalk introduced by
3DIC gradually increases.
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Figure 20. Near-end and far-end crosstalk on termination 8 in the 2D+1L 4D+1L and 8D+1L structures.

According to the objective of this study, the DRAM to logic interface frequency matches
the internal clock of the DRAM array. On the roadmap of SeDRAM, we will employ
prefetching techniques to fetch data at 8 or 16 times the DRAM array frequency to the
DRAM to logic interface, thus enabling data to flow through the DRAM to logic interface
at 8 or 16 times the DRAM array frequency. Figure 21 illustrates the eye diagrams for a
frequency increase to 2 Gbps and 4 Gbps in stacking structures of 4D+1L (four DRAM
layers and one logic layer) and 8D+1L. Above 2 Gbps, the eye diagrams gradually degrade.
Combining frequency-domain analysis, the primary cause is return loss. In this next-level
structure, the impact of 3DIC cannot be ignored, and quantitative analysis and optimization
using this method are necessary.

Based on the relationship between the lumped circuit model and the corresponding
physical structure, it is easy to identify three quantitative optimization methods for 3DIC
SI, aiming to meet the advancement of SeDRAM, in terms of the expansion of stacking
structures and the enhancement of LMA speed. One approach is to increase the pitch of the
vertical stacking paths. Another is to introduce direct current channels in the signal vertical
stacking path array. The third method focuses on optimizing the 3DIC process through
the analysis of key factors leading to 3DIC responses, including structural and material
enhancements, such as CTSV sensitive to the insulation layer thickness.
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The jitter analysis result provides an explanation for this interesting physical testing
phenomenon, demonstrating the effectiveness of this CPSIA method. The model extension
analysis for higher speeds and increased stacking structures illustrates that this method
will play a crucial role in SeDRAM’s technological advancements as channel degradation
progresses.

5. Conclusions

This paper highlights the distinct nature of WoW 3D multi-layer vertical stacked
DRAM Platform SI analysis in terms of cross-process and the absence of process segmenta-
tion by I/O circuit. A lumped circuit based on the 3DIC physical structure is introduced to
establish a modeling methodology for the vertical stacked DRAM platform. All values of
the lumped elements in the circuit model are calculated with the transmission line model.
In combination with the dedicated buffer driving method, the CPSIA method is proposed
and used for the analysis of 3DIC jitters, integrating DRAM logic and 3DIC designs in a
simulation environment, determining the timing uncertainty introduced by 3DIC crosstalk
ranging from 31 ps to 62 ps. The silicon results show that the distribution of DRAM_N’s
maximum frequency is better than that of DRAM_F, with the average of the tCK_min
differences being 26.67 ps, demonstrating the effectiveness of this CPSIA method.
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Abstract: As the architecture of logic devices is evolving towards gate-all-around (GAA) structure,
research efforts on advanced transistors are increasingly desired. In order to rapidly perform accurate
compact modeling for these ultra-scaled transistors with the capability to cover dimensional varia-
tions, neural networks are considered. In this paper, a compact model generation methodology based
on artificial neural network (ANN) is developed for GAA nanosheet FETs (NSFETs) at advanced
technology nodes. The DC and AC characteristics of GAA NSFETs with various physical gate lengths
(Lg), nanosheet widths (Wsh) and thicknesses (Tsh), as well as different gate voltages (Vgs) and drain
voltages (Vds) are obtained through TCAD simulations. Subsequently, a high-precision ANN model
architecture is evaluated. A systematical study on the impacts of ANN size, activation function,
learning rate, and epoch (the times of complete pass through the entire training dataset) on the
accuracy of ANN models is conducted, and a shallow neural network configuration for generating
optimal ANN models is proposed. The results clearly show that the optimized ANN model can
reproduce the DC and AC characteristics of NSFETs very accurately with a fitting error (MSE) of 0.01.

Keywords: gate-all-around (GAA) Nanosheet FETs (NSFETs); compact model; artificial neural
network (ANN); TCAD simulation

1. Introduction

In response to market demands, the transistor dimensions have been scaled down pro-
portionally according to Moore’s Law. As an alternative to planar metal-oxide-semiconductor
field-effect transistors (MOSFETs), fin field-effect transistors (FinFETs), which utilize a
three-dimensional architecture with the gate wrapping around vertical fins on top and sides,
have been developed and commercialized in 22 nm CMOS technology [1–3]. During the past
decades, FinFET technology has been successfully applied to 5 nm and even 3 nm technology
nodes through higher aspect ratio and layout optimization [4–8]. However, the scaling of Fin-
FETs has also encountered fabrication- and performance-related obstacles due to fundamental
physical limitations and difficulties in developing the required process. The performance
improvement is constrained by the severe short channel effects (SCEs), while it is difficult
to populate multiple fins in a limited space as CGP is further reduced. As the most feasi-
ble solution to extend Moore’s Law and Dennard’s Law, gate-all-around (GAA) nanosheet
FETs (NSFETs) are poised to become a mainstream device architecture for 2 nm node and
beyond [9–12]. Compared to traditional FinFETs or planar MOSFETs, GAA NSFETs offer
superior electrostatic control, higher driving capability, lower leakage current, and more
effective footprint [10]. This is because they not only have the gates surrounding the channel,
but also have wider effective widths in the same footprint. Nevertheless, this advancement
imposes a challenge to semiconductor device models.
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Semiconductor device models are regarded as a bridge between foundry, EDA vendor,
and design house, as well as a key-enabler for accurate integrated circuit (IC) simulations.
The conventional semiconductor device models include macro models [13,14], compact
models [15–18], and look-up table (LUT) models [19,20]. In particular, compact models
are the mainstream ones and are composed of physics-based equations, which have been
developed for decades. The first industry standard compact model is BSIM (Berkeley
short-channel insulated-gate field-effect transistor model), whose genesis can be traced to
the 1980s [21], and several versions have been developed and remain in use today [16,22,23].
Generally, analytical equations are used to describe device I–V and C–V characteristics
in the subthreshold, linear, and saturation regions in a unified way. The accuracy of the
compact models is crucial for efficient analysis and design of ICs. However, for advanced
transistors, the underlying physics becomes much more complicated, making the models
more difficult to fit. In addition, the actual electrical properties of miniaturized transistors
are case sensitive due to dimension variations. Since developing suitable analytical compact
models is complex and often takes several years, it requires novel modeling methodology
to circumvent the high costs of time and labor.

The need for a new technique brings the artificial neural network (ANN) method
to the attention of researchers, which has been attempted for planar MOSFETs modeling
since the early 1990s and showed good precision [24]. ANNs represent a class of machine
learning models inspired by the neuromorphic architecture, and use a set of multilayered
perceptrons/neurons, also known as feed-forward neural networks, consisting of an input
layer, multiple hidden layers, and an output layer [25,26]. Because of the robust learning
capability, they have once been a powerful tool used in the computer science to deal with
machine learning issues. The primary objective of ANNs is to learn complex mappings
between inputs and outputs by adjusting the weights and biases of interconnected neurons,
in a nutshell, is to achieve a good means of solving data fitting problems. This learning
process involves the application of mathematical principles, particularly the chain rule in
calculus, to update the network parameters and minimize the error between predicted
and actual outcomes. In other words, with a reasonable network configuration, ANNs can
fit arbitrary nonlinear functions and hence can also be developed as black-box models to
address nonlinear systems or more sophisticated internal expressions, such as the compact
modeling of semiconductor devices in advanced nodes mentioned earlier. Although the
ANN models seemed to be a simple black box, there are many parameters within the neural
network that have an impact on the accuracy of models, which will further affect the subse-
quent circuit simulations. Thereby, an in-depth study of ANN-based compact modeling
methodology is necessary for the development and application of GAA devices and even
complementary FET (CFET) devices, which are more sophisticated architectures with n-FET
folded onto p-FET, in advanced technologies [27,28]. Actually, there are some interesting
and meaningful studies on ANN-based device modeling that have been published in recent
years [29–32]. However, most of the literature in this field have only superficially studied
ANN modeling, focusing instead on its implementation in subsequent circuits or on the
unique electrical properties under investigation, and lacking an in-depth understanding
and full exploration of the ANNs used for modeling.

In this work, we conduct a comprehensive evaluation of the compact modeling of
advanced GAA NSFETs based on ANN, with the datasets from finely calibrated TCAD
simulations. Referring to [10] and IRDS 2022 [33], an N-channel GAA NSFET was built as
the nominal transistor for the modeling study. The applied voltages on terminals and 3-D
nanosheet dimensions were set as input parameters and varied to obtain datasets, some of
which were used for training data feeding into the ANN and the others were used for testing
data for the final test. Appropriate data preprocessing and neural network configurations,
as well as L2 regularization were adopted to improve model accuracy. Without considering
the physical characteristics of real transistors, high fitting accuracy can be achieved by
using transistor data for model training. The DC and AC characteristics are well mapped
with the five input variants, including applied voltages and geometrical dimensions.
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2. Device Structure, TCAD Simulation Calibration, and Dataset Generation
2.1. Device Structure

The Sentaurus Technology Computer-Aided Design (TCAD) [34] tool is exploited
to construct the GAA NSFET devices and generate physical electric characteristic data
for subsequent studies. Figure 1a–c shows the 3-D schematic of nominal GAA NSFET
structure and 2-D cross-sectional along and across the channel views, respectively. Detailed
parameters of a nominal highly scaled device at 2 nm technology node are specifically
listed in Table 1 following IRDS 2022 [33], where the physical gate length (Lg) of 14 nm,
nanosheet width (Wsh) of 15 nm, nanosheet thickness (Tsh) of 6 nm, the spacer length
(Lsp) of 6 nm, and the sheet-to-sheet spacing (Tsp) of 10 nm are adopted. For n-type MOS,
the in-situ uniform doping profiles for channels and source/drain regions were performed
with 1 × 1010 cm−3 of boron doping concentration and 5 × 1020 cm−3 of arsenic doping
concentration, respectively. As for the high-k/metal gate (HKMG) stack, the equivalent
oxide thickness (EOT) is 1.35 nm, which consists of HfO2 of 2 nm and interfacial oxide
SiO2 of 1 nm. The work-function metal used in the gate stack is TiN and the effective
work-function (WF) is set to 4.4 eV. Note that for high-performance devices, the geometric
parameters are the same as above except for the nanosheet width being wider.

Table 1. Detailed parameters of nominal device at 2 nm technology node [33].

Parameters Value

Physical gate length (Lg) 14 nm
Source/drain length (Lsd) 12 nm

Spacer length (Lsp) 6 nm
Nanosheet width (Wsh) 15 nm

Nanosheet thickness (Tsh) 6 nm
Sheet-to-sheet spacing (Tsp) 10 nm

Equivalent oxide thickness (EOT) 1.35 nm
Source/drain doping concentration (Nsd) 5 × 1020 cm−3

Channel doping concentration (Nch) 1 × 1010 cm−3

Metal gate work-function (WF) 4.4 eV

Fig. 1. Gate-All-Around Nanosheet MOSFET (GAA NSFET): (a) Entire 3-D schematic; (b) 
X-Z cut plane and (c) Y-Z cut plane of the nominal device structure.

(a)  (b) (c)

Wsh

Tsh

Lg

Tsp

Lsp

Lsd

X

Z

Y

Figure 1. An illustration of nominal gate-all-around nanosheet FET (GAA NSFET) and details of
device structure : (a) Entire 3-D schematic; (b) X–Z cut plane and (c) Y–Z cut plane of the nominal
device structure.

2.2. TCAD Simulation Calibration

Since nanoscale devices typically exhibit size-dependent behavior, the corresponding
physical model parameters built-in in the TCAD simulator may not be accurate enough
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with the scale shrinking, which affects the validity of the device characteristics resulted
from TCAD simulations. Therefore, in order to ensure the accuracy of the subsequent
simulations to generate more physically accurate datasets for the subsequent ANN model,
it is essential to calibrate the simulator against experimental data to lay a solid ground for
the ANN modeling work. In this calibration work, both DC and AC characteristics were
covered, comprehensively demonstrating the exactitude of the simulation platform.

Besides the nominal GAA NSFET structure illustrated in the previous section for DC
calibration, an n-type MOS capacitor was generated according to the device description for
AC calibration [35]. TCAD calibrations against experimental data of Refs. [10,35] andwere
performed in the framework of drift-diffusion (DD) transport model with quantum correc-
tion in electrostatics. The results are shown in Figure 2a,b, where the calibrated simulator
closely matches the experimental Ids–Vgs and C–V characteristics after adjustments of the
relevant model parameters. The physical models used include the Philip unified mobil-
ity, thin-layer mobility and high-field saturation models, as well as Shockley–Read–Hall
(SRH) recombination, Auger recombination and band-to-band tunneling models in the
drift-diffusion (DD) framework. Physically more correct, Fermi-Dirac statistics are used for
high doping concentrations. Furthermore, the density-gradient and kinetic velocity models
are considered to account for quantum confinement and ballistic effects.
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Figure 2. TCAD simulation calibrations against the experimental data under the same simulation
environment. (a) Calibrated Ids–Vgs characteristics of n-type NSFET versus experiment data from
Ref. [10], and (b) C–V characteristics of n-type MOS capacitor versus experimental data from Ref. [35].

91



Micromachines 2024, 15, 218

2.3. Dataset Generation

Based on the previously calibrated simulation environment, a number of GAA NSFETs
were designed by altering the nanosheet dimensions (Lg, Wsh, and Tsh) of the nominal
device. And the ranges of dimensional variants were designed to cover the specifications
of IRDS roadmap organized for 3 nm to 1 nm nodes [33]. Here, Lg ranges from 10 to 20 nm,
Wsh ranges from 15 to 30 nm, while Tsh has a smaller movable range between 4–7 nm. Then,
the DC and AC characteristics were extracted to create dataset when Vds and Vgs were
set at 0–0.7 V. For the C-V model, the AC characteristics were obtained with a frequency
of 106 Hz. In the practical simulation experiments, we can flexibly control the number of
points taken in the electric characteristic curves. Considering that too much data generated
by TCAD are very likely to cause overfitting and waste of computing resource, we finally
randomly selected 4000 sets of data to form the dataset used for the subsequent study.

3. Development and Optimization of ANN Model
3.1. Development of ANN Model

Figure 3 shows the proposed schematic diagram of developing a regression ANN
model, which is executed in the following steps: (1) accepting the input data, (2) fine-tuning
the input and output parameters while training the model, (3) testing and (4) evaluating the
trained model using the testing data. A complete five parameters are used as input variants,
including gate-to-source voltage (Vgs), drain-to-source voltage (Vds), physical gate length
(Lg), nanosheet width (Wsh), and nanosheet thickness (Tsh). The training/testing data,
which comprising DC and AC characteristics for various input parameters, is obtained
from physical TCAD simulations. The hidden layers consist of two layers, with k (k = 10)
and s (s = 5) neurons respectively. The number of neurons in the output layer is p (p = 4),
one is used for the I–V model, and the other three are used for the C–V model. Besides, we
define the conversion function for mapping the output values of the ANN model to the
real current Ids and the capacitance Cg,g, Cg,d and Cg,s. The training of the ANN model is
realized using python with the assistance of the PyTorch package.
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Figure 3. The regression neural network topology framework.

In our ANN model, each hidden layer consists of multiple neurons, and the connec-
tions between neurons are characterized by weights w and biases b. The mathematical

92



Micromachines 2024, 15, 218

foundation of ANNs relies on the activation function, often denoted as f , which introduces
non-linearity into the model. The training of the network includes two steps: the forward
process and the backward process. The forward process of the network involves calculating
the weighted sum of inputs, applying the activation function, and passing the result to
the next layer. This process is repeated layer by layer until the final output is obtained.
The mathematical representation of the forward process can be expressed as follows:

net(k)j =
n(k−1)

∑
i=1

w(k)
j,i ∗ y(k−1)

i + b(k)j (1)

y(k)j = f (net(k)j ) (2)

Here, net(k)j represents the weighted sum of inputs for neuron j in layer k, w(k)
j,i denotes

the weight connecting neuron i in layer k− 1 to neuron j in layer k, y(k−1)
i is the output of

neuron i in layer k− 1, b(k)j is the bias for neuron j in layer k, and f (net(k)j ) is the activation
function. Especially, the hyperbolic tangent function tanh(x) was used as the activation
function [36,37]. The output of tanh(x) lies within the range of [−1, 1], which, compared
to the [0, 1] range of the sigmoid function, makes tanh(x) advantageous in zero-centering.
This helps mitigate the exploding gradient problem during gradient descent.

The training process involves minimizing a predefined loss function, typically the
mean squared error (MSE) , which measures the discrepancy between the predicted and
actual outputs. MSE is calculated by taking the average of the squared differences between
predicted and actual values, which is a simple and easily differentiable form. This sim-
plicity facilitates the updating of weights in optimization algorithms like gradient descent.
In addition, as MSE involves squaring the errors, it is less sensitive to outliers (samples
with significantly different actual values). This means that individual outliers do not have
a disproportionately large impact on the overall loss function, enhancing the robustness of
the model.

The backward process, also known as backpropagation, is a crucial step in updating
the network parameters. The gradients are propagated backward through the network,
and the weights and biases are adjusted using optimization algorithms such as stochastic
gradient descent (SGD) [38]. The chain rule is applied iteratively to compute the gradients
of the loss (L) with respect to the network parameters:

∂L

∂w(k)
j,i

=
∂L

∂net(k)j

∗
∂net(k)j

∂w(k)
j,i

(3)

∂L

∂b(k)j

=
∂L

∂net(k)j

∗
∂net(k)j

∂b(k)j

(4)

These gradients guide the parameters update during the training process, gradually
optimizing the network to improve its predictive capabilities. The iterative nature of
backpropagation allows the network to learn complex patterns and relationships within
the data.

Thus, a four-layered regression ANN involves intricate mathematical formulations,
including the forward pass equations for computing neuron activations and the backward
pass equations for updating weights and biases during training. The application of the
chain rule in calculus is fundamental to these computations, enabling the network to learn
and adapt to complex patterns in the data.

3.2. Optimization of ANN Model

Before the training process, we noticed that the orders of magnitude of the outputs
are too small, 10−13∼10−3 for the I–V model and 10−18∼10−17 for the C–V model, which
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are not favorable for data fitting. So, we preprocessed the outputs (Ids, Cg,g, Cg,d, and Cg,s)
in order to achieve the accurate fitting through a linear preprocessing method. Here,
we multiplied the output currents and capacitances by factors of 1 × 106 and 1 × 1018,
respectively, thereby converting the units from A and F to µA and aF.

Since then, the processed dataset was utilized for training, but another problem was
identified, namely, the ANN model had overfitting, which means it performs well during
training but fails to generalize effectively to the test samples. In other words, our model has
a significant gap between the model’s performance during training and its performance
when making predictions on new data. The network excels in fitting the training data but
struggles to make accurate predictions on unseen examples.

Overfitting often leads to excessively complex neural network models. These models
tend to capture noise and outliers in the training data, making them less suitable for
generalization. Moreover, the loss function used during training may not accurately reflect
the network’s performance on new data. The model might minimize the training loss,
giving a false sense of success, while failing to minimize the loss on validation or test
data. Let Ltrain denotes the training loss, Lval the validation loss, and Ltest the test loss.
Overfitting occurs when Ltrain is significantly smaller than both Lval and Ltest.

Ltrain � Lval, Ltest (5)

To address this issue, we adopt L2 regularization (also known as weight decay) [39],
which is a widely adopted technique to address overfitting by adding a penalty term to the
loss function. The regularized loss function is given by:

L =
1
2
‖Xw− y‖2 + λ‖w‖2 (6)

Here, X is the input matrix, w is the weight vector, y is the target vector, and λ is
the regularization parameter that controls the strength of the regularization. The first
term 1

2‖Xw− y‖2 represents the MSE (described in Section 3.1), aiming to minimize the
difference between the predicted and actual values. The second term λ‖w‖2 is the L2
regularization term. It penalizes large weights by adding the squared magnitude of the
weight vector. The regularization parameter λ controls the trade-off between fitting the
training data and preventing overfitting.

From the viewpoint of convex optimization, the introduction of the L2 regulariza-
tion term transforms the optimization problem into a constrained optimization problem.
The regularization term induces a constraint on the magnitude of the weight vector, effec-
tively defining a hypersphere in the weight space. This transformation has a smoothing
effect on the optimization landscape, making it more convex. The regularization term adds
a regularization force that discourages the weights from reaching extreme values, leading
to a more stable and generalizable model.

In summary, L2 regularization mitigates overfitting by penalizing large weights in a
linear regression model. The mathematical formulation introduces a balance between fitting
the training data and controlling the complexity of the model. From a convex optimization
perspective, the regularization term induces a constraint that shapes a more well-behaved
optimization landscape.

4. Results and Discussion

A total of 4000 samples for ANN training and testing are obtained from Ids–Vgs and
C–V data generated by previous TCAD simulations. We randomly split these samples into
a training set (a total of 3200 samples) and a testing set (a total of 800 samples) in a 4:1
ratio. Theoretically, as the number of hidden layers and neurons increases, the ANN model
becomes more capable of extracting the non-linear mapping relationship between input
and output. However, in practice, too many hidden layers or number of neurons can also
bring about overfitting problems. And in most cases, the fitting accuracy is determined
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synergistically by both the number of hidden layers and neurons. For most fitting cases
with limited input and output variants, a shallow neural network is sufficient, which is
easier to be trained and converges to the optimal solution faster , with a more favorable
computational and memory footprint. Thus, to obtain an optimal network, we studied the
impact of network sizes on the errors (MSE) for shallow neural networks with two hidden
layers. As shown in Figure 4, we find that the MSE of the testing set tends to decrease
and then increase as the number of neurons increases. The minimum MSE is 0.01 with
ten neurons in the first hidden layer and five neurons in the second hidden layer.
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Figure 4. The MSE for all the test samples with different numbers of neurons in the first hidden layer
(a) and second hidden layer (b).

Besides, we investigated the impact of different types of activation functions of the
neurons on MSE for the test dataset, as depicted in Figure 5. Using the hyperbolic tangent
function tanh(x) has the lowest MSE. Through our analysis, the tanh(x) function is zero-
centered, meaning its mean is zero. This is beneficial for optimization algorithms such
as gradient descent, as it helps prevent the gradient updates from consistently favoring a
particular direction, thus improving the convergence speed of the model. The derivative of
the tanh(x) function is non-zero in most regions, aiding in the propagation of gradients
during backpropagation. Unlike the sigmoid function, the gradient of tanh(x) does not
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approach zero in regions of large or small inputs, reducing the risk of the vanishing
gradient problem.
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Figure 5. The MSE with different activation functions of the neurons. Popular activation functions:
sigmoid, relu, and tanh.

Moreover, we have studied the impact of the learning rate on MSE. In our ANN model,
the learning rate is a crucial hyper parameter in training neural networks. It controls the
magnitude of updates applied to the weights during the training process. A higher learning
rate means larger updates, leading to faster convergence but with the risk of overshooting
the optimal weights. Conversely, a lower learning rate allows for smaller weight updates,
potentially resulting in slower convergence but increased precision in finding the global
minimum. Through our experiments, we think learning rate of 0.02 is the best solution for
the ANN model as shown in Figure 6.
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Figure 6. The MSE with different learning rates.

Epochs represent the number of times the entire dataset is fed forward and backward
through the neural network during the training process. The choice of the number of epochs
plays a pivotal role in determining how well the model generalizes to unseen data. Too few
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epochs may result in under fitting, where the model fails to capture the underlying patterns in
the data. On the other hand, an excessive number of epochs may lead to overfitting, causing
the model to memorize the training data but perform poorly on new, unseen data. Moreover,
the relationship between epoch and learning rate is interdependent. A higher learning rate
may require fewer epochs to converge, as each iteration leads to more substantial weight
updates. Conversely, a lower learning rate might necessitate a higher number of epochs to
allow the model to converge gradually. Finally, as shown in Figure 7, we choose the lowest
MSE (0.01) scheme with the epoch of 5000 and the learning rate of 0.02.
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Figure 7. The MSE decline process with different learning rates as epoch increases.

Here, we summarize the primary parameters of the proposed ANN model, as shown in
Table 2. Based on the experiments and analysis, we can utilize the ANN model to predict the
current and capacitance output based on input data (Lg, Wsh, Tsh, Vgs and Vds) with MSE
of 0.01. As shown in Figure 8, the example results of both the DC and AC characteristics
of ANN model are fitted against the TCAD data of high-density and high-performance
GAA NSFETs at 2 nm technology node. It can be seen that the output I–V and C–V
performances generated by ANN fit well with the TCAD results. In addition, we predicted
the I–V performance of the nominal NSFET device at high gate bias (Vgs = 0.7–0.8 V) to
examine the model scalability. The extrapolation behavior also fits well to simulation
results. The optimistic results reveal that the proposed network is capable of handling the
electrical characterization of advanced GAA NSFETs with great accuracy.

Table 2. The primary parameters of the ANN model.

Parameters Features

Network size 5-10-5-4
Activation function Hyperbolic tangent function

Learning rate 0.02
Epoch 5000

#Training samples 3200
#Test samples 800

Task Regression
MSE 0.01

Regularization L2 Regularization
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Figure 8. Example ANN model fitting results of the simulated DC and AC characteristics for high-
density and high-performance GAA NSFETs at 2 nm technology node. (a) Ids–Vgs. (b) Cg,g–Vgs.
(c) Cg,d–Vgs. (d) Cg,s–Vgs.

5. Conclusions

In summary, the ANN-based compact modeling methodology has been thoroughly
investigated for advanced GAA NSFETs. Here, the impacts of ANN size, activation
function, learning rate, and epoch on the accuracy of ANN models were systematically
evaluated. Based on the precisely calibrated simulation environment, various GAA NSFET
devices were constructed by varying the nanosheet dimensions, and their DC as well as AC
characteristics were extracted. The generated dataset contains five input variants (Vgs, Vds,
Lg, Wsh, and Tsh) and four output quantities (Ids, Cg,g, Cg,d, and Cg,s). Before the training
process, the output data were preprocessed to circumvent unnecessary fitting mistakes
using a linear preprocessing method. By adopting the L2 regularization, the overfitting
issue was perfectly resolved with the addition of a penalty term to the loss function. The
optimized ANN model fully demonstrates its superior fitting properties under various
conditions with a low fitting MSE error of 0.01. Furthermore, the scalability was also
validated. This work contributes to the development of ANN-based compact models,
holding great promise for adoption in advanced fast turn-around design and technology
co-optimization (DTCO) as well as large-scale product-design-oriented circuit simulations.
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Abstract: Passivation is commonly used to suppress current collapse in AlGaN/GaN HEMTs. How-
ever, the conventional PECV-fabricated SiNx passivation layer is incompatible with the latest process,
like the “passivation-prior-to-ohmic” method. Research attention has therefore turned to high-
temperature passivation schemes. In this paper, we systematically investigated the differences
between the SiNx/GaN interface of two high-temperature passivation schemes, MOCVD-SiNx and
LPCVD-SiNx, and investigated their effects on the ohmic contact mechanism. By characterizing the
device interface using TEM, we reveal that during the process of MOCVD-SiNx, etching damage and
Si diffuses into the semiconductor to form a leakage path and reduce the breakdown voltage of the
AlGaN/GaN HEMTs. Moreover, N enrichment at the edge of the ohmic region of the LPCVD-SiNx

device indicates that the device is more favorable for TiN formation, thus reducing the ohmic contact
resistance, which is beneficial to improving the PAE of the device. Through the CW load-pull test
with drain voltage VDS = 20V, LPCVD-SiNx devices obtain a high PAE of 66.35%, which is about 6%
higher than MOCVD-SiNx devices. This excellent result indicates that the prospect of LPCVD-SiNx

passivation devices used in 5G small terminals will be attractive.

Keywords: AlGaN/GaN; high electron mobility transistors (HEMTs); SiNx passivation; low-pressure
chemical vapor deposition (LPCVD); ohmic contact; SiNx/GaN interface

1. Introduction

With the rapid growth of mobile data volume, traditional 4G networks are no longer
able to meet the demands for higher speeds, lower latency, and more reliable connections.
As a result, the development of 5G as the next generation of mobile communication tech-
nology aims to provide more efficient, flexible, and innovative communication solutions
to support various novel applications and the expanding needs of the digital society. In
5G applications, GaN semiconductors offer unique advantages including wide bandgap
and high operation frequency compared to Si and group III-V material [1]. Devices based
on GaN materials exhibit higher output power density and energy conversion efficiency,
enabling system miniaturization and lightweight design. Today, GaN devices have been
widely used in radio frequency (RF) applications [2–4] and power electronics [5–7]. How-
ever, during the process of GaN HEMT epitaxial growth, surface states like dangling bonds
or defects will exist on the interrupted surfaces [8,9]. These surface states will lead to
some adverse phenomena such as current collapse, thereby significantly impacting the RF
output performance of GaN HEMT devices [10,11]. There are currently various methods
available for suppressing surface states, such as growth-controlling conditions [12,13] or
surface passivation [14]. Surface passivation has become an effective and common method
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due to its simplicity. It has a relatively simple process and can reduce the possibility of
chemical contamination or mechanical damage to the surface during subsequent pack-
aging processes. The passivation material mostly used on GaN HEMTs is SiNx [15] and
the most commonly used deposition method for it is plasma-enhanced chemical vapor
deposition (PECVD) with a growth temperature below 350 ◦C [16]. However, due to its
tendency to crack under high-temperature conditions [17], it is not possible to carry out
the “passivation-prior-to-ohmic” process [18]. In addition, SiNx growth using PECVD
has lower film compactness compared to the SiNx deposited by metal organic chemical
vapor deposition (MOCVD) and low-pressure chemical vapor deposition (LPCVD) [18,19].
The active plasma sources in PECVD can also potentially cause damage to the surface of
AlGaN or GaN and further degrade the quality of the deposited SiNx itself [20]. There-
fore, improved high-temperature solutions, including MOCVD (over 900 ◦C) and LPCVD
(over 750 ◦C), are used for depositing the passivation layer [21–23]. MOCVD, an in-situ
SiNx passivation technique, is employed in which an epitaxial layer is deposited using
MOCVD, followed by the deposition of an additional SiNx passivation layer within the
same chamber. This in-situ growth approach helps to prevent some negative impacts
during the process chamber transfer, such as oxidation reactions. During the LPCVD
process for SiNx deposition, the pressure is typically maintained at around 200 mTorr. At a
specific temperature, the lower operating pressure results in an increased mean free path
of gas molecules within the chamber, leading to a significant reduction in diffusion rate.
Consequently, the reaction time is prolonged, thereby achieving the objective of enhanc-
ing thin film quality and density. The research above has revealed that SiNx passivation
layers deposited at high temperatures exhibit higher thermal stability and better growth
quality, which can significantly suppress surface state density and enhance the output
characteristics of devices.

However, it is noted that a high-temperature deposited SiNx layer is often used
in power electronic devices to form MIS gate structures [23,24], while there are limited
evaluations in the field of RF applications [25] and there has been little research on the
interface under SiNx layers and the mechanism of ohmic contact, which are important
concerns for enhancing the RF performance of AlGaN/GaN HEMTs. The impact of the
passivation layer on ohmic alloying is not yet clear, and there is no relevant research on
the interface quality of the passivation layer and its interdiffusion with the barrier layer.
Therefore, this work systematically compares MOCVD-SiNx and LPCVD-SiNx, which are
known for their high-temperature processes to evaluate interface quality and the impact on
ohmic contact. Finally, this study will assess the performance between the two passivation
layer approaches in RF applications.

2. Device Structure and Fabrication

The structures of sample A and sample B used in this work are shown in Figure 1a,b.
The AlGaN/GaN heterostructure of both samples was grown on a three-inch SiC substrate
using MOCVD. The epilayer, from the bottom to the top, included a GaN buffer (a 400 nm
unintentionally doped GaN channel layer). On top of the GaN channel layer, there was
a 1 nm AlN insertion layer, facilitating the growth of a 20 nm AlGaN layer with 25% Al
composition. A 2 nm GaN cap layer was deposited on the barrier layer. Considering the
growth quality of the passivation layer and the stress management, the difference between
sample A and sample B is that there was a 20 nm in situ SiNx passivation layer utilized
using MOCVD and a 40 nm ex situ SiNx passivation layer utilized by LPCVD. The device
fabrication process followed the “passivation-prior-to-ohmic” strategy. The fabrication
process flow is shown in Figure 1c. The SiNx passivation layer above the ohmic region
was first etched away by F-based etching. The F-based etching gas mixture consists of
CF4/O2 = 25/5 sccm, and the etching pressure is set to 5 mTorr. Then, another ohmic
photolithography process was performed followed by ohmic contact formation. The ohmic
contact metal stack was Ti/Al/Ni/Au = 20/160/45/55 nm, with annealing performed
at 860 ◦C/60 s under ambient N2 conditions. The electrical isolation of the devices was
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achieved using nitrogen ion implantation. To form the T-gate structure, on sample A, the
20 nm SiNx passivation layer was supplemented with 100 nm SiNx grown by PECVD,
and the 40 nm SiNx layer was supplemented with an additional 80 nm SiNx grown by
PECVD on sample B. The T-gate electrode was formed by Ni/Au = 45/400 nm stacks with
a 0.5 µm foot length and a 1 µm cap length, while the gate width was 100 µm. Finally,
interconnection metal fabrication was completed by evaporating Ti/Au = 20/400 nm.
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Figure 1. The device structure diagram of (a) sample A and (b) sample B. (c) The fabrication process
flow of the samples. The TEM image of the interface quality of SiNx/GaN in (d) sample A and
(e) sample B.

3. Results and Discussion

After the fabrication, the samples were tested using a Keysight B1500A semiconductor
parameter analyzer to obtain the result of the transmission line model (TLM) and the
DC characteristics. The pulse I-V characteristics were tested using a Keithley 4200A-SCS
parameter analyzer.
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A. The Epitaxial Growth of Device

Figure 1d,e compare the epitaxial growth quality of sample A and sample B after
ohmic annealing. It can be observed from the transmission electron microscopy (TEM) that
Si was significantly diffused at the interface of sample A, resulting in a rough SiNx/GaN
boundary. In contrast, in sample B, there was a clear boundary between the LPCVD-SiNx
and the semiconductor interface, indicating the good suppression of Si diffusion. This
is because, during the process of depositing the SiNx film using MOCVD, SiH4 had an
etching effect on the semiconductor layer, allowing Si to diffuse into the semiconductor as
an impurity. According to the results, we suppose that LPCVD can effectively prevent the
diffusion of Si. Zhu et al. have demonstrated that the surface diffusion of Si is insufficient to
compensate for the electron concentration and enhance performance [26]. On the contrary,
etching damage accompanied by the diffusion of Si into the semiconductor will generate a
leakage current path through the gate, affecting the reverse characteristics of the device [27].

B. Formation Mechanism of Ohmic Contact

Figures 2 and 3 compare the morphology of ohmic regions in samples A and B.
The formation of TiN in high-temperature annealing can promote ohmic metal forma-
tion by ensuring direct contact with 2DEG or by forming N vacancies reported by many
reports [28–31]. There was no apparent low-work function TiN alloy incorporation in the
edge of the ohmic region of sample A, while there was large TiN alloy incorporation in
sample B. Since there was sidewall contact between the ohmic metal stack and the pas-
sivation layer in the “passivation-prior-to-ohmic” scheme, some different alloy reactions
occurred under the same annealing conditions. Based on an analysis of the distribution
of Ti and N elements at the edge of the ohmic region for sample A (shown in the red box
in Figure 2g,j) and sample B (shown in the red box in Figure 3g,j), we infer that this is
because the deposition temperature of MOCVD-SiNx was above 900 ◦C while the annealing
temperature of sample A was lower than 900 ◦C, resulting in N being difficult to participate
in the alloy reaction in order to form TiN from the side walls during the annealing alloying
process. In contrast, the deposition temperature of LPCVD-SiNx was 780 ◦C, which is less
than the annealing temperature of 860 ◦C. This may make it easier for N to combine with
Ti to form TiN in sample B. This enrichment of TiN at the edge of the ohmic region, which
is also compared in Figures 2k and 3k, effectively reduced the ohmic contact resistance.
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C. Ohmic Contact Resistance and DC I-V Characteristics

The ohmic contact results obtained by the transmission line model (TLM) test are
shown in Figure 4a. The ohmic contact resistance (Rc) for sample B with apparent side wall
effect was 0.32 ± 0.05 Ω·mm and the sheet resistance (Rsh) was 291 Ω/sq, whereas the Rc
for sample A was 0.39 ± 0.05 Ω·mm, with an Rsh of 302 Ω/sq. Figure 4b displays the DC
characteristic curves of samples A and B. From the transfer I–V curves, it can be observed
that the threshold voltage for sample A was −3.7 V with a maximum transconductance
(gm,max) of 294 mS/mm, while sample B had a threshold voltage of −3.8 V and gm,max of
346 mS/mm, which was 50 mS/mm higher than sample A.
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Under the conditions of gate voltage (Vgs) = 2 V and drain voltage (Vds) = 10 V,
the maximum output currents were 1.28 A/mm and 1.34 A/mm for samples A and B,
respectively. To minimize the influence of thermal resistance on on-resistance (Ron), the
pulse test at a quiescent voltage of (0 V, 0 V) was performed with a 2 µm drain source
spacing (LDS) device. The measured Ron value for sample A was 1.75 Ω·mm and that
for sample B was 1.54 Ω·mm. It can be seen that sample B had a lower Ron, which is
consistent with the superior TLM results on sample B. Moreover, sample B, which lacks the
diffusion of Si and etching damage, did not form an additional leakage path in passivation
layers, resulting in relatively lower gate leakage current by 1–2 orders of magnitude below
10−5 mA/mm compared to sample A.
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Figure 4c depicts the breakdown characteristics for the samples. At Vgs = −8 V, the
breakdown voltage of sample A was measured to be 55 V for a 2 µm LDS device, while the
breakdown voltage of sample B was 65 V. This indicates that the excellent growth interface
of LPCVD-SiNx can generate a smoother electric field, thereby enhancing the breakdown
characteristics of the device.

D. Pulsed I-V Characteristics

In RF applications, especially for an RF power output, the temperature of the working
environment usually increases due to device heat dissipation. Therefore, to characterize
the stability of the passivation layer, pulse I-V measurements were performed at room
temperature of 25 ◦C and high temperature of 85 ◦C with a pulse width and a duty cycle
of 500 ns and 0.05%, respectively. The voltage range of gate voltage (VGS) was −4 to
2 V with a step of 3 V. The gate and drain quiescent bias (VGQ and VDQ) used for the
pulse test is shown in Figure 5, ranging from (VGQ, VDQ) = (0 V, 0 V)~(−8 V, 20 V). Under
room temperature conditions, the current collapse shown in Figure 5a of sample A was
7.8% for the high reverse gate voltage and high drain voltage condition of (−8 V, 20 V),
while that of sample B shown in Figure 5b was 5.9%. At 85 ◦C, the current collapse of
sample A was 7.4% (Figure 5c), while that of sample B was 6% (Figure 5d). Comparing
the passivation effects between high and low temperatures, the variations observed were
relatively insignificant and we thought that the discrepancy was a consequence of different
surface trapping states at the interface to the SiN layer. The different growth methods and
recipes for the passivation layer had a significant impact on the introduction of traps [32,33],
and, in the future, we will focus on more accurate trap testing, like deep-level transient
spectroscopy (DLTS), to demonstrate the differences in traps related to the two passivation
layers. Nevertheless, both samples show excellent thermal stability and also show that
sample B has a better passivation effect at either room temperature or at high temperatures.
These results prove that the high-temperature process of SiNx deposition is beneficial to
improving the thermal stability of the passivation.
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E. Small- and Large Signal Power Characteristic

Small-signal measurements of the two samples are shown in Figure 6a,b. S-parameters
were measured from 0.1 GHz to 40 GHz using a Keysight network analyzer. The current
gain cutoff frequency f T for sample A at Vds = 20 V was 22 GHz, while that of sample B was
24 GHz. The maximum oscillation frequency f max was 64 GHz in sample A and 72 GHz in
sample B. The improvement of f max may be ascribed to the better transconductance and
reduced parasitic resistance deriving from low Rc in sample B [34].
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CW load–pull measurements were measured at 3.6 GHz using a Focus load–pull
system with class-AB bias. The impedance matching in the load-pull test is PAE optimum
tuning. These results are shown in Figure 6c,d. It can be seen that sample B has better
output power density and power-added efficiency (PAE). This is attributed to lower leakage
current [35] and lower parasitic resistance [34] in sample B. According to the large-signal
test, sample B exhibited a PAE of 66.35% under a drain voltage bias of 20 V, which is
6% higher than 60.59% of sample A. The sample B fabricated in this study exhibited
significant efficiency advantages in low-voltage power output compared to other state-of-
the-art LPCVD-SiNx AlGaN/GaN HEMTs measured at a sub-6G condition, as shown in
Figure 7 [18,25,36–38].
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4. Conclusions

Due to the low-temperature characteristics of PECVD-SiNx, it cannot meet the re-
quirements of an advanced “passivation-prior-to-ohmic” process. This study investigates
SiNx passivation fabricated using two high-temperature deposition methods. In this paper,
we compared the differences between MOCVD-SiNx and LPCVD-SiNx in terms of ohmic
contact and related interface. We discovered that the growth interface of LPCVD-SiNx was
smoother than that of MOCVD-SiNx, resulting in better leakage suppression. Additionally,
LPCVD-SiNx devices achieved improved RF output performance by forming lower Ohmic
contact resistance. The maximum current of the LPCVD-SiNx device exceeded 1.3 A/mm
at Vgs = 2 V, with gate leakage below 10−5 mA/mm. The f max of the 2 µm LDS device
reached 72 GHz. Under a drain voltage of 20 V, the output power exceeded 2.4 W/mm
with PAE greater than 66.35%. The results presented in this study demonstrates signifi-
cant efficiency advantages in low-voltage power output compared to other state-of-the-art
LPCVD-SiNx AlGaN/GaN HEMT operated at 5G frequency spectrum. These results
demonstrate the excellent performance of LPCVD-SiNx devices in small-sized modules
working in low-voltage applications and highlight its prospects in 5G small terminals.
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Abstract: This article provides a comprehensive review of wide and ultrawide bandgap power
electronic semiconductor devices, comparing silicon (Si), silicon carbide (SiC), gallium nitride (GaN),
and the emerging device diamond technology. Key parameters examined include bandgap, critical
electric field, electron mobility, voltage/current ratings, switching frequency, and device packaging.
The historical evolution of each material is traced from early research devices to current commercial
offerings. Significant focus is given to SiC and GaN as they are now actively competing with Si
devices in the market, enabled by their higher bandgaps. The paper details advancements in material
growth, device architectures, reliability, and manufacturing that have allowed SiC and GaN adoption
in electric vehicles, renewable energy, aerospace, and other applications requiring high power density,
efficiency, and frequency operation. Performance enhancements over Si are quantified. However, the
challenges associated with the advancements of these devices are also elaborately described: material
availability, thermal management, gate drive design, electrical insulation, and electromagnetic
interference. Alongside the cost reduction through improved manufacturing, material availability,
thermal management, gate drive design, electrical insulation, and electromagnetic interference are
critical hurdles of this technology. The review analyzes these issues and emerging solutions using
advanced packaging, circuit integration, novel cooling techniques, and modeling. Overall, the
manuscript provides a timely, rigorous examination of the state of the art in wide bandgap power
semiconductors. It balances theoretical potential and practical limitations while assessing commercial
readiness and mapping trajectories for further innovation. This article will benefit researchers and
professionals advancing power electronic systems.

Keywords: wide bandgap devices; ultrawide bandgap devices; silicon; silicon carbide; GaN; diamond;
power semiconductor devices

1. Introduction

In the era of power electronics, wide and ultrawide bandgap power electronic semi-
conductors have become a game-changing innovation. These cutting-edge materials, such
as silicon carbide (SiC), gallium nitride (GaN), and diamond, perform better than conven-
tional Si-based products. In recent years, significant improvements have been made in wide
bandgap power electronic semiconductors regarding the materials’ caliber, device design,
and production techniques. The creation of superior SiC and GaN substrates, advancements
in crystal growth methods, and improved device production procedures have all been
created by academics and business stakeholders. Wide bandgap devices are becoming more
commercially viable due to these developments’ increased material performance, greater
device yields, and lower production costs. Electronic switching devices are essentially used
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in power electronic converters to control electrical energy efficiently. Higher efficiency,
greater power densities, and more integrated systems have always been the direction of
power electronics technology development. Like many technologies, power semiconductor
technology has been growing towards this constant progress. The development of diverse
Si power devices over the past 50 years has been the main driver of the advancements [1].

Si is currently, by far, the most established semiconductor material used in power
devices. However, due to its limitations, engineers and academics have made significant
efforts to identify alternatives to Si-based power devices for greater performance. These
devices are getting close to their material limits [2]. The introduction of power devices
based on wide bandgap (WBG) materials such as SiC and GaN has been a revolutionary
advancement. Utilizing these new wide bandgaps (WBGs) power semiconductor devices
increases the efficiency of electric energy transformations, allowing for a more logical use
of electric energy and a significant reduction in power converter size and robustness. SiC
and GaN are excellent trade-offs between theoretical and practical properties among the
possible semiconductor materials candidates. Moreover, these materials’ key advantages
over Si include good performance across a wide temperature range, high dielectric strength,
and high saturation drift velocity [3].

SiC is one of the most widely studied and commercially available wide bandgap mate-
rials. It possesses a bandgap energy of approximately 3.3 electron volts (eV), significantly
higher than Si’s 1.1 eV. SiC-based power devices offer numerous advantages, including
reduced conduction and switching losses, higher temperature tolerance, and increased
efficiency. These properties make SiC devices well-suited for electric vehicles, renewable
energy systems, industrial motor drives, and aerospace applications [4,5]. GaN is another
prominent wide bandgap material recently gaining significant attention. GaN exhibits
a bandgap energy of around 3.4 eV, similar to SiC. GaN-based power devices provide
exceptional performance characteristics, including high breakdown voltages, fast switching
speeds, and low on-resistance. These attributes make GaN devices ideal for applications
requiring high-frequency operation, such as wireless power transfer, data centers, and
radar systems.

It is widely known that, when running under reverse bias in the natural environment,
Si power metal oxide field effect transistors (MOSFETs) are highly capable of single-event
burnout (SEB) [6,7]. The parasitic bipolar transistor built into the design may turn on due to
the transitory current created by intense heavy ion penetration through the device. Voltage
ranges can vary up to 600 V regarding Si MOSFETs [8]. With the support of more than 600 V
voltage applications, insulated gate bipolar transistors (IGBTs) have developed necessary
applications. However, due to their maximum switching losses, IGBT devices have become
low-efficient at high frequencies [9].

Over the past 20 years, a great deal of research has been carried out on SiC power
devices, and many are currently in the market. In particular, SiC is utilized outside of
semiconducting, including in ceramic plates, thin filament pyrometry, foundry crucibles,
bulletproof jackets, and auto clutches. Because it may operate at greater temperatures,
higher current densities, and higher blocking voltages because of the wider bandgap,
higher thermal conductivity, and larger critical electric field [10–13], one of its earliest
uses in electrical applications was as a lightning arrester in a high-voltage power system.
Schottky diodes, MOSFETs, IGBTs, and power electronics are examples of SiC’s recent use
in electronics.

Compared to SiC technology, GaN has a greater bandgap energy and higher electron
mobility [14]. It has also progressed in the low- to medium-voltage, high-frequency sector.
For high-frequency applications based on lateral transistors, GaN is more effective. Both
materials can offer better performances than the Si devices on the market [15,16], but
the many technological processes for transistor manufacture must be properly integrated.
GaN-based Field Effect Transistors (FETs), also known as, GaN High Electron Mobility
Transistor (HEMTs) can switch faster than Si power transistors. GaN HEMTs have a tiny
physical growth, which enables the devices to be more energy-efficient and high voltage
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application while providing extra space for external components. The properties of Si, SiC,
and GaN have been demonstrated in Figure 1.
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SiC is the third hardest substance on earth and is known to be as hard as a single
crystal. The SiC energy gap ranges from 2 to 3.3 eV depending on the polytype crystal
structure. SiCs are the ideal choice among commercially available WBG devices due to
their greater power rating, quicker switching frequency, much lower switching losses, and
capacity to handle higher junction temperatures than Si-based devices. Another promising
wide bandgap semiconductor material GaN [16–19] is an example of the third generation of
semiconductor materials, with a wider bandgap (bandgap width of more than 3.4 eV), high
critical breakdown electric field, high anti-radiation ability, and rapid electron saturation
velocity. GaN material has a wide range of applications and is one of the most efficient ways
to save energy and reduce consumption worldwide. It summarizes recent research on GaN
technology, demonstrating the slow but steady development of a local GaN supply chain.

Wide bandgap power electronic semiconductors are now in the state of active research
and development. Researchers are constantly investigating novel device architectures,
packaging methods, and heat management strategies to improve further the performance,
reliability, and efficiency of wide bandgap devices. These initiatives tackle issues includ-
ing enhancing device dependability, cutting manufacturing costs, and boosting system-
level integration. Wide bandgap power electronic semiconductor applications are also
being expanded into new markets, including 5G wireless communications, the Internet
of Things (IoT), and sophisticated medical equipment. Wide bandgap devices thrive in
these applications because they need excellent power density, quick switching times, and
high-frequency functioning.

Ultrawide bandgap (UWBG) semiconductors like diamond enable incredibly promis-
ing electrical gadgets. Diamond has a band gap of 5.5 eV broad, more than five times that
of Si [17]. Diamond transistor devices can theoretically switch at frequencies over 100 GHz
and function at temperatures higher than 600 ◦C. High-power diamond Schottky diodes for
power electronics, diamond UV detectors for monitoring flames, and diamond radiation
detectors for physics research are a few unusual applications. Diamond’s excellent heat
conductivity and breakdown voltage enable incredibly small, effective power devices. The
difficulties in doping diamonds to create trustworthy ohmic connections and the constraints
in manufacturing large single-crystal diamond wafers are obstacles to developing diamond
electronics. However, in situ-doped polycrystalline diamond films and diamond-on-Si tech-
niques are advancing the field [17]. Diamond has the potential for orders of magnitude of
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improvements in power density, operating temperature, radiation hardness, and switching
speed compared to traditional electronics. Deep space missions to power grid electronics
could benefit from revolutionary applications if the diamond’s full potential is realized.
Due to their high-efficiency power conversion, electric vehicles have longer driven ranges
and require less time to charge. Utilizing wide bandgap technology, renewable energy sys-
tems like solar and wind power may maximize energy collecting and grid integration [18].
Moreover, their high-power density and enhanced thermal management capabilities are
advantageous for aerospace and defense applications.

This manuscript first provides the background on power electronics and wide bandgap
materials. After that, in separate sections for each material, it describes the properties,
historical development, devices, applications, and difficulties of the major semiconductors:
Si, SiC, GaN, and diamond. It then assesses recent advancements in IGBTs and MOSFETs
and compares performance characteristics like bandgap, breakdown voltage, and switching
frequency across the materials. Adoption trends and the current commercial environment
are also covered. The conclusion summarizes the results and provides a forecast for
future developments. The review is organized to present a thorough technology overview,
evaluate the state of the art, and give strategic recommendations to researchers and industry
professionals working on the future generation of high-efficiency power semiconductors.

The focus of this article is to provide an extensive review of wide and ultrawide
bandgap power semiconductor devices. From the earliest device inventions to the most
recent market offerings, it describes the historical development in research and commer-
cialization for each material. The article examines important properties of several devices,
including power diodes, MOSFETs, IGBTs, bandgap, critical electric field, voltage/current
ratings, switching frequency, packaging, and dependability. SiC and GaN are given much
attention because they compete directly with Si devices due to their bigger bandgaps.
Challenges like material availability, thermal management, cost reduction, and gate drive
complexity are examined. The current commercial environment is evaluated, following
adoption patterns and technological advancements resulting in gains in aerospace, re-
newable energy, electric vehicles, and other applications needing high-efficiency power
conversion [4,5]. The assessment integrates advancements across the wide bandgap power
semiconductor spectrum to inform and direct future innovation in this promising field.

2. Si

The preceding discussion demonstrates that Si power devices remain the workhorse
technology in power electronics applications despite rising competition from WBG power
devices. Si is a Group 14 (IVA) member in the periodic table of elements. Si is also part
of the carbon family. These family elements include C, Ge, Sn, and Pb. Si is a metalloid,
one of only a few elements with metal and nonmetal properties. Aside from oxygen, Si is
the second most abundant element on Earth’s crust. Si was established in 1960 by the 11th
General Conference on Weights and Measures, CGPM, Conférence Générale des Poids ET
Mesures [19]. The CGPM is the international authority that ensures the wide dissemination
of Si and modifies it as necessary to reflect the latest advances in science and technology.
It has a diamond cubic crystal structure with a lattice parameter of 0.543 nm [20]. The
historical overview of Si wafer diameter and crystal weight increase goes beyond the scope
of this article. In Table 1, the historical timetable of Si evaluation is presented.

Being a semiconductor, the element, ceramics, and bricks are used for making tran-
sistors. It is a vital component of Portland cement. Si materials are used in components
of electronic devices. It also makes solar cells [21–25] and parts for computer circuits [26].
A solar cell is a device that converts sunlight into electrical energy [27–30]. A rectifier is
an electrical device that converts alternating current to direct current. The most important
Si alloys are those made with Fe, Al, and Cu. When Si is produced, scrap iron and metal
are sometimes added to the furnace [31,32]. Several waterproofing systems employ Si as
a component for water purification. Si is used in many mold release agents and molding
compounds. It is also a component of ferroSi—an alloy widely used in the steel industry.
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Table 1. Evaluation of power electronic Si-based semiconductor device.

Year Device Specifications Milestone Features

1950s Thyristor/SCR Up to 1000 V, 100 A First thyristor invention Low on-state loss

1956 Power diode Up to 300 V, 10 A First commercial Si power diode Higher switching speed than
selenium diodes

1958 Power
transistor Up to 60 V, 10 A First Si power transistor Higher gain and frequency than

germanium transistors

1960s SCR Up to 1000 V, 100 A Widespread SCR adoption Phase control for AC power control

1970s Power MOSFET Up to 500 V, 10 A First commercial power MOSFET Higher switching speed than BJTs

1978 IGBT 600 V, 10 A Invention of IGBT MOSFET speed with BJT
bidirectional capability

1980s
BJT Up to 1200 V, 10 A Improved high-voltage BJTs Optimized for high-voltage applications

MOSFET Up to 900 V, 100 A Trench gate and VDMOS Reduced on-resistance

1990s
MOSFET Up to 900 V, 100 A Double-diffused MOSFET Further on-resistance reduction

IGBT 1200 V, 50 A Trench gate IGBT Lower losses than planar IGBTs

2000s
IGBT 6500 V, 1200 A 3rd-gen trench gate IGBT Near ideal switching behavior

MOSFET 900 V, 150 A Super junction MOSFET Low on-resistance, fast switching

2010s IGBT 6500 V, 1500 A 4th-gen field stop IGBTs Minimized tail current

2020s IGBT, MOSFET Improvement SiC and GaN emerging Improved, but Si is phased out for WBG

The diamond cubic crystal structure of Si has a face-centered cubic (FCC) lattice with
a basis of two Si atoms. Table 2 overviews Ribbon and Multi-Si technology improvements
within the next 5–8 years [33]. However, an analysis of Mono-Si technology was not carried
out because the current Mono-Si technology still has too much uncertainty.

Table 2. Future of Multi-Si, Mono-Si, and Ribbon-Si technology.

Wafer Technology Multi-Si Mono-Si Ribbon-Si

Si feedstock production (MWp) 160 - -
Crystallization and wafer (mm) 150 × 150 125 × 125 150 × 150

Cell processing (cells) 72 - -
Module assembly Frameless Framed Frameless

Wafer thickness (µm) 285–>150 270–300 300–>200
Module efficiency (%) 13.2–>16 14–>15 11.5–>15

2.1. Si Diode

For many years, Si diode power semiconductors have been crucial in several appli-
cations because of their dependable and effective rectification capabilities. Low forward
voltage drops, high current-carrying capacity, and exceptional thermal stability are all
positive traits of Si diodes [34]. Their extensive use can be ascribed to their proven depend-
ability records, cost efficiency, and sophisticated production methods. Numerous devices,
such as power supplies, inverters, rectifiers, and voltage regulators, use Si diodes. The
Si Power Rapid Diode family bridges the gap between SiC diodes. Examples of such Si
diodes are previously released emitter-controlled diodes and Infineon’s existing high-power
600 V/650 V diode. Moreover, the TRENCHSTOP™ 5 and high-speed 3 IGBT (Insulated
Gate Bipolar Transistor) and CoolMOSTM are good partners for the Rapid 1 and Rapid
2 diodes [35]. For usage in automotive, industrial power control, power management,
sensor solutions, and security in Internet of Things applications, Infineon Technologies
provides a comprehensive selection of ready-to-use semiconductor design solutions and
reference schematics. Si diodes are ultra- and hyper-fast and have outstanding performance
with a voltage range of 600–1200 V [36].
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As mentioned earlier, the gap between SiC diodes and emitter-controlled diodes is
filled by the Rapid 1 and Rapid 2 power Si diodes, which are a complement to the current
high-power 600 V/650 V diodes. The new families of hyper- and ultra-fast diodes provide
exceptional efficiency and dependability while striking the ideal balance between price and
performance. The additional 50 V provides higher reliability.

The 650 V Rapid 1 Diode: The Rapid 1 diode series has the lowest conduction losses,
and the smooth recovery minimizes EMI emissions with a 1.35 V temperature-stable
forward voltage (FV). The equipment is ideal for power factor correction (PFC) topologies,
frequently used in large home appliances like air conditioners and washers.

The 650 V Rapid 2 Diode: The family of Rapid 2 diodes is designed for applications
switching between 40 kHz and 100 kHz by providing a low reverse recovery charge (Qrr)
and time (trr) to reduce the reverse conduction times associated with the power switch
turn-on losses and to provide maximum efficiency [37].

2.2. Si MOSFET

MOSFETs are extensively utilized power semiconductors that have completely changed
the power electronics industry. FETs) have become the most significant device in the semi-
conductor industry due to Lilienfeld’s 1930 [38] patent on the idea and Kahng and Atalla’s
1960 [39] practical implementation of Si/Si dioxide. The development of this industry
has been characterized by an exponential pattern known as Moore’s law over the past
seven decades [40]. Today’s metal-oxide-semiconductor field-effect transistor (MOSFET)
has undergone several modifications, evolving from a single-gate planar MOSFET to a
multiple-gate non-planar MOSFET. Nevertheless, it has been and will continue to be the
mainstay of the semiconductor industry for the foreseeable future.

MOSFETs made of Si rely on modulating the conductive channel that forms between a
semiconductor layer’s source and drain terminals. The device’s bulk is a Si substrate that
has been extensively doped; the gate insulator is a thin Si dioxide layer. A voltage applied
to the gate terminal generates an electric field that regulates the channel’s conductivity. A
positive voltage repels the majority carriers (for an N-channel MOSFET, electrons) from the
channel, resulting in a depletion area and decreasing the conductivity of the channel [41].
Applying a negative voltage draws in most of the carriers and improves the conductivity
of the channel. The MOSFET may change between the ON state (conducting) and the OFF
state (non-conducting) by varying the gate voltage. This idea makes it possible to effectively
manage the MOSFET’s ability to handle power and current flow. These components have
low on-resistance and can handle large voltages and currents, making efficient power
conversion and control possible [6]. The conductivity of Si MOSFETs may be precisely
controlled by using a thin Si dioxide layer as the gate insulator. They offer quick switching
times, little gate drive needs, and superior thermal performance.

The main electrical specs for five commercial Si power MOSFETs with current ratings
ranging from 2.5 A to 40 A are provided in Table 3. Input capacitance Ciss and on-state
resistance Rds(on) grow along with the current rating, whereas gate-drain capacitance Cgd
remains mostly constant. A 2.5 A MOSFET, for example, has a Ciss of 1800 pF and Rds(on) of
0.3, whereas a 40 A device has a Ciss of 10,000 pF and Rds(on) of 0.05. Across different power
MOSFETs, a trade-off exists between a higher current capability and electrical characteristics
such as input capacitance and on-resistance. Moreover, this table illustrates how Si power
MOSFET specs and performance scale across various current ratings.

Table 3. Characteristics of selected Si MOSFETs [42].

Part Number Current (A) CISS (pF) CGD (pF) Rds(on) (25) (Ω)

IXFP20N50P3M 2.5 1800 7 0.3
IXFP20N50P3M 5 1800 7 0.3
IXFH16N50P3 10 1515 7 0.3
IXFR64N50P 20 9700 30 0.095

IXFR80N50Q3 40 10,000 115 0.05
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Several sectors, including the automobile, renewable energy, industrial automation,
and telecommunications, use Si MOSFETs extensively. The subject of power electronics
has been profoundly influenced by Si MOSFETs, which are incredibly adaptable and
dependable power semiconductors. Si MOSFETs have evolved into crucial components in
various applications, from automotive and renewable energy to industrial automation and
telecommunications, because of their low on-resistance, high voltage and current handling
capacity, and quick switching rates. They are a popular option for power electronic systems
due to their superior thermal performance and compatibility with well-known production
techniques, ensuring effective power conversion and control. The widespread use of Si
MOSFETs demonstrates how important a role they have played in boosting the overall
performance and dependability of power electronic systems and devices. They are the
favored option for power electronic systems due to their dependability, high efficiency, and
compatibility with established production methods.

2.3. Si SuperJunction MOSFET

To break the Si 1-D constraint, the super-junction (SJ) concept for vertical power
devices was established in the mid-1990s [43–45]. When the device is turned off, a vertical
P layer or P column is introduced to compensate for the charges in the N drift layer. This
approach is highly similar to the RESURF concept [46], which has been used in various
lateral power devices. The drift area of these devices has a special design that alternates
P- and N-type regions, allowing for a more even dispersion of the electric field. For high-
power applications, the SuperJunction design lowers on-resistance and boosts efficiency. SJ
MOSFETs are designed to reduce the electric field concentration and provide improved
voltage-blocking capabilities by forming a depletion area with several tiny cells [47].

Moreover, lower conduction losses, quicker switching times, and enhanced thermal
properties are all improved by this design. As a result, the electric field in an SJ device
has changed from a triangle to a blue rectangular form, and the N drift layer doping has
increased. Forming the vertical P column is the most difficult part of making SJ MOSFET.
There are two popular methods, both of which are commercially employed. Si SJ MOSFETs
have gained significant attention in power electronics, particularly in applications such as
power supplies, LED lighting, and motor drives. Their advanced design and improved
efficiency contribute to higher power density and system performance. As a result, Si SJ
MOSFETs are rarely used in applications that need a third-quadrant operation, such as
voltage source inverters.

2.4. Si IGBT

Si IGBTs are critical power semiconductors that have transformed the field of power
electronics. These power devices have revolutionized by combining the advantages of
MOSFETs and bipolar junction transistors (BJTs) [48]. They offer high voltage and current
handling capabilities while maintaining low on-state voltage drop and fast switching
speeds. The structure of a Si IGBT comprises three layers: an N-type collector, a P-type base,
and an N-type emitter. By regulating the conductivity of the base region through the voltage
applied to the gate terminal, the IGBT enables efficient power switching. The performance
and efficiency of Si IGBTs have recently been improved for various applications. One key
development is integrating cutting-edge trench gate architectures and novel cell designs.
These developments have improved switching speeds, decreased on-state losses, and
reduced conduction losses. Furthermore, recent research has concentrated on improving
the thermal management of the IGBT, enabling better power densities and increased
reliability [49]. Due to improvements in power conversion efficiency, increased power
density, and system performance, they are now more appropriate for various applications,
including electric cars, renewable energy systems, and industrial automation.

Additionally, current Si IGBT advances have concentrated on reaching greater voltage
ratings while lowering power losses. One significant development is using cutting-edge
gate-driving methods and cell structure optimization in IGBTs. These developments have
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increased voltage ratings, decreased conduction and switching losses, and enhanced effi-
ciency [50]. Advanced production methods and materials have also made it possible for
better thermal management, which has increased power density and enhanced depend-
ability. The latest advancements in Si IGBT technology have opened the door for creating
smaller and more effective power electronic systems in various sectors.

The main features and specifications of popular Si power semiconductor devices, such
as BJTs, diodes, MOSFETs, IGBTs, and thyristors, are compared in Table 4. For instance,
Si IGBTs have medium conduction, high switching, and overall high-power losses while
operating up to 1.2 kV blocking voltage and 50 A current rating. They work well in
situations requiring medium voltage and medium frequency. In contrast, despite their slow
switching speed, Si thyristors can handle high-voltage, low-frequency applications with up
to 4 kV voltage and 3000 A current capacity. Si MOSFETs, which have a blocking voltage of
600 V and a current rating of 100 A, as well as minimal conduction and switching losses, fill
the low-voltage, high-frequency market niche. Each Si device has defined features based
on its advantages; however, it is constrained by the characteristics.

Table 4. Specifications of Si-based semiconductor device.

Parameter Unit Si
BJT

Si
Diode

Si
MOSFET

Si
IGBT

Si
Thyristor/GTO

Voltage rating kV 0.8 1.2 0.6 1.2 4

Current rating A 15 40 100 50 3000

Switching frequency kHz 10 20 20 20 <1

Channel resistance Ω-cm2 - - 30 - -

Off-state breakdown voltage kV 0.8 0.6 0.6 1.2 4

Maximum junction temperature ◦C 150 150 150 150 150

Conduction losses High Low Medium Medium Low

Switching losses Medium Low Low High High

Power losses High Low Medium High Medium

Applications
Low voltage,

low
frequency

Rectification,
voltage

clamping

Low voltage,
high

frequency

Medium voltage,
medium

frequency

High voltage,
low frequency

Table 5 compares four common Si-based power semiconductor devices—diodes, MOS-
FETs, super junction MOSFETs, and IGBTs—on features like scalability, cost, failure modes,
and typical applications, showing the tradeoffs between different devices for use in power
electronics and motor drives. MOSFETs and IGBTs are more scalable and suitable for
high-power applications like motor drives. At the same time, diodes tend to be lower cost
but limited to simpler rectification and voltage clamping circuits.

Table 5. Comparison of Si-based semiconductor devices.

Features Si
Diode

Si
MOSFET

Si-SJ
MOSFET

Si
IGBT

Scalability Scalable to high
power levels

Scalable to medium
power levels

Scalable to high power
levels with parallel

modules

Scalable to high power
levels with parallel

modules

Cost
Low to moderate cost

compared to other power
semiconductors

Low to moderate cost
compared to other power

semiconductors

Moderate to high cost
compared to other power

semiconductors

Moderate cost compared
to other power
semiconductors
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Table 5. Cont.

Features Si
Diode

Si
MOSFET

Si-SJ
MOSFET

Si
IGBT

Type of failure

Typically fails due to
reverse breakdown,

overcurrent, or excessive
temperature.

Typically fails due to
overvoltage, overcurrent,

or overheating

Typically fails due to
overvoltage, overcurrent,

or overheating

Typically fails due to
overvoltage, overcurrent,

or overheating

Applications

Power supplies, rectifiers,
freewheeling diodes,

flyback diodes, voltage
clamping, snubber

circuits, battery charging

Switched mode power
supplies, lighting, audio

amplifiers, consumer
electronics, automotive

applications

Power supplies, solar
inverters, server power

supplies, industrial
applications

Motor drives, industrial
applications, renewable
energy systems, UPSs,

electric vehicles

3. Silicon Carbide (SiC)

SiC is a semiconducting material with outstanding physical, chemical, and electrical
properties, making it very suitable for fabricating high-power, low-loss semiconductor
devices. Moreover, commercially available SiC devices have lower switching/conduction
loss, superior thermal stability, and greater temperature tolerance. SiC devices are, therefore,
a very promising alternative to converters designed for high-temperature applications [51].
SiC power electronic devices have a theoretically allowed junction temperature of 600 ◦C
due to the semiconductor’s wide bandgap, around three times that of Si material [52].
On the other hand, the fabrication of these devices is rather intricate owing to the same
properties of SiC, like its chemical inertness and hardness. It took over a hundred years to
develop SiC electronics up to its modern state when power SiC devices possessing higher
efficiency than their Si counterparts became commercially available and widely used in
numerous applications. The resistance of the SiC material to an electric field is ten times
greater than the resistance of the Si. As a result, SiC devices could be considered capable of
withstanding the same blocking voltage with a 10-times-thinner material [53].

A tetrahedral crystalline structure is formed when each Si atom shares its electrons
with four carbon atoms. Different SiC poly varieties can be made from this fundamental
structure. Shown as Figure 2, SiC is the only chemical compound of group IV elements. It
has a strictly stoichiometric concentration ratio of Si and carbon (C) atoms. It should not be
mixed with solid solutions, which may be formed by other group IV elements and may
have variable component concentration ratios (e.g., SixGe1-x) [54].
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Figure 2. Side view of SiC lattice [54].

SiC devices can operate at higher switching dynamics. The thermal energy required for
an electron to pass from the valence band to the conduction band (forming an electron-hole
pair) is considerable in WBG materials. As a result, even at high junction temperatures,
the WBG device’s electric characteristics are retained within defined bounds. This enables
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SiC semiconductor devices to function at high temperatures. Currently, the operating
temperature range for SiC devices on the market is between 200 ◦C and 300 ◦C [55].
Therefore, SiCs are the ideal choice among commercially available WBD devices due to
their greater power rating, quicker switching frequency, much lower switching losses, and
capacity to handle higher junction temperatures than Si-based devices [54].

3.1. Discovery of SiC

As previously mentioned, SiC is an excellent material for high-power electronics
and high-temperature applications because it has a wide bandgap and good thermal
stability [56]. However, 2D SiC offers incredible new features missing from bulk SiC
materials due to quantum confinement and surface effects [57–59]. SiC has arguably had
the longest history of all the semiconducting materials used in electronics. SiC was found as
a manufactured material, which makes its discovery exceptional in and of itself. Jöns Jacob
Berzelius (1779–1848), in his 1824 report, most likely made the first observation of a chemical
molecule bearing Si–C bonds [60]. He could conduct experiments in peculiar settings
because of his acknowledged expertise in experimental methods. He also discovered
several new chemical elements, including Si, and many other accomplishments. Berzelius
made the extremely cautious claim that he had identified a substance that, when burned,
created an equal number of Si and carbon atoms [61].

Seventy years later, the first validated SiC synthesis took place by chance [62]. Ameri-
can engineer Edward Goodrich Acheson (1856–1931) experimented with a newly developed
electrical furnace in 1891 to create synthetic diamonds (highly demanded by the industry
as an abrasive material) [24]. B. I. Ozernikova and A. P. Bobrievich discovered the first
naturally occurring SiC of terrestrial origin in sediments of the Tyung River (Siberia) in
1956 and diamond-bearing kimberlite pipes in Yakutia, USSR, respectively, in 1957 [63].
From Schottky diodes in the 1990s to high voltage SiC MOSFETs and IGBTs in the 2020s,
Table 6 traces the evolution of SiC devices, highlighting key developments like the first
commercial devices, normally off JFETs, and trench gate MOSFETs that enabled higher
voltage, current, and frequency capabilities compared to Si devices for uses like EVs and PV
inverters. SiC device advancements and the emergence of GaN/SiC hybrids are boosting
adoption and enabling performance above traditional Si power electronics.

Table 6. Evaluation of power electronic SiC-based semiconductor device.

Year Device Specifications Milestone Features

1990s Schottky diode 600 V, 1 A First commercial SiC diode Higher voltage capability than Si

2001 JFET 1200 V, 5 A First SiC transistor Higher bandgap than Si devices

2006 MOSFET 1200 V, 10 A First commercial SiC MOSFET Higher frequency capability than Si IGBTs

2010s

MOSFET 1700 V, 100 A Trench gate SiC MOSFETs Reduced on-resistance

JFET 1700 V, 50 A Normally-off SiC JFETs Simpler gate drive than depletion mode

BJT 1200 V, 15 A Higher current SiC BJTs Improved SOA over Si BJTs

SBD 1700 V, 20 A Low loss SiC Schottky diodes Faster switching than Si PiN diodes

2015 MOSFET 3300 V, 24 A Higher voltage SiC MOSFETs Expanding adoption in EV/PV markets

2018 IGBT 3300 V, 100 A First commercial SiC IGBTs Entering higher power applications

2020s MOSFET >10 kV, >100 A Voltage and current increase Replacing Si IGBTs and thyristors

Future
IGBT >10 kV, >100 A SiC IGBT refinement Competing with Si IGBTs

GaN GaN/SiC Combining GaN and SiC Performance greater than either alone

3.2. Material Growth

Wide bandgap semiconductor SiC has outstanding features that make it highly sought-
after for various applications. Epitaxy, the process through which SiC crystals grow, is
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essential for creating high-performance electronics. Chemical vapor deposition (CVD)
and physical vapor transfer (PVT) are two growth techniques that have been used [64].
In CVD, SiC is deposited on a substrate due to the high-temperature decomposition of
a precursor gas that contains Si and carbon. SiC source material in PVT is sublimated
and recrystallizes onto a colder substrate. To produce high-quality single-crystal SiC,
both processes require exact temperature control and a suitable growing environment.
Growth rate, shape, and crystal quality are influenced by temperature gradients, gas flow
rates, and crystal orientation [65]. Larger, higher-quality SiC crystals with fewer flaws
have been made possible by improvements in growth methods and equipment, allowing
for the manufacture of power electronic devices, high-frequency devices, and sensors
that provide greater performance and efficiency compared to conventional materials [66].
The widespread use of SiC in several technological applications will be facilitated by
further research and development efforts in SiC growing processes, which promise future
improvements in crystal quality, scalability, and cost-effectiveness.

3.3. SiC Diode

Due to the greater SiC dielectric critical field than its Si counterparts, a blocking voltage
rise of 10 times above that of Si is achievable with the same thickness of the SiC drift layer.
Compared to Si diodes, SiC’s high thermal conductivity has several benefits, including the
ability to operate at higher current density ratings and reduce the size of cooling systems.
SiC SBDs have been commercially available since 2001 and have continuously increased
in the blocking voltage and conduction current ratings. There are essentially three types
of SiC power diodes [67]. The PN junction and the Schottky Barrier Diode (SBD) junction
are two semiconductor mechanisms that can create a diode, and there is no conductivity
modulation in the SBD. From 600 V to 10 kV, Si PN junction diodes dominate the market.
The scenario is fully reversed in the case of SBD on WBG material, such as SiC. The high
critical electric field Ec in SiC reduces the resistance of an SBD significantly. As a result,
conductivity modulation is neither necessary nor desirable. Because SBD does not store
any charge, it can achieve near-zero reverse recovery loss. As a result, a WBG diode based
on the Schottky mechanism is nearly optimal. The junction barrier Schottky (JBS) diode
structure, which provides an area to shield the Schottky region in a reverse blocking state,
can be used to reduce leakage current.

The PN junction of the JBS diode can become conductive at a high forward bias, giving
it a stronger surge capability than the SBD [68]. On the other hand, the SiC PN junction
diode will have to overcome a forward voltage drop of roughly 3 V across the PN junction,
making it exceedingly undesirable from the standpoint of conduction loss, even if the drift
area resistance can be decreased via conductivity modulation. The JBS structure is typically
used in SiC diodes above 600 V. Because the off-state leakage current in JBS is decreased,
devices can be rated at temperatures as high as 175 ◦C. Majority of the carrier electrons still
are used for device conduction, and advantages of the SiC PIN diode over JBS or SBD is its
substantially lower leakage current, which makes it an ideal option for high-voltage and
high-temperature operation.

3.4. SiC MOSFET

SiC power MOSFETs are quickly gaining widespread application. Reliability issues
like bias temperature instability and gate oxide cracking are mostly under control [69]. It is
the chosen SiC three-terminal switch due to the well-established gate-driving technique and
user base in Si MOSFET and IGBT compared to SiC JFET and BJT. It is commercially avail-
able in voltages ranging from 650 V to 1700 V, with higher current (5–600 A) modules [70].
SiC MOSFETs provide clear prospects for improving operating frequency, efficiency, and
power density, but their employment is complicated by several unwanted side effects
brought on by their rapid switching speed [71]. The characteristics of five commercial SiC
MOSFETs are listed in Table 7, along with their component numbers, maximum current
ratings in Amps, input capacitances (CISS) in pF, gate-drain capacitances (CGD) in pF, and
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drain-source on-state resistances (Rds(on)) in Ohms. SiC MOSFETs can achieve relatively low
on-resistances—0.013 Ohms for an 80 A device, which enable high-frequency switching,
but at the expense of greater input and gate capacitances than Si MOSFETs.

Table 7. Characteristics of selected SiC MOSFETs [28].

Part Number Current (A) CISS (pF) CGD (pF) Rds(on) (25) (Ω)

IMW120R350M1H 2.5 180 1 0.35
C3M0280090J 5 150 2 0.28

IMW120R220M1H 10 289 2 0.22
C3M0120100K 20 350 3 0.12

SCT4026DE 40 2320 9 0.026
SCT4013DR 80 4580 10 0.013

When compared to the IGBT system, the operation frequency of SiC MOSFET-based
converters has increased by one or two orders of magnitude, as demonstrated in Figure 3.
SiC MOSFETs can also achieve zero switching loss under specific situations. A 1.2 kV
SiC MOSFET module was recently proven to operate at 3.38 MHz [72,73]. The P regions
shelter the gate oxide in the planar structure, so the peak electric field near the oxide is
decreased. The gate-oxide stability problem in planar MOSFETs has been overcome, and
high-reliability performance has been attained [74].
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General Electric (GE) also exhibited the industry’s first dependable SiC MOSFET with
a 200 ◦C junction temperature [75,76]. This is more difficult in the trench device. Many
different trench structures exist to protect the trench gate’s bottom [77–82]. Another key
motivator for SiC MOSFET innovation, in addition to enhancing electrical performance, is
reliability. The three key criteria for evaluating dependability are high-temperature gate
bias, high-temperature reverse bias, and high-humidity, high-temperature reverse bias.
One of the most important challenges in the fabrication of SiC-MOSFETs was the lack of
a reliable insulator for the gate terminal. A proper insulator is needed to achieve stable
forward I–V characteristics and a stable gate threshold voltage. For this reason, the SiC-
MOSFET was commercialized later than the SiC-JFET. Most MOSFETs contain a PIN diode
inherent to their structure. This diode has a forward bias voltage around 2.5 V. During the
conduction of the body diode, if the MOSFET is turned on, the forward characteristic of
the body diode can be virtually improved, and, thus, the conduction losses are reduced.
Figure 4 shows the calculated converter efficiency for a 1200-V SiC MOSFET system versus
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that is based on an IGBT/SiC diode hybrid power module. These graphs are critical for
designing power converters for various applications.
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Switches, solenoids, encoders, generators, and electric motors are the primary elec-
tromechanical devices that connect the digital and physical worlds. The capacity of each
of these gadgets to translate electrical impulses into mechanical motions is what gives
them their enchantment. The need for more control, efficiency, and capabilities from these
electromechanical devices rises as fields like automated manufacturing, electronic vehi-
cles, sophisticated building systems, and smart appliances develop [84]. It investigates
how improvements in SiC MOSFETs are expanding the possibilities of electric motors,
which hitherto relied on Si IGBTs for power inversion. Similar to the new power electronic
converters, SiC devices could be utilized for motor driver applications for novel electric
machines for various applications [85–90]. This development increases the potential of
motor drive applications across all industries.

The cabling between the drive inverters and the motor driver may be significantly
reduced by bringing the motor driver assembly to the motor’s local position, resulting in
considerable cost savings. Figure 5 shows seven motors of a robotic arm, that is required
to be powered by 21 different cables, which might require hundreds of meters of costly
and intricate cabling infrastructure, in a typical Si IGBT power cabinet. Two lengthy cables
that link to each motor’s motor drive within the local motor assembly can be used in a
SiC MOSFET motor drive system to decrease the number of cables [84]. There are specific
applications where IGBTs may still be better suited, as is true for all types of components;
however, SiC MOSFET inverters offer several distinct advantages over Si IGBTs, making
them very attractive solutions for motor drive and a wide range of other applications.

3.5. SiC IGBT

SiC IGBT has received a lot of interest in the domains of high voltage transmission,
smart grid, and pulse power since it is the highest voltage switch. SiC IGBTs have not
been commercialized because of their inherent flaws and crude manufacturing methods.
The stated SiC IGBT devices’ exceptional static and dynamic performance and significant
dv/dt during hard switching challenge the power conversion system. SiC IGBT has a lot of
potential solutions; however, comparisons with Si IGBT and SiC MOSFET reveal significant
discrepancies. The potential SiC IGBT appears to have a chance to displace Si devices in
the future based on early experiments in high-voltage fields.
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High voltage direct current transmission (HVDC), industrial applications, traction
systems, and new pulsed power applications are the key markets for Si IGBT with high
voltage and current. Ultra-high voltage in these domains is intended to decrease the number
of devices connected in series and simplify converter topologies [91]. According to one
source, Si IGBTs can withstand a maximum voltage of 8.4 kV [92], which is about as high as
Si devices can go. The continued advancement of Si IGBT in these sectors is also severely
constrained by frequency and operating temperature. SiC exhibits greater breakdown field
strength, inherent temperature, thermal conductivity, and carrier saturation drift velocity
as a wide bandgap material [93]. As can be seen in Table 8, the SiC IGBT device is more
competitive in high-voltage, high-temperature, and high-power areas. The SiC IGBT with
4H-polytype and n-channel is chosen among SiC polytypes and channel types because it
has a low forward voltage (Vf), quick switching, and a large safe working region. Wide-base
PNP transistors in 4H-SiC N-IGBTs have excellent bulk mobility and low current gain,
contributing to a favorable trade-off between Vf and switching loss.

Table 8. Electrical characteristics of SiC-IGBT and Si-IGBT devices [94].

Manufacturer Advanced Power
Technology Semikron Mitsubishi

Device type SiC-IGBT SiC-IGBT Si-IGBT
Part number APT60GF120JRDQ3 SK25GH063 CM150DY-24A

Used experiments SPT Three-phase
inverter

AGPU, SPT,
Three-phase inverter

IC (A) 2.1 2.1 2.1
V (V) 3.0 2.3 2.4

Rce(on) (mΩ) 33 33 356
Turn-on energy ET, on (mJ) 14.6 1.1 4
Turn-off energy ET, off (mJ) 6.5 0.8 16

SiC IGBTs have a lower Vf than Si IGBTs under the same blocking capability but have
lower bulk mobility than Si IGBTs. Even though SiC IGBTs have not yet been commer-
cialized, significant advancements have been made over the previous 30 years, as seen
in Figure 1. Because of the readily accessible n+ substrate with low resistivity and defect
density, the SiC p-channel IGBT has been widely investigated from 1996 when the first SiC
IGBT was produced [95] through 2010. Continuous improvements have been made to the
P-IGBT’s performance, notably since the charge storage layer (CSL) was introduced [96].
Due to immature technology and a P-type substrate with a high resistivity and defect
density during this time, the constructed N-channel IGBT performs poorly [97].
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Because free-standing technology offers a way to develop a P+ collector on an N+
substrate, the research focus of SiC IGBT shifted to SiC N-channel IGBT before Cooper’s
freestanding technology proposal in 2010 [98]. After that, SiC N-IGBT displays ever-
improving static and dynamic properties. The SiC IGBT has a blocking voltage that exceeds
27 kV [99], making it a promising device in high-voltage areas. In comparison to the
SiC MOSFET of the same rated voltage, the SiC IGBT might cut the differential specific
on-resistances (Ron,sp,diff) by more than one order of magnitude. Therefore, even if the
switching loss (Esw) of the SiC IGBT is larger than that of SiC MOSFET, it is promising for
power conversion systems with more than 100 kW transmission power. Recently, the first
solid-state transformer prototypes and the first Marx generators have also been made using
the 12–15 kV SiC IGBT modules that were developed [100–102].

SiC-IGBTs are more effective than Si-IGBTs because of their switching speed. The
gate-to-emitter voltage rise quickly to allow for the SiC-IGBT to switch quickly. Therefore,
to charge the input capacitance Ciss, a greater gate current is needed [103]. Generally, to
switch the IGBT off, the gate current capability is increased by reducing the external turn-on
and turn-off gate resistors even though the same current capability is needed. In order
for the gate current to rise as quickly as required, the gate driver’s stray inductance must
also be kept to a minimum [94]. SiC-IGBTs need a negative gate-to-emitter voltage like
that found in Si-IGBTs to obtain a quick and secure turn-off transient. A SiC-IGBT driver
typically supplies a gate-to-emitter voltage of +20 V positive and 5 V negative [104].

SiC BJTs, JFETs, Schottky diodes, and MOSFETs are four popular SiC power semicon-
ductor devices described and shown in Table 9. SiC devices outperform Si in high-voltage,
high-frequency applications like PV inverters, EV systems, and power supplies. It compares
parameters like bandgap, electron mobility, voltage/current ratings, switching frequency,
power losses, and figures of merit. The table shows the compromises made by various SiC
devices for application-specific performance optimization.

Table 9. Specification of the SiC-based semiconductor device.

Parameter Unit 3C-SiC
BJT

6H-SiC
JFET

4H-SiC
SBD

4H-SiC
MOSFET

Bandgap eV 2.2 3.0 3.26 3.26

Critical electric field Mv/cm 1.5 3 3 3

Electron mobility cm2/V-s 1000 370 800 800

Saturated electron drift velocity cm/s 2e6 2e6 2e6 2e6

Thermal conductivity W/cm-K 4.9 4.9 4.9 4.9

Lattice mismatch % 3.5 3.5 3.5 3.5

Wafer size mm 100 150 150 150

Voltage rating kV 1.2 1.7 1.7 1.7

Current rating A 15 10 24 24

Switching frequency Hz 10 50 - 100

Resistivity Ω-cm 104 104 104 104

Channel resistance Ω-cm2 120 35 - 80

Stress levels of voltage V 5000 10,000 10,000 10,000

Stress levels of current A 15 10 24 24

Off-state breakdown voltage kV 1.2 1.7 1.7 1.7

Maximum junction
temperature

◦C 500 500 600 600

Temperature range ◦C −55 to 250 −55 to
250

−55 to
300 −55 to 300
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Table 9. Cont.

Parameter Unit 3C-SiC
BJT

6H-SiC
JFET

4H-SiC
SBD

4H-SiC
MOSFET

Temperature stability ◦C 1 1 1 1

Conduction losses Medium Low Low Low

Switching losses Medium Medium - High

Power losses Medium Medium Low Medium

Baliga’s figure of merit 51 204 408 408

Johnson’s figure of merit 8 31 62 62

Applications

Medium
voltage,
medium

frequency

High
voltage,
high fre-
quency

High
voltage
rectifier

High voltage,
high

frequency

3.6. Applications and Emergence of SiC Power Electronics

SiC is employed in semiconducting and other items such as armored vehicles, ceramic
plates, thin filament pyrometry, foundry crucibles, and auto clutches. SiC was initially used
in electrical applications as a lightning arrester in a high-voltage power system because
engineers and scientists realized SiC works well even in the presence of high volts and high
temperatures. SiC devices are appropriate for a wide range of applications in aerospace
and space missions [105,106], despite the necessity for high-temperature dependable device
packaging to be developed [107,108]. Schottky diodes, MOSFETs, and power electronics
are some of the most recent electrical devices that use SiC.

Applications for SiC include sandblasting injectors, automobile water pump seals,
bearings, pump parts, and extrusion dies. These applications use SiC’s exceptional hardness,
abrasion resistance, and corrosion resistance [109]. SiC is undoubtedly durable and versatile,
with applications ranging from semiconductors for Schottky diodes to use as an abrasive
polishing material. Its exceptional qualities include sublimation, great chemical inertness
and corrosion resistance, excellent thermal characteristics, and the capacity to develop as a
single-crystal structure.

The introduction of the first mass-produced electrical vehicles (EVs) to the market
in 2008—Tesla Motors’ debut of its first all-electric vehicle—significantly impacted the
development of SiC power electronics. Two components of the electrical power train
significantly impact the performance of these cars. They are an inverter and a battery
charger that transform the DC power from a battery pack into AC power for a motor. Since
the battery capacitance in EVs restricts the amount of on-board stored energy, the efficiency
of power conversion by these units is crucial. The bulk of modern electric vehicles (EVs)
and the first electric vehicles (EVs) used inverters with Si IGBTs and conversion efficiencies
ranging from 80% to 95%. Even at 95% efficiency, these inverters waste too much energy
and need liquid cooling. Compared to the electrical motors, they are bigger and heavier.
The conversion efficiency of the inverter might be increased to 99% [110] by swapping Si
IGBTs for SiC MOSFETs while being significantly lighter and smaller. The first commercial
SiC power MOSFET was introduced by Cree, Inc. in 2011 [111]. This potential use of SiC
power devices in the high-volume automotive sector sparked increased research into the
design and technology of SiC devices.

Tesla introduced the Model 3 in 2017, the first electric vehicle to have inverters based
on SiC MOSFETs. By the time this article was published, each week’s manufacturing of
automobiles used 48 SiC MOSFETs with a 650 V/100 A rating made at the STMicroelec-
tronics fab in Catania, Italy [112]. At the same time, Tesla Model 3’s traction motor spins at
17,900 revolutions per minute, and China’s NEV Technology Roadmap 2.0 aims to reach a
motor speed of 25,000 rotations per minute by 2035 [113]. DENSO, a global automotive
manufacturer, built its first inverter using SiC semiconductors. The new Lexus RZ, a Toyota
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luxury brand’s first specifically designed battery electric vehicle (BEV) model, will employ
this inverter, which is part of the eAxle, an electric drive module designed by BluE Nexus
Corporation [114]. It appears that Toyota is producing its first BEV in large quantities
through the Lexus Division. SiC and GaN are competing to see which is superior for power
electronics. They both outperform Si in either situation.

The market for SiC power devices is expanding rapidly, and the SiC industrial sector
today exhibits significant diversity, with successful businesses operating in various ways.
This predicts that SiC power electronics will continue to flourish as an industrial technology
during the coming several decades. The enormous potential of SiC as a material for high-
temperature and high-frequency electronics, which is still not realized and is awaiting
convincing demonstration of SiC’s superiority over conventional semiconductors for these
applications, is another factor driving the further development of SiC technology.

Over the past 13 years, GE Aviation has committed over $150 million to developing
SiC technology, solidifying its position as the market leader. Because of characteristics like
high-temperature tolerance, low losses, and higher frequencies, SiC enables lighter, more ef-
fective, and higher-performance power electronics. To reach extremely high-power density
and efficiency goals, GE is utilizing SiC technology in aerospace applications, including hy-
brid electric aircraft propulsion. GE can create lighter and more potent systems for electric
ground vehicles and other applications due to SiC. GE Aviation is well-positioned to pro-
mote SiC power device adoption moving ahead due to its extensive aerospace knowledge
and experience.

The SiC-based generator controller developed by GE Aerospace shows a significant
advancement in power electronics when compared to industrial Si-based generator con-
trollers, as shown in Table 10. Its benefits are glaringly obvious in many important areas.
First off, the SiC controller is extraordinarily effective at harvesting and managing electrical
power within a small footprint due to an amazing fourfold improvement in power density
relative to its size. With a twofold increase in power density per unit weight, its power-
to-weight ratio is also improved, which results in both increased efficiency and a decrease
in the overall weight of the controller. This drop is accompanied by a 50% reduction in
physical size, highlighting SiC’s promise for applications that conserve space. Notably,
the SiC-based controller excels at increasing conversion efficiency. It increases DC/AC
conversion efficiency from 94% to an astounding 99%, guaranteeing little energy is lost
in the process. Similarly, it improves efficiency in DC/DC conversions from 84% to 95%,
maximizing power transfer. SiC technology improves efficiency in AC/DC conversions
from 85% to 92%, leading to more effective power conversion and energy use.

Table 10. Comparison between Si-based and SiC-based generator controller [115,116].

Parameters Unit Si-Based
Generator Controller

SiC-Based
Generator Controller

Output power kW 100 200
Aux SSPC channels kW No (Excitation Controller) 120 (2ea 600 V × 100 A)

Bi-directional - Yes Yes
Space claim (volume) L 33.6 17.4

Size mm 444 × 400 × 189 350 × 350 × 142
Power density (size) kW/L 3 12

Weight Kg 27.7 25
Power density (weight) kW/kg 3.6 8

Coolant temp, max ◦C 85 105
Ambient temp, max ◦C 71 121

Communications - IEEE 1394B Bus CANBus

Figure 6 shows the evaluation of SiC modules and SiC technology utilized in aerospace
applications by GE Aerospace in conjunction with Power America, the Department of
Energy, and the National Renewable Energy Laboratory. Specifications for various SiC
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power module variants from GE Aerospace are listed in Table 11. The modules have voltage
ratings of 1200 V and 1700 V and come in half-bridge, dual-bridge, six-switch, and six-pack
versions. Ratings range from 425 A to 1425 A. On-state resistance, thermal resistance,
size, and maximum junction temperature are important factors mentioned. With small
footprints up to 100 mm × 140 mm and operational temperatures up to 175 ◦C, the table
demonstrates great power density and temperature capability of SiC modules. SiC modules
can be configured in a wide range of ways to accommodate various power electronic circuit
topologies and the current/voltage ratings needed for aviation applications.
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Table 11. SiC power module by GE Aerospace [117].

Type of SiC
Module Part Number Voltage

Rating (V)

Current
Rating

(A)

RDS(on)
@25 ◦C
(mΩ)

Thermal Cooling
System (Rth(j-c))

(K/W)

Size
(Width × Length)

(mm)

Maximum
Junction

Temp
(◦C)

Half-bridge

GE12047CCA3 1200 475 3.1
0.1 48 × 86

175

GE17042CCA3 1700 425 3.8

GE12090CDA3 1200 875 1.6
0.03 100 × 140

GE17080CDA3 1700 765 1.9

GE12160CEA3 1200 1425 1.0
0.03 90 × 134

GE17140CEA3 1700 1275 1.2

Dual-bridge
GE12047BCA3 1200 475 3.1

0.1 48 × 86
GE17042BCA3 1700 425 3.8

6-switch
GE12050HEA3 1200 6 × 475 3.1

0.1

90 × 134
GE17045HEA3 1700 6 × 425 4.8

6-pack
GE12050EEA3 1200 3 × 475 3.1

0.1
GE17045EEA3 1700 3 × 425 3.8

3.7. Challenges of SiC Power Device Development

Although high voltage (HV) SiC devices perform better than their Si counterparts,
additional considerations must be made to use them effectively. The HV SiC device
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application must overcome obstacles in a variety of time frames. The majority of difficulties
are caused by relatively brief time intervals (between 0.01 and 1 µs), such as electromagnetic
interference (EMI), packaging, and gate drive design. The output of a SiC-based converter
can have advantages in terms of output with a high-frequency range, low total harmonic
distortion (THD), and high control bandwidth, to name a few. Newly developed converter
topologies and PWM schemes could be utilized with SiC devices to compare the viability
of the device [118–121]. HV SiC device application technology is still in the early stages
of development [122]. The material’s properties present a significant problem for SiC
manufacturing. Generally, SiC takes more energy, longer, and higher temperatures for
crystal growth and processing due to its extreme hardness, which is nearly diamond-
like [123].

3.7.1. Packaging

Building power modules with small and fast device dies requires addressing electrical,
thermal, and mechanical challenges. Figure 7 depicts a typical power module packing.
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3.7.2. Electrical Insulation

The packaging of HV SiC power modules presents a significant problem regarding
electrical insulation design. Special attention should be given to vulnerable places that
are easily compromised, such as the die, substrate, and output terminal. SiC devices have
substantially greater voltage ratings than Si devices, although SiC devices have thinner
dies. The electric field around the die from the anode to the trace that is soldered with the
cathode gets noticeably stronger with the higher voltage rating and thinner die. A recent
generation 10 kV SiC MOSFET, for instance, has a die thickness of 100 µm and an average
electric field of 100 kV/mm [124], but a 1.7 kV IGBT has a die thickness of 209 µm and an
electric field of only 8.1 kV/mm [123]. As a result, HV SiC device packaging surrounding
the die has an electrical field concentration that is ten times greater than Si’s.

3.7.3. Parasitics

The internal connecting wires inside the module and the external power stage contain
the stray inductance. The combination of these stray inductance components affects how
well the gadget switches. Using a decoupling capacitor [122,123] can minimize the influence
of stray inductance in the external power stage. The stray inductance inside the module is
the main subject of this subsection. They primarily have three effects on device performance:
voltage overshoot, ringing, and switching speed restriction.

3.7.4. Power Module with Multi-Dies

Developing the multi-die in parallel connection for HV SiC-based power modules
is important due to the single die’s restricted current rating of present HV SiC devices,
typically approximately 20 A per die. For instance, the 10 kV/240 A SiC MOSFET power
module is made up of 18 dies connected in parallel [125].
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3.7.5. Gate Drive

The gate drive connects the power semiconductor device and control. Power semi-
conductors are turned on and off by transferring the control signal from the gate drive to
the drive signal. Gate drive design is crucial for SiC devices to achieve their maximum
potential. Two crucial factors, efficiency and dependability, should be considered when
designing the gate drive. The HV SiC devices do not have commercially accessible gate
drivers because they are unique power devices. Its gate drive needs to be the subject of
research [122].

3.7.6. Electromagnetic Interference

The converters using HV SiC devices may experience significant EMI due to the high
dv/dt caused by the quick switching speed and the huge parasitic capacitance due to the
compact size. Both EMI filters and special EMI reduction techniques are desirable. The EMI
and dv/dt filters in motor drives are essential for preventing the voltage doubling effect
that results from high dv/dt [126]. High dv/dt will significantly increase the grid-side
conduction EMI in applications involving the grid. EMI filters are required to ensure that
the power conversion system satisfies the criteria for grid-connected converters [127].

3.8. Future Trends of SiC

SiC devices have several advantages and many difficulties from both the device and
application viewpoints. These serve as a guide for upcoming developments in research:

3.8.1. Voltage-Derating Guidelines

A voltage-derating design guideline must be devised and SiC devices’ field depend-
ability for various applications must be shown. This is particularly crucial for applications
like aviation systems [127], where reliability is essential. On the one hand, a SiC device in
a power conversion system may have a greater current rating than a Si device, resulting
in a larger thermal ripple. On the other hand, the SiC device’s ability to operate at greater
temperatures suggests stricter requirements for the packaging materials.

3.8.2. Improving Manufacturing Techniques for Affordability

To make SiC devices more affordable for system applications, manufacturing tech-
niques must be improved for higher yields [128]. The majority of significant SiC producers
are switching to 150 mm SiC epitaxial wafers. There are also debates over switching to a
fabless manufacturing method, which would allow SiC power devices to be produced in
Si fabs. Because the quality would be ensured by the already existing facilities and estab-
lished production infrastructure, such a shift would result in lower prices. It is difficult,
nevertheless, due to the rigidity of SiC equipment and processes.

3.8.3. Considerations for SiC Device Gate Driver Design

SiC devices switch significantly faster than Si devices, which presents difficulties for
the design of the gate driver [129,130]. First, the SiC device’s larger dv/dt injects more
common mode current through a miller capacitor into the gate loop, creating a positive
spurious gate voltage. An improved gate driver with active dv/dt and di/dt control is
a growing trend. Additionally, a greater dv/dt injects a higher common mode current
through the isolation barrier to the primary side of the gate driver, limiting the coupling
capacitance. Second, SiC devices have a smaller die size and a faster current rise under the
fault. Thus, the gate driver’s short circuit protection response requirement is larger, and
the SiC device’s parallel or series connection is more susceptible to timing errors.

3.8.4. Novel EMI Filter Design

It is necessary to look at the novel EMI filter design [108]. The EMI noise is 10 to
100 times higher due to the faster switching transient and higher switching frequency. When
used in high-voltage and high-power applications, this becomes very difficult. Firstly, SiC
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power converters require the modeling and prediction methods of EMI noise. On the other
side, novel filter and shielding designs are required.

3.8.5. Reducing Commutation Loop for Enhanced SiC Device Performance

Using novel system designs with a reduced commutation loop is crucial, such as the
SiC device package and system busbar structure [72]. Although it is known that a SiC
power converter may supply more current, this is only true when the breakdown voltage
of the device is lower than the device voltage stress during the transition. In other words,
the voltage overshoot may restrict the system’s current rating rather than the thermal. This
issue is extremely significant for some new applications, such as the 1.5 kV DC photovoltaic
system [131]. Up until now, laminated and multi-layer laminated busbar structures have
been the preferred option. Investigating a low-inductance capacitor is also necessary.

3.8.6. Exploring Cooling Techniques for SiC Device Reliability

SiC chips’ lower die size and, thus, increased loss density present new design diffi-
culties for heat management techniques [132]. Additionally, the SiC chips’ lower thermal
capacitance could lead to a larger temperature ripple, which could present problems
from a reliability standpoint. Phase change cooling, liquid jet impingement cooling, and
other effective cooling techniques are some prospective, promising alternatives [133]. The
advancing 3D printing technologies may also be leveraged to support original ideas.

3.8.7. Advancements in Ancillary Components for High Temperature

SiC power devices’ capacity to operate at high temperatures necessitates advancements
in ancillary components such as high-temperature capacitors, packaging, control electronics,
gate drivers, and sensors [134]. The bus bars that connect the high-temperature devices
to the capacitors make them particularly difficult since they raise the temperature of the
capacitors even further. To make the capacitors usable with high-temperature switches,
cooling may be required. In addition, Si-on-insulator (SOI) or SiC-based high-temperature
gate drivers are required. The typical temperature range for SOI technology is 225 ◦C or
lower. Since SiC has a lower channel mobility than other semiconductors and is, therefore,
not appropriate for very low-voltage applications, SiC-based integrated circuit design
is complex.

3.8.8. Lowering Engineering Effort and Costs

Due to their lack of familiarity with these novel devices, many potential SiC users are
also concerned about the expensive non-recurring engineering expense. The conventional
SiC PEBB, like the Si PEBB, can dramatically lower engineering effort and development
costs, opening the door for commercializing SiC applications [135]. The heat sink, the
robust gate driver, the high-bandwidth and noise-free controller, and the low-inductance
busbar may all be incorporated. The entire system might then be constructed entirely
around this PEBB for various purposes.

4. GaN

Due to its capacity to provide much better performance across a variety of applications
while using less energy and physical space to do so compared to current Si technologies,
GaN is gaining significance. GaN technologies are becoming crucial in some applications
where Si as a power conversion platform has reached its physical limits, while in other appli-
cations the advantages of efficiency, switching speed, compactness, and high-temperature
operation combine to make GaN increasingly alluring.

Table 12 depicts the evolution of GaN power semiconductor devices from 1990s HEMTs
to current MISFETs (Metal Insulator Semiconductor Field Effect Transistor) and IGBTs,
highlighting significant developments such as the introduction of the first enhancement
mode transistors, the dependability of the GaN MISFET gate oxide, and the extension into
high-voltage EV applications. With growing vertical GaN, MISFETs, and GaN-on-Si, which
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overcome the limits of early HEMTs for better voltage ratings and reliability to replace
and exceed Si MOSFETs and IGBTs, GaN enables higher-frequency switching and current
density compared to Si devices.

Table 12. Evaluation of power electronic GaN-based semiconductor device.

Year Device Specifications Milestone Features

1990s HEMT 50 V, 1 A First GaN transistor Higher frequency than Si and GaAs

2000s HEMT 200 V, 1 A Enhancement mode GaN Normally off operation

2010s
HEMT 600 V, 30 A High-voltage GaN transistors Replacing Si MOSFETs in adapters

MISFET 200 V, 1 A GaN MISFETs Gate oxide reliability improvements

2015 HEMT 1200 V, 15 A >1 kV rating achieved Entering high-voltage applications

2019 MISFET 650 V, 20 A Commercial GaN MISFETs Reduced gate leakage over HEMTs

2020s
HEMT 3.3 kV+, 100 A+ High current density Targeting EV traction inverters

MISFET 3.3 kV+, high current Further MISFET refinement Improved reliability over HEMTs

Future
IGBT 1.2 kV+, high current GaN on Si IGBTs Improving Si substrates and vertical GaN

Thyristor Medium voltage, high current GaN thyristors High-current applications

GaN-based power devices first appeared in 2000, with the GaN FET being manufac-
tured on a SiC substrate utilizing radio frequency standards. Following that, with the
advancement of material growth techniques, GaN power devices have made a quantum
jump in quality [136]. GaN has a strong atomic junction because it is made up of nitrogen,
a light element. Their net parameter, which refers to the distance between atomic unit
cells and their crystalline structure within the same material, is less than that of other
semiconductors from the III–V groups of the periodic table [137]. As a result, GaN has
better electrical properties than Si dioxide.

A switch to GaN technology will assist in fulfilling demand while reducing carbon
emissions as the world’s energy needs grow. It has been demonstrated that the design
and integration of GaN may provide next-generation power semiconductors with a carbon
footprint 10 times less than that of slower, older Si chips, as shown in Figure 8. In order to
strengthen the argument for GaN, it is predicted that switching all data centers from Si to
GaN will cut energy loss by 30–40%, resulting in savings of over 100 TWhr and 125 Mtons
of CO2 by 2030 [138].

GaN has appeal for reasons other than only operational performance and system-level
efficiency gains. GaN offers a strong “green” edge over older, slower Si because a GaN
power IC chip could save 80% in manufacturing and process chemicals and energy and
more than 50% in packaging.

Currently, GaN wafer diameters of 2′′ have been obtained at a cost that is 10 times
that of SiC and up to 100 times that of Si [139]. However, in contrast to SiC, GaN has been
widely used in optoelectronics and radio frequency applications due to its broad energy
band and potential high-frequency properties [140]. A lot of electronics, such as radio trans-
mitters, plasma generators, MRI scanners, power converters, and wireless power transfer
(WPT), among many others, depend on radio frequency (RF) power [141]. GaN’s wide
bandgap, huge critical electric field, strong electron mobility, and reasonably good thermal
conductivity make it appealing for high-voltage, high-frequency, and high-temperature
applications. GaN-based materials can emit light in various visible wavelengths (violet,
blue, and green), as well as for high frequency and high-power applications, due to their
wide range of energy bandgap [142–144].
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GaN and its alloys, such as AlGaN and InGaN, were the subject of much research.
Other options are used, including Si, sapphire, and SiC substrates, which are less expensive.
These substrate materials match the lattice properly and are thermally compatible with
GaN. GaN-based devices are currently commercialized in the photonics field, although this
semiconductor material is still in the early stages of development for power applications.
Due to their cheaper cost, GaN rectifiers on Si or sapphire substrates, and their remarkable
trade-off between on-resistance and breakdown voltage, these devices have gained much
attention in recent years. For 600 V and lower voltage applications, the GaN heterojunction
field-effect transistor (HFET) has been commercially introduced [145,146]. The source and
drain contacts are interconnected using many metal layers. Another notable WBG material
is GaN, which has features ideal for power device applications. Early GaN HFETs are
depletion mode devices; to achieve an enhancement device, a cascade setup with a Si
MOSFET will be required [146].

Over the past ten years, GaN has risen to the top of the materials used to make
power devices. Next-generation power devices use the compound semiconductor material
GaN. Due to its advantages over Si-based devices, such as outstanding high-frequency
characteristics, it is starting to be adopted [147]. GaN is a fantastic material for fabricating
high-speed/high-voltage components since it has the widest energy gap, critical field, and
saturation velocity among semiconductors for which power devices are already on the
market [148]. Without doping, a two-dimensional electron plasma with high mobility and
a high channel density is created using AlGaN/GaN heterostructures. The presence of
spontaneous and piezoelectric polarization makes this possible.

Additionally, the ability to build these devices on large-size, cheaper Si substrates
offers a financial benefit that enables one to use Si CMOS equipment and affordable facil-
ities [149]. Subsequently, due to their low switching charges and parasitic capacitances,
GaN transistors have lower switching and resistive losses [148]. Device scaling and mono-
lithic integration, which have advantages in terms of downsizing, enable a high-frequency
operation. Since GaN is a more recent material than Si, it is crucial to fully understand and
characterize the trapping and deteriorating processes in order to increase device stability
and dependability [148]. GaN-based devices are currently commercialized in the photonics
field, although this semiconductor material is still in the early stages of development for
power applications.
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4.1. GaN Diode

The advancement of the GaN substrate in recent years has been the driving force be-
hind the development of vertical GaN-based devices. The vertical GaN diode, on the other
hand, has, at this early stage, become a hot research area due to the relatively immature
technology for the vertical triode [150]. Vertical GaN SBDs are similar to AlGaN/GaN
SBDs in that they both exhibit low conduction loss and high switching speeds with little
reverse recovery time in frequency fields [151,152]. However, the latter has a higher current
density and fewer leakage paths.

The bulk of GaN Schottky power diodes disclosed up to this point feature either
lateral or quasi-vertical layouts because there are not many GaN substrates with electrical
conductivity [153]. Although the forward voltage drop is still significant, lateral GaN
rectifiers have shown breakdown voltages as high as 9.7 kV on sapphire substrates [154].
GaN rectifiers constructed on Si or sapphire substrates are quite popular because of their
lower cost. Due to the recent availability of high-temperature HVPE (hydride vapor phase
epitaxy) free-standing GaN substrates, 600 V operating voltage GaN Schottky diodes are
soon to be made available on the market to compete with SiC Schottky rectifiers [155]. In
addition, commercial GaN Schottky diodes operating in the 600 V to 1.2 kV voltage range
will be made available by the industry very soon. JBS GaN diodes, however, could enhance
the performance of GaN-based power rectifiers in the 600 V to 3.3 kV range; however,
contact resistance to implanted p-type GaN still needs to be reduced [156].

There are two types of GaN power diodes: the GaN Schottky barrier diode (SBD) and
the GaN power diode (PN). When a typical GaN power rectifier is turned on, electrons
must pass over the Schottky barrier of the SBD, resulting in a high turn-on voltage that
is incompatible with lowering device losses [151]. Rapid progress in the growth and
fabrication of vertical GaN (v-GaN) diodes has been made in the past few years, with the
device unipolar figures of merit (UFOMs) exceeding those of SiC [157–160]. As the peak
electric field is present primarily in the bulk rather than along the surface as in lateral
devices, v-GaN diodes can operate in systems requiring higher-voltage hold-off. This
enables competition with SiC and Si diodes in voltage regimes above 600 V [161].

The vertical structure is extensively employed in general-purpose power electronic
devices that can provide a higher current. This structure includes the benefits of both
lateral and vertical structures, but it also has the downsides of both. Its advantage is that
it can be used with existing processes and can be created in large sizes [162]. Dang et al.
reported Au/Pt-GaN Schottky diodes with up to 550 V breakdown voltage in 2000 [163]. In
2009, Arslan et al. used the metal-organic chemical vapor deposition (MOCVD) technology
to make a Ni/Au-AlGaN/GaN heterojunction Schottky diode and examined its current
transport under various temperature settings [164]. The first GaN commercial integrated
power devices, the iP2010 and iP2011, were developed in 2010 by US International Rectifier,
based on the GaN SBD technology platform—GaNpowIR. Micro GaN, a German business,
launched the 600 V line of products for high-power, high-voltage applications in 2010,
which included the Schottky diode MGG1TO617. Its turn-on voltage, turn-on resistance,
and drain-source voltages are all less than 0.3 V, 329 m, and 600 V, respectively, and the
leakage current is only 1 mA, reducing switching losses significantly. It has been used in
aerospace and defense, power conversion, and traction application [165].

In 2011, EPC Corporation released its GaN line of products, with a maximum voltage
of 300 V and a low on-resistance of only 150 m. Sanken Electric, a Japanese company,
uses GaN-based SBD and HEMT solutions in DC/DC converters and plans to introduce
600 V diodes in 2012. Panasonic and Sharp have since released 600 V GaN-based SBDs.
With the help of ARPA-E (American Energy Advanced Research Projects Agency) and
the military, Avogy, now Nexgen Power Systems, is rapidly expanding its product line to
include not only 600 V GaN SBD commercial products but also 1700 V PN-type diodes,
which are used in solar and wind energy inverters, electric vehicles, power conversion,
and aerospace applications [166]. Avogy’s commercial GaN diode products are shown in
Table 13. Because the technique for forming PN junctions on GaN materials is still in its
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beginning, in order to improve device performance and get over the limits of basic GaN
SBDs and p-n diodes, several high-tech vertical GaN power rectifiers were created. Basic
p-n diodes have a high forward voltage drop and a big reverse recovery current, whereas
basic SBDs have significant reverse leakage and low breakdown voltage as downsides [167].

Table 13. GaN rectifier diode specification by Avogy, now known as Nexgen Power Systems [166].

Model Type URRM/V If/A IR/µA QC/nC

AVDO2A600A SBD 600 2 150 4
AVDO5A120A PN 1200 5 0.1 7
AVDO5A170A PN 1700 5 0.1 14

4.2. GaN MOSFET

Five commercial GaN MOSFETs’ characteristics are included in Table 14, along with
their component numbers, maximum current ratings in Amps, input capacitances (CISS) in
pF, gate-drain capacitances (CGD) in pF, and drain-source on-state resistances (Rds(on)) in
Ohms. The high electron mobility and current density of GaN enable GaN MOSFETs to
achieve extremely low on-resistances, such as 0.035 Ohms for a 40 A device, as shown in
the table. However, compared to the equivalent Si MOSFETs, input and gate capacitances
are larger, which can reduce the performance of high-frequency switching.

Table 14. Characteristics of commercial GaN MOSFETs [28].

Part Number Current (A) CISS (pF) CGD (pF) Rds(on) @25 ◦C (Ω)

TP65H150G4PS 2.5 307 1 0.15
TP65H150G4PS 5 307 1 0.15
TP65H150G4PS 10 307 1 0.15

TP65H070L 20 600 4 0.072
TP65H035WSQA 40 1500 14 0.035

For the vertical GaN MOSFETs, the cell pitch of our GaN MOSFETs is around 3–5 times
larger than that of the SiC MOSFETs [168]. At the same time, lateral GaN MOSFETs benefit
from consistent and broad conduction band migration in high-voltage power switching,
making them less vulnerable to hot electron injection and a better replacement for SiC
MOSFETs and GaN HEMTs. Although our GaN MOSFETs’ cell pitch is too wide, the
performance of the vertical GaN trench MOSFETs is in line with the top SiC MOSFET
performance. However, compared to SiC devices, the doping concentrations of GaN FETs
are relatively lower [169].

4.3. GaN Heterojunction Field-Effect Transistor (HEFT)

GaN heterostructure field-effect transistors (HFETs), a kind of wide bandgap semicon-
ductor electronic components, are popular in high-frequency and high-power applications
due to their advantages of having a high breakdown voltage and high electron mobil-
ity [134,135]. Vertical power devices based on GaN material are still at a very early research
stage [136–148], and there are currently no commercial vertical power devices accessible
due to the difficulty in producing low-cost GaN epitaxial wafers, which is required to
construct vertical power devices.

The market adoption of normally off GaN-based power electronics solutions will
also be influenced by the reduction of material costs and the enhancement of material
quality, both of which impact the dependability of the devices. Accordingly, significant
research efforts by the scientific community would be needed over the following years to
achieve a thorough knowledge of the physics of GaN-based materials and devices [149].
Nitride-based electrical devices show great promise due to their high electron mobility
and saturation velocity, high sheet carrier concentration at heterojunction interfaces, strong
breakdown field, and low thermal impedance of GaN-based films produced over SiC
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or bulk aluminum nitride (AlN) substrates [150]. It is predicted that the specific on-state
resistance (Ron) of FETs will be lower than that of Si or gallium arsenide. FETs with very low
on-state resistance are very effective for low-loss power-switching devices like inverters.

4.4. GaN High Electron Mobility Transistor (HEMT)

GaN HEMTs are aggressively used in high-performance compact power supplies for
fast chargers, data centers, light detection and ranging (LiDAR), and other applications
because they exhibit exceptional performance as power-switching devices, including ultra-
high switching frequencies and high conversion efficiency [16,170]. It is important to note
that the on-state losses and switching losses can greatly decrease while maintaining the
desired normally off feature in a cascade GaN HEMT built from a high-voltage D-mode
GaN HEMT and a high-speed, low-voltage, and Si MOSFET [170]. It is rather relatively
simple since controlling a cascade GaN HEMT is identical to driving a Si-MOSFET. On the
other hand, due to E-mode GaN HEMT’s high voltage and current slew rates, low thresh-
old voltage, and low allowed gate voltages, operating an E-mode GaN HEMT requires
considering several complex parameters. A negative driving voltage can be utilized to
assure successful turn-off operations, although it may increase reverse conduction loss and
require additional power supply units. A decent alternative is a voltage clamp [170].

Due to their rapid switching speed and low conduction losses, GaN HEMT are partic-
ularly appealing for high-frequency applications. Because there are no impurities (dopants)
in the 2DEG area, electron mobility is high, allowing for low resistance and quick switching.
The majority of GaN-HEMT transistors are lateral structures. In the heterojunction formed
by GaN, the polarization electric field significantly modulates the distribution of energy
bands and charges; GaN heterojunction field effect transistors dominate the GaN transistor.
The device structure is also called HEMT [171].

4.4.1. Enhanced GaN HEMT

Due to the polarization characteristics of the conventional GaN HEMT, in the most
used voltage-type power converter, power switches are required to be in a normally
off state from the perspective of safety and energy saving, so a lot of research work is
now focused on implementing enhanced GaN HEMT devices. When the enhanced GaN
HEMT is in a normally off state, short circuit elimination techniques are widely used
for protection [172–174]. At present, large international semiconductor companies, such
as America’s MicroGaN, Transphorm, EPC, Germany’s Infineon, Japan’s Panasonic, and
Canada’s GaN systems, have introduced GaN HEMT devices, the highest voltage reaching
1200 V.

4.4.2. High-Voltage Cascade GaN HEMT

As mentioned, GaN devices now play a role in high-voltage applications due to the
introduction of high-voltage cascade GaN HEMTs. As illustrated in Figure 9, the cascade
structure combines a high-voltage normally-on GaN HFET and a low-voltage normally-
off type Si MOSFET into a new mixing tube, resulting in a normally off state [175]. It
is a voltage-controlled device in which the gate is activated, 2DEG is produced, and the
transistor is turned on when the negative voltage between the gate and the source is greater
than the threshold voltage. The transistor switches off when the voltage between the gate
and the source is less than the threshold voltage. Because the on-state and switching losses
of Cascode GaN HEMTs are relatively low, and the diode has stronger reverse recovery
properties than Si MOSFETs, the power system’s efficiency can be greatly improved [175].

Table 15 lists the parameters for GaN HEMTs, GaN MISFETs, and GaN Schottky
diodes. Bandgap, electron mobility, voltage/current ratings, switching frequency, and
power losses are just a few comparisons made. High critical electric field, high current
density, and high frequency switching are some of GaN devices’ key benefits over Si, while
thermal conductivity and lattice mismatch still present problems. GaN HEMTs and diodes
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enable high-frequency performance, and MISFETs, which aim to replace Si MOSFETs and
IGBTs, offer greater dependability.
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Table 15. Specification of the different GaN-based semiconductor devices.

Parameter Unit GaN HEMT GaN MISFET GaN SBD

Bandgap eV 3.4 3.4 3.4

Critical electric field Mv/cm 3.3 3.3 3.3

Electron mobility cm2/V-s 2000 1500 2000

Saturated electron drift velocity cm/s 1 × 105 1 × 105 1 × 105

Thermal conductivity W/cm-K 1.3 1.3 1.3

Lattice mismatch % 15 15 15

Wafer size mm 150 150 150

Voltage rating kV 1.2 1 1.2

Current rating A 30 20 30

Switching frequency Hz 1000 500 -

Resistivity Ω-cm 106 106 106

Channel resistance Ω-cm2 8 10 -

Stress levels of voltage V 600 500 600

Stress levels of current A 30 20 30

Off-state breakdown voltage kV 1.2 1 1.2

Maximum junction
temperature

◦C 250 250 250

Temperature range ◦C −55 to 250 −55 to 250 −55 to 250

Temperature stability ◦C - - -

Conduction losses Medium Medium Low

Switching losses Low Medium -

Power losses Medium Medium Low

Baliga’s figure of merit 26 26 26

Johnson’s figure of merit 46 23 46

Applications High
frequency

Medium
frequency Rectifier

4.5. Applications of GaN

Long-employed in the manufacture of RF and LED components, GaN is now becoming
more widely accepted in various power-switching and conversion applications. GaN-based
ICs may meet this requirement by delivering reliable operation at greater temperatures,
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saving space, and enhancing system performance and efficiency. The innovative semicon-
ductor material GaN has received much attention and is used extensively in many different
sectors. GaN outperforms conventional Si-based devices in terms of power efficiency,
speed, and durability due to its special characteristics, including high electron mobility,
broad bandgap, and high breakdown voltage.

The power GaN development market is predicted to increase from $126 million in 2021
to $2 billion in 2027, at a compound annual growth rate (CAGR) of 59%, according to market
research firm Yole Développement [176], which is shown in Figure 10. The consumer sector,
which includes fast chargers, Class-D audio, power banks, and time-of-flight sensors in
smartphones and tablets, will contribute significantly to this expansion. GaN offers greater
power density, improved thermal efficiency, and more compact and lightweight solutions
in various applications. The convergence is driving growth in the telecom/datacom and
automotive/mobility sectors to a 48 V power supply in both high-power density computers
and vehicle DC–DC converters. Data centers need less power when using 48 V systems,
and GaN performs better under these conditions than Si does. Manufacturers of solar
microinverters, optimizers, and energy storage systems are increasingly developing using
GaN for improved efficiency, higher power density, and increased dependability as the
adoption of renewable energy sources quickens. A number of firms, including BRC Solar
and Solarnative, have introduced GaN-based solutions.
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There is a critical need for energy-efficient solutions due to the expansion of the cloud
and rising demand for data centers. Using GaN technology, which enables a single-stage
power conversion process and eliminates the intermediary step of converting power from
48 V to 12 V, is one option to deal with the problem. Significant energy savings are provided
by this direct conversion from 48 V to the necessary 1 V at the point of load. GaN technology
is also used in autonomous cars, especially in LIDAR systems. GaN technology accelerates
the transmission of laser beams, improving lidar’s resolution and mapping capabilities
and paving the way for autonomous vehicles and augmented reality applications. Devices
made of GaN are widely used in a variety of industries. GaN is useful for ion thrusters,
solar power conversion, robotics, and lidar in space due to its built-in radiation tolerance.
GaN is also transforming motor drives, making it possible for eMobility, personal robots,
and drones to have smaller, lighter, and more effective systems [176]. GaN-based power
solutions improve the efficiency and dependability of solar micro-inverters and energy
storage devices in renewable energy. GaN’s wireless power sources aid medical technology
by enhancing implanted device charging and allowing portable imaging equipment for
procedures like colonoscopies and MRI scans. The development of wireless power, which
enables wireless device charging and is revolutionizing our way of life for everything from
smartphones to home appliances, is also being fueled by GaN.

GaN RF components are used in phones and laptops to send and receive GSM and
WiFi signals, and GaN is increasingly being used in the chargers and adapters that power
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these devices. The mobile fast-charging industry is the biggest market for power GaN at
the moment. GaN power ICs can enable three times quicker charging in adapters that are
half as big and heavy as sluggish, Si-based solutions. Additionally, the retail launch price
of GaN for single-output chargers is around half that of earlier best-in-class Si chargers and
up to three times cheaper for multi-output chargers.

Servers in data centers are also using GaN power semiconductors. Si’s capacity to
handle electricity effectively and efficiently encounters ‘physical material’ barriers as data
center traffic increases. Consequently, high-speed GaN integrated circuits (ICs) replace
the outdated, sluggish Si chip. Major gains in efficiency are made possible by the con-
solidation of data center technology, a novel HVDC design strategy, and the well-proven
dependability of highly integrated, mass-produced GaN power ICs. Global Si-to-GaN data
center upgrades are predicted to cut energy loss by 30–40%, resulting in over 100 TWhr
and 125 Mtons of CO2 emissions saved by 2030, shown in Figure 11 [138]. Therefore, using
GaN marks another step toward the data center industry’s carbon net-zero aspirations.
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GaN is becoming the preferred technology in the automotive sector for power con-
version and battery charging in hybrid and electric cars. Inverters used in solar power
installations, power conversion plans for motor drives, and other industrial applications
increasingly use GaN-based power products. There has long been speculation that GaN
will eventually replace Si power transistors. The application areas of GaN are electric
vehicles, high-speed railways, household appliances, industrial motors, aerospace, smart
grid, solar energy generation, wind power generation, and large capacity [141]. It is helpful
for various RF applications, including satellite communications and 5G, 6G, and mobile
communications, since it can operate at high frequencies, control high levels of power, and
sustain a high operating voltage [177].

Moreover, GaN faced increased competition as a result of recent developments in
Si SJ technology and the introduction of SiC power MOSFETs. In light of this, a reap-
praisal is necessary, especially in the 600 V domains involving all three [16]. The zero
reverse recovery charge of lateral GaN HEMTs is one of its distinguishing characteristics.
When the drain voltage drops below the total of the gate potential and the threshold volt-
age, a reverse channel is formed since there are no p-n junctions and current flows in a
polarization-induced 2DEG [16]. Because of this property, GaN HEMTs are the best option
for applications requiring continuous switching on a reverse-biased device, such as in half-
bridge or full-bridge topologies. The suitability of GaN HEMTs for dual-gate structures to
achieve bidirectional blocking and conducting devices [178] or to integrate multiple power
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devices on a common die, which makes it easier to achieve higher integration levels than
with discrete components, is another intriguing feature of these devices [179].

4.6. Challenges of GaN Power Device

There are still various difficulties to overcome in order to replace Si technology and
become mainstream. By raising the switching frequencies, GaN transistors can produce
power-switching systems that are extremely compact and highly efficient [180]. GaN
devices are now making excellent strides and making their way into the market, but
several issues must be addressed. Vertical GaN power devices with breakdown voltages
greater than 5 kV are possible as a result of advancements in substrate technology and field
engineering optimization. It is also necessary to examine how the breakdown mechanism
in these devices came to be [181]. Due to its potential to revolutionize power electronics
with increased efficiency, better power densities, and quicker switching rates compared to
conventional Si devices, GaN power devices have attracted a lot of interest in recent years.
However, the development of GaN power devices faces the following major obstacles.

4.6.1. Material Growth

GaN-based power devices are built on high-quality epitaxial material. SiC and sap-
phire have a smaller lattice misfit and greater thermal conductivity than Si, critical benefits
for high-power devices [181]. Although the lattice mismatch between Si and GaN is sub-
stantial, its cost is modest, and the lattice mismatch can be mitigated by introducing a buffer
layer for stress management, which restricts its applicability. The relationship between the
thermal expansion coefficient of GaN and common substrates is shown in Figure 12 as a
function of the lattice constant.
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4.6.2. Suppression of Current Collapse Effect

The current collapse effect of AlGaN/GaN HEMT devices poses a severe threat to
GaN power device success. It is also one of the biggest issues with today’s GaN power
devices. As illustrated in Figure 13, when a significant bias is given to the drain, the leakage
current degrades [182,183]. At present, the mechanism of the current collapse effect of GaN
devices largely includes the following types:
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1. The current collapse is triggered by carrier traps caused by deep-level centers in
the material.

2. The 2DEG concentration in the AlGaN/GaN conductive channel decreases due to the
change in polarization charge generated by the surface state and the surface effect,
resulting in current collapse.

3. Because the material structure and the energy band structure boundary are so essential,
even a minor disruption will cause the 2DEG to collapse [184,185].
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4.6.3. Packaging

GaN power devices have garnered considerable attention in recent years due to their
exceptional performance compared to traditional Si-based devices. These devices offer
superior power density, rapid switching speeds, reduced on-resistance, and enhanced
thermal conductivity. Appropriate packaging solutions are essential for handling their
distinctive properties and optimize their performance to ensure their efficient and depend-
able operation. Packaging plays a vital role in safeguarding GaN power devices against
external factors like moisture, temperature fluctuations, mechanical strain, and electrical in-
terference. It also facilitates efficient heat dissipation and establishes electrical connections
with the device. A common approach for packaging GaN power devices involves utilizing
surface-mount technology (SMT) packages [186]. These packages typically employ ceramic
or plastic materials with a metal lead frame or solder balls for electrical connections. The
package design comprises a die attach area where the GaN power device chip is mounted,
bond wires or flip-chip connections to establish electrical connections, and thermal vias or
heat sinks to enhance heat dissipation.

The package encompasses a ceramic or plastic body with metal leads or solder balls for
electrical connections. The GaN device chip is affixed to the die attach pad at the package’s
center. Electrical connections between the chip and the leads or solder balls are established
using bond wires or flip-chip connections. The package may also incorporate heat sink
structure to augment heat dissipation. Package designs can vary depending on the specific
application and power requirements. For high-power applications, packages with larger
thermal vias, enhanced heat sink structures, and improved thermal interface materials may
be employed to manage increased power dissipation effectively.

Furthermore, the ongoing exploration of packaging technologies for GaN power
devices aims to further enhance their performance. This involves the development of
advanced materials with superior thermal conductivity, innovative interconnection like
copper clip bonding or direct copper bonding, and novel package designs to minimize
parasitic inductance and capacitance. Moreover, the packaging of GaN power devices
is crucial for their development, ensuring reliability, efficient thermal management, and
optimal electrical performance. Continued innovation in packaging techniques aim to
overcome unique challenges and unlock the full potential of GaN power devices in various
applications, including power electronics, automotive systems, and renewable energy.
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4.6.4. Gate Driver

The gate drive function assumes a critical role in the operation and performance of
GaN power devices, exerting control over device switching by supplying the appropriate
voltage and current signals to the gate terminal of the GaN transistor. It is imperative
to meticulously design the gate drive circuitry to ensure the efficient and dependable
operation of GaN power devices. Considerations related to the gate drive for GaN power
devices are outlined as follows:

1. Voltage and Current Levels: GaN power devices typically necessitate higher gate
voltage levels in comparison to conventional Si-based devices. Operating with gate
voltages ranging from 6 V to 10 V or even higher, the gate drive circuitry must
be capable of generating and sustaining these elevated voltage levels. GaN power
devices exhibit low gate capacitance, enabling faster switching but demanding careful
attention to the gate driver’s current capability.

2. Gate Driver ICs: GaN power devices often employ specialized gate driver integrated
circuits (ICs). These ICs are specifically designed to deliver the required voltage
and current levels, incorporate protection features, and enhance the overall perfor-
mance of GaN transistors. Protection features may include under-voltage lockout
(UVLO), over-current protection, and short-circuit protection to ensure device safety
during operation.

3. High-Speed Switching: GaN power devices are renowned for their rapid switching
speeds, which can present challenges in gate drive design. To achieve optimal per-
formance, the gate drive circuitry must be capable of providing high-speed rise and
fall times to minimize switching losses. This necessitates meticulous consideration
of the gate driver’s output impedance, gate trace layout, and the impact of parasitic
elements in the gate circuit.

4. Gate Resistance: The appropriate selection of gate resistance is crucial for GaN power
devices. A suitable gate resistor aids in dampening ringing effects and mitigating
the risk of oscillations in the gate voltage waveform. It also limits current during
switching transitions to prevent excessive power dissipation. The value of the gate
resistor should be carefully optimized based on the specific GaN device and applica-
tion requirements.

5. Gate Layout and Layout Considerations: A well-designed gate layout is essential in
order to minimize parasitic inductances and capacitances that can negatively impact
device performance. This entails keeping gate traces as short as possible, reducing
loop areas, and employing techniques like guard rings and vias to manage parasitic
effects. An optimized gate layout contributes to faster switching speeds, lower losses,
and overall improvement in device performance.

Table 16 compares features, including split outputs, bootstrap voltage control, and
target applications for five common GaN driver ICs from top manufacturers that drive
GaN FETs in half-bridge designs. With configurations ranging from general purpose to
automotive-qualified, the drivers offer crucial gate drive isolation and enhanced GaN
switching performance as GaN transistors become more prevalent in power supply and
upcoming electric vehicle applications [187,188]. The advantages of GaN FETs’ high-
frequency capability and efficiency can be maximized with the right choice of GaN driver.

Table 16. Most popular GaN driver solutions [31].

Manufacturer Model Split
Outputs

Bootstrap Voltage
Management Configuration Features
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Table 16. Cont.
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4.6.5. Electrical Insulation

In order to maintain adequate electrical isolation between various components, avoid
electrical leakage, and improve the device’s overall dependability and safety, electrical
insulation is a crucial component in the development of GaN power devices. Figure 14
illustrates challenges associated with electrical isolation for GaN devices. Barriers that with-
stand high voltages and prevent accidental electrical hookups are made using insulation
materials and procedures. As it guarantees dependable operation and provides protection
from electrical failure, electrical insulation is essential for the development of GaN power
devices. Dielectric materials having sufficient dielectric strength, thermal stability, and
compatibility are used to create insulation between conductive components. Insulation lay-
ers, edge isolation techniques, and the proper packaging insulation are utilized to prevent
short circuits, lessen parasitic effects, and maintain electrical integrity. By giving effective
electrical insulation first importance, GaN power devices may increase performance and
operational reliability in many applications.
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4.6.6. Electromagnetic Interference

GaN power device development is heavily concerned with electromagnetic interfer-
ence (EMI), as these devices can produce high-frequency switching signals that could travel
as undesired electromagnetic emissions and interact with other electronic systems. To
ensure the proper operation of GaN power devices and avoid interference with nearby
devices or delicate electronic equipment, EMI management is essential.

1. EMI Sources: Fast switching transitions caused by GaN power devices result in high-
frequency harmonics and transient currents. These may produce electromagnetic
emissions that spread through the design of the device, the circuit traces, and the
connections to the outside world. During switching events, voltage peaks, ringing,
and current loops are the main EMI causes in GaN power devices.

2. EMI Mitigation Techniques: Several techniques are employed to mitigate EMI in GaN
power devices. These include:
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• Filtering: The use of passive components such as capacitors, inductors, and ferrite
beads to suppress high-frequency noise and attenuate unwanted harmonics.

• Shielding: Incorporating shields, conductive enclosures, or grounded metal
layers around sensitive components to contain electromagnetic fields and prevent
their propagation.

• Layout Optimization: Carefully consider trace routing, component placement,
and grounding techniques to minimize loop areas, reduce parasitic inductance,
and control impedance.

• Grounding and Bonding: Establishing proper grounding and bonding practices
to minimize ground loops, reduce voltage differentials, and provide an effective
return path for high-frequency currents.

3. Compliance with EMI Standards: GaN power devices must adhere to particular
electromagnetic compatibility (EMC) requirements to ensure their functioning is
below acceptable EMI limits. Evaluations of radiated emissions conducted emissions,
and vulnerability to outside electromagnetic fields are all part of compliance testing.

4. EMI Filtering Components: Choosing the right EMI filtering components is essential
when creating GaN power devices. These parts must be tuned for the device’s working
frequency range, have high-frequency filtering capabilities and low parasitic elements,
and be parasite-free.

5. EMI Simulation and Modeling: EMI behavior in GaN power devices may be predicted
and examined using simulation and modeling techniques throughout the design
process. Using these technologies, engineers may reduce EMI problems by optimizing
circuit design, filtering tactics, and grounding procedures.

4.7. Future Trend of GaN

Due to the relatively recent industrial introduction of GaN, future developments are a
crucial topic of discussion when examining the potential uses of this technology in various
applications [189]. The high cost of these devices, the current GaN devices’ limited voltage
rating, the complex gate driver design and control complexity, the area-specific thermal
resistance in GaN-based IC development, and packaging issues to ensure these devices’
long-term reliability present the biggest challenges and areas for improvement. Below,
each of these elements is explored to determine where GaN’s future lies [190]. However,
GaN will ultimately replace old Si in data centers, home solar energy systems, and other
consumer applications like fast chargers and other consumer applications. GaN technology
will be used more frequently in electric vehicles’ onboard chargers [191].

4.7.1. Cost Reduction

GaN devices can be manufactured on Si substrates, a standard industry procedure
today, to address the cost issue connected with GaN. GaN’s attractive material features
and the development of fabrication facilities that are compatible with complementary
metal-oxide semiconductors (CMOS) work together to provide power devices that perform
better and are more affordable. Increased demand for power converter applications may
result from the development of high-power ICs using GaN on Si wafers, which can further
lower these costs [192].

As semiconductor technology has advanced since the commercialization of GaN
technology, the unit cost of these transistors has dropped considerably. For instance, manu-
facturers like GaN Systems now sell the 650 V, 15 A e-mode GaN for around $12, whereas,
formerly, a standalone GaN MOSFET had a unit price of about $75. This demonstrates
that, as more power electronics applications adopt GaN technology, the cost is anticipated
to drop further during the ensuing years due to economies of scale. GaN HEMTs can be
widely used in power electronics due to their low cost, which greatly improves the per-
formance and efficiency of electrified transportation mediums, lowering the entire system
cost. Therefore, GaN HEMTs are more advantageous than they are expensive, effectively
resulting in cost savings for production and operation [190].
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4.7.2. Thermal Management

The vertical GaN devices feature higher breakdown voltage and current than the lateral
GaN designs without growing the chip’s size. Vertical structures are more dependable. In
addition, vertical GaN devices have easier thermal management than lateral ones [190].
Vertical GaN structures have many advantages, and a lot of research and development is
being carried out to make these structures commercially viable. When working with GaN
devices, thermal management is a crucial concern. In the development of GaN-based ICs,
minimizing area-specific thermal resistance is crucial. Future GaN device technologies are
anticipated to use diamond and SiC substrates with strong heat conductivity [191]. The
terminals of lateral GaN on Si substrate devices are on the same side of the die.

As a result, these chips have bumps added to them for mounting purposes. These
bumps only cover a small percentage of the die surface area and have a low thermal
conductivity. Either through these bumps, known as topside cooling, or through their Si
substrate material, known as backside cooling, the GaN transistors are cooled. The top
side of the die has the greatest thermal performance for thermal dissipation [191]. Future
designs of highly competitive power electronic converters might include a phase-leg power
module based on GaN devices that incorporates the power stage, the gate driver control
circuitry, and the cooling system into a single container based on the present integrated
modules [191]. The combined module will have enhanced thermal management and
high-power capacity. These modules might address some of the problems that electric
transportation is now experiencing, as previously mentioned [189].

4.7.3. Gate Driver Design

The first GaN power IC Process Design Kit (PDK), which is known as All GaNTM,
enables the monolithic integration of 650 V GaN IC circuits with GaN MOSFETs. The
integration of the GaN driver with the GaN MOSFET is crucial for high-frequency opera-
tion. Due to its fast-switching transitions, the discrete GaN’s gate is susceptible to noise
and voltage spikes, which can lead to damage. Noise can be reduced to some extent by
integrating the GaN MOSFET with the driver. However, the GaN MOSFET’s inclusion
in a multi-chip module is not without its difficulties, as larger losses are caused by the
impedance between the GaN MOSFET’s gate and the Si driver output. The best possible
efficiency, speed, and robustness can be attained with monolithic integration [189]. Since
the driver is integrated, one module can contain the logic circuitry, startup protection,
dv/dt control, and dv/dt robustness. Two MOSFETs are combined with the driving and
protection circuitry in half-bridge power ICs. The level-shifter losses are 10 times lower
with the 650 V GaN power IC than Si [190]. The development of more efficient, more power-
ful, and less expensive power systems will be made possible by next-generation monolithic
integration, which includes enhanced I/O features, over-current, and over-temperature
protection [190].

In the near future, it is anticipated that gate drivers with inbuilt short circuit protection
will be developed. This is particularly helpful in applications that adopt a modular ap-
proach, in which case the size of the parallelized packages is crucial. For instance, aircraft
DC/DC converters are frequently built using the modular technique. The size of the power
electronic components designed for industry continues to shrink as a result of advances
in semiconductor technology. More power-dense DC/DC converter designs are possible
with integrated gate drivers. GaN HEMT gate drive design calls for meticulous design
considerations. For turn-on and turn-off, a separate gate resistor is usually advised. This
is significant because the RGON has control over the dv/dt slew rate. The turn-on gate
resistor’s value must be carefully chosen because, if it is too high, switching will be slowed
down and result in larger switching losses, and, if it is too low, gate oscillation will cause
more switching losses. It is suggested that the turn-off gate resistor, RGOFF, for GaN
System’s GS66508 be between 10 and 20ω. RGOFF enables quick pull-down for a powerful
gate drive and starts from 1 to 2ω. Figure 15 depicts a general layout of the gate driver
schematic [193].
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4.7.4. Motor Drive

Because of its exceptional features, GaN has been suggested as a legitimate substitute
for conventional Si-based MOSFETs and IGBTs in the motor control field. GaN technology
offers effective, light, and low-footprint solutions with up to 1000 times the switching
frequency of Si and lower conduction and switching losses. GaN power transistors have
a switching speed that can reach 100 V/ns, which allows engineers to employ inductors
and capacitors with lower values and smaller sizes [194]. Low RDS(on) improves energy
efficiency and enables more compact dimensions by reducing the amount of heat pro-
duced. GaN-based devices require capacitors with greater working voltages, higher dV/dt
transient tolerance, and lower equivalent series resistance [194] than Si-based devices do.
GaN has a high breakdown voltage (50–100 V, as opposed to the typical 5 to 15 V values
attainable with conventional semiconductors), enabling power devices to run at greater
input energies and voltages without harm. This is an additional benefit that GaN offers.
It may reach a wider bandwidth with higher switching frequencies, which enables the
implementation of motor control algorithms with greater precision. Additionally, it is
possible to attain a degree of efficiency with variable frequency drive (VFD) motor control
that is not possible with ordinary Si MOSFETs and IGBTs. Subsequently, because the motor
speed can be ramped up and down, the load may be maintained at the desired speed, and
the VFD achieves an incredibly accurate speed control. Because GaN transistors switch
significantly more quickly than their Si counterparts, parasitic inductances and losses are
reduced, switching performance is improved (less than 2-ns rise and fall time), and the
heat sink can be reduced in size or even eliminated. Very low switching losses in the GaN
power stage enable greater pulse width modulation (PWM) switching frequencies with a
peak efficiency of up to 98.5% at 100 kHz PWM [194].

4.7.5. 5G

GaN can amplify high-frequency signals (even those of the order of a few gigahertzes)
very effectively, which opens up several real and exciting opportunities in the RF industry.
Thus, it is feasible to develop high-frequency amplifiers and transmitters that can travel
great distances and have uses in base stations, satellite communications, radar, early
warning systems, and other technologies [194]. In terms of increased capacity and efficiency,
reduced latency, and all-around connectivity, 5G offers substantial advantages as the next-
generation mobile technology. It is necessary to employ materials like GaN that can give
high bandwidth, high power density, and excellent efficiency values for the use of various
frequency bands, including the sub-6-GHz band and the millimeter-wave (mmWave)
(above-24-GHz) band [194].

Due to its physical characteristics and crystalline structure, GaN can allow higher
switching frequencies than comparable laterally diffused MOSFET devices at the same
applied voltage, resulting in a substantially smaller footprint. RF front-end chipsets are nec-
essary for emerging 5G technologies like massive multiple-input multiple-output (MIMO),
and mmWave. The greatest option for high-power 5G and RF applications is GaN-on-SiC,
which combines the high power density of GaN with the excellent thermal conductivity
and low RF losses of SiC. There are currently a number of GaN-based products appropriate
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for 5G applications on the market, including multiple channel switches and low-noise
amplifiers for massive 5G MIMO applications [194].

4.7.6. Data Centers

In the data center industry, where high performance and cost reduction are funda-
mental concerns, the marriage of GaN with Si also presents significant prospects. Voltage
converters are frequently used in data centers, where cloud servers run continuously, with
typical values of 48 V, 12 V, and even lower voltages for powering the multiprocessor
system cores [194]. Power-conversion efficiency has emerged as a crucial consideration for
businesses looking to achieve net-zero carbon emission, especially those running data cen-
ters and providing cloud computing services. This is due to the constantly rising worldwide
electricity generation. GaN technology may significantly address the need for more power
in less space for data centers by attaining improved efficiency in converters and power
supply, size reduction, and better thermal control, which lowers costs for the provider [194].
AC/DC converters are quite prevalent in data centers, which first regulate the bus voltage
to a DC value using a power factor correction (PFC) front-end stage. Next, a DC/DC stage
steps down the bus voltage and produces a galvanically isolated and controlled DC output
(48 V, 12 V, and more). The PFC stage maximizes real power [194] by keeping the power
supply’s input current synced with the main voltage.

5. Ultrawide Bandgap Semiconductor

AlGaN/AlN, diamond, and Ga2O3 are examples of ultrawide bandgap (UWBG) semi-
conductors, which have bandgaps that are substantially wider than those of traditional wide
bandgap materials like SiC and GaN [195]. Due to their extraordinarily wide bandgaps,
which allow for properties like high breakdown voltages, high operating temperatures, and
high-power densities, these materials have the potential to lead to significant advancements
in electrical and optoelectronic devices. In contrast to more established semiconductors like
gallium arsenide and Si, UWBG materials are still in a very early stage. In areas like sub-
strate availability, doping, comprehending carrier transport mechanics, and constructing
useful devices, considerable obstacles need to be addressed.

As the bandgap increases, the figures of merit for devices like power switches scale
positively, indicating that UWBG materials could permit improved performance. However,
UWBG materials are still in their infancy and face formidable obstacles in areas including
material production, doping, substrate accessibility, and fundamental physics comprehen-
sion. This article examines the current state-of-the-art and points out important areas for
future research in material growth, physics, devices, and applications.

Creating large-diameter native substrates, comprehending growth dynamics, and
attaining controlled doping, particularly p-type doping, are important issues in the field of
materials. The creation of innovative UWBG materials such as BN alloys offers opportuni-
ties. To describe high-field carrier dynamics in UWBG materials, new transport physics
models are required. It is also difficult to confine carriers using UWBG heterostructures.
Opportunities exist in both TCAD modeling and thermal transfer. The need for advance-
ments in vertical device topologies, contacts, packaging, and other areas makes applications
like high-voltage power electronics, RF and microwave devices, deep UV optoelectronics,
and severe environment electronics intriguing.

An overview of the advancement of semiconductors based on diamond from the 1980s
to the present is shown in Table 17. It follows the development of early research devices,
such as Schottky diodes built of single-crystal diamond, through more sophisticated poly-
crystalline diamond devices, such as vertical MOSFETs and lateral MOSFETs. The table
lists each device’s significant accomplishments, technical details, and features.

Diamond bipolar transistors, diamond Schottky diodes, and diamond MISFETs are
three different categories of diamond-based semiconductor devices that are compared in
Table 18. The advantages of diamond’s high bandgap, high critical electric field, high ther-
mal conductivity, and high breakdown voltage are shared by all three devices. Moreover,
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Table 18 highlights diamond devices’ high-voltage, high-power, high-temperature, and
high-frequency working capabilities.

Table 17. Evaluation of diamond-based semiconductor device.

Year Device Specifications Milestone Features

1980s Schottky diode Single-crystal research only First diamond electronics Extremely high bandgap

1990s Schottky diode Single-crystal, <100 V Small single-crystal diodes High-temperature operation

2000s Schottky diode Polycrystalline, 400 V First polycrystalline devices Manufacturable on poly
diamond films

2010s Vertical JFET Polycrystalline, 50 V First diamond vertical
transistors

Blocking voltage and operating
temperature increase

2018 Lateral MOSFET Polycrystalline, 200 V Diamond lateral MOSFET High current density demonstrated

2020s Vertical MOSFET Polycrystalline, >1 kV Diamond vertical power
MOSFETs Targeting commercial viability

Future

Bipolar transistor Polycrystalline, >1 kV High-voltage diamond
bipolar transistors Complementing MOSFETs

Thyristor >10 kV blocking voltage Ultra-high voltage rectifiers
and switches

Surpassing limitations of existing
technologies

IGBT >10 kV, high current density Diamond IGBTs Theoretical capabilities unmatched
by any material

Table 18. Specification of diamond-based semiconductor device.

Parameter Unit Diamond
Bipolar Transistor

Diamond
Schottky Diode

Diamond
MISFET

Bandgap eV 5.45 5.45 5.45

Critical electric field Mv/cm 10 10 10

Electron mobility cm2/V-s 1800 2200 1800

Saturated electron drift
velocity cm/s 2.7 × 107 2.7 × 107 2.7 × 107

Thermal conductivity W/cm-K 22 22 22

Voltage rating kV >10 >10 >10

Current rating A 5 10 5

Switching frequency Hz >1000 - >1000

Resistivity Ω-cm >1011 >1011 >1011

Channel resistance Ω-cm2 <1 - <1

Stress levels of voltage V >10,000 >10,000 >10,000

Stress levels of current A 5 10 5

Off-state breakdown
voltage kV >10 >10 >10

Maximum junction
temperature

◦C >600 >600 >600

Temperature range ◦C −55 to 250 −55 to 250 −55 to 250

Conduction losses Very Low Very Low Very low

Switching losses Low - Low

Power losses Very Low Very Low Very low
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Table 18. Cont.

Parameter Unit Diamond
Bipolar Transistor

Diamond
Schottky Diode

Diamond
MISFET

Baliga’s figure of merit 1650 1650 1650

Johnson’s figure of merit 288 288 288

Applications High power, high
frequency Rectifier

High power,
high

frequency

6. Current Innovation and Comparison

WBG and future UWBG semiconductors will be used to replace conventional Si power
devices in the new generation of power devices for power converters. The commercial Si
IGBT dominant power switch’s current maximum breakdown voltage capacity is 6.5 kV.
In any case, a Si-based gadget could not function above 200 ◦C. These inescapable physi-
cal restrictions severely reduce the efficiency of modern power converters, necessitating,
among other things, complicated and expensive cooling systems [196]. These novel power
semiconductor materials can make electric energy transformations more efficient, leading
to a more judicious use of electricity and a smaller carbon impact.

SiC and GaN are the most desirable candidates among the WBG semiconductors
because they already offer a good compromise between their theoretical properties (block-
ing voltage capability, operation temperature, and switching frequency) and commercial
presence [15]. Both are ideal candidates to replace Si in the following wave of high-power
and high-frequency electronics due to their wide bandgaps, resulting in higher breakdown
voltage and operation temperature than Si [197].

Electrical quantities like voltage, frequency, and operating temperature define the
application of the power system in power electronics. The physical characteristics of Si,
SiC, GaN, and diamond materials are listed in Table 19 [198–200]. Furthermore, Table 19
compares key physical properties and device parameters of Si, SiC, GaN, and diamond
semiconductors. It shows that wide bandgap semiconductors like SiC, GaN, and especially
diamond have superior attributes like higher breakdown fields, thermal conductivity, and
switching frequencies compared to Si, enabling high-power and high-frequency applica-
tions. Diamond has the greatest combination of properties overall such as a very high
breakdown field and thermal conductivity.

Table 19. Comparisons of the specifications of Si, SiC, GaN, and diamond.

Parameter Unit Si SiC GaN Diamond

Bandgap eV 1.1 3.0–3.4 3.4–3.6 5.45

Critical electric field Mv/cm 0.3 3 3.3 10

Electron mobility cm2/V-s 1500 to 2000 100 to 600 1000 to 2000 2200

Saturated electron drift velocity cm/s 105 2 × 106 105 2.7 × 107

Thermal conductivity W/cm-K 1.5 to 2.0 3.0 to 4.9 1.0 to 1.5 22

Lattice mismatch % - 3.5 15 -

Wafer size mm 300 150 150 -

Voltage rating kV <1 10 1.2 >10

Current rating A 100 20 30 10

Switching frequency Hz 20 k 400 k 1 M >1 M

Power density (size-wise) W/cm2 ~5 ~10 ~30 >100

Power density (weight-wise) W/g ~5 ~10 ~20 >100
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Table 19. Cont.

Parameter Unit Si SiC GaN Diamond

Resistivity Ω-cm 10 104 106 >1011

Channel resistance Ω-cm2 30 5 8 <1

Stress levels of voltage V 600 10,000 600 >10,000

Stress levels of current A 100 100 30 10

Off-state breakdown voltage kV 0.6 10 1.2 >10

Maximum junction temperature ◦C 150 600 250 >600

Temperature range ◦C −55 to 200 −55 to 300 −55 to 250 −55 to 250

Temperature stability ◦C - 1 - -

Conduction losses High Low Medium Very Low

Switching losses Low High Medium Low

Power losses High Medium Medium Very Low

Baliga’s figure of merit 1 408 26 1650

Johnson’s figure of merit 1 62 46 288

Applications Low voltage
low power

High voltage,
high power High frequency High power, high

frequency

The bandgaps of WBG semiconductors are roughly three times, and the electric
field values of SiC polytypic and GaN are comparable and much greater than those of
Si. Higher radiation hardening and high-temperature operation are advantages for WBG
semiconductors. For Si, this occurs at a temperature of about 150 ◦C [201], where around
900 ◦C is the inherent temperature of 4H-SiC, and the temperature range between 300 ◦C
and 800 ◦C has been used to test manufactured AlGaN/GaN HEMTs [202]. They can be
utilized in harsh environments where Si-based devices are ineffective [203].

In comparison to Si, SiC, and GaN, diamond has an extraordinarily wide bandgap of
5.45 eV and the highest electrical breakdown field, thermal conductivity, electron velocity,
and current density. This makes diamond an exceptional material for creating semiconduc-
tor devices with an extremely high power density, high frequency, and high temperature.
To construct useful diamond electronic devices, however, significant obstacles still exist in
creating large, high-quality diamond substrates and accomplishing doping and metalliza-
tion. With certain manufacturing challenges, SiC and GaN also have very wide bandgaps
when compared to Si, enabling high-voltage, high-power, and high-speed devices. Overall,
these ultra-wide bandgap semiconductors promise to significantly outperform Si devices
in terms of performance.

In the context of electronics, certain constraints that apply to optoelectronics are
relaxed. For instance, the bandgaps of these materials do not need to be direct, making SiC a
viable option. Additionally, light emission efficiency is not as critical for electronics, making
GaN and aluminum GaN (AlGaN) suitable materials, not just indium GaN (InGaN) [17].
Among these materials, SiC has a longer history and has seen sustained investment since the
late 1970s, particularly through the U.S. Department of Defense Office of Naval Research.
This investment has led to significant advancements in SiC material synthesis and quality,
as well as progress in various device technologies.

Over the past few years, 4H-SiC has drawn more attention as a suitable material for
high-voltage power applications. The first Schottky barrier diode (SBD) was promoted
in 2001, and this marked the realization of the SiC-based power electronics goal [204,205].
Photovoltaic (PV) inverters, power supply, and power factor correction circuits (PFC) are
the main applications for SiC diodes. Figure 16 shows the variation of Vth for a 4H-SiC
MOSFET with a nitridated SiO2 layer as a function of stress time and temperature.
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Due to its sensitive gate dielectrics, the SiC MOSFET offers questionable reliability;
the major issue is the comparably poor channel mobility. It is a suitable choice for the
fabrication of power electronics devices with high break-down voltage, low specific RON,
and high-frequency switching operations due to physical properties like a high saturation
velocity and a high critical electric field [206]. GaNs’ stronger critical electric field and higher
electron mobility should assure substantially superior efficiency compared to SiC [15]. The
GaN HEMT is inherently a normally on device because of the existence of the 2DEG, which
can be seen in Figure 17a,b [17].
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Figure 17. Schematic of configurations for normally on AlGaN/GaN HEMTs with (a) Schottky gate;
and (b) and insulated gate [17].

In general, the AlGaN/GaN heterojunction typically generates a two-dimensional
electron gas (2DEG) and a high sheet carrier density (of around 10 cm) as a result of piezo-
electric polarization [207]. Moreover, HEMTs are devices whose functioning is predicated
on the presence of 2DEG [15,204]. Developing well-engineered normally off GaN HEMT
technologies, improving insulator/GaN interfaces, enhancing efficient metallization plans
for GaN-on-Si frameworks, and other issues are a few of the difficulties.

Ultrawide bandgap (UWBG) semiconductors represent an interesting and difficult
new field of study in semiconductor materials, physics, devices, and applications, with
bandgaps considerably larger than the 3.4 eV of GaN [17]. Furthermore, these UWBG
materials have the potential for far higher performance than standard WBG materials
because many figures of merit for device performance scale with the increasing bandgap in
a very non-linear way. The commonly used Baliga figure of merit (BFOM) [208] is defined
as V2

BR/RON-SP in the straightforward situation of a low-frequency unipolar vertical power
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switch, for instance, where RON-SP stands for the specific on-resistance, which is the inverse
of the conductance per unit area while the switch is on [208,209]. The device’s capacity
to block electricity while turned off and/or its conductivity per unit area when turned
on increases with increasing BFOM. The BFOM scales as about the sixth power of the
semiconductor bandgap because the critical electric field scales roughly as the square of the
semiconductor bandgap.

To put this trio of materials in perspective, Table 20 lists some of their physical charac-
teristics as well as the state-of-the-art values for three metrics crucial for device applications,
for instance, the quality of their substrates as determined roughly by dislocations per square
centimeter and substrate diameter, their capacity for p-type and n-type doping, and their
capacity for n-type doping.

Table 20. Material characteristics of WBG and UWBG semiconductors [17].

Parameter Unit
WBG UWBG

GaN 4H-SiC AlGaN/AlN β-Ga2O3 Diamond

Bandgap eV 3.4 3.3 Up to 6.0 4.9 5.5
Thermal conductivity (ε) Wm−1K−1 253 370 253–319 11–27 2290–3450

Substrate quality (dislocations) per cm2 ≈104 ≈102 ≈104 ≈104 ≈105

Substrate diameter inch 8 (on Si) 8 2 4 1
Demonstrated p-type dopability - Good Good Poor No Good
Demonstrated p-type dopability - Good Good Moderate Moderate Moderate

Moreover, Table 20. lists some of the material characteristics of WBG and UWBG
semiconductors, as well as the most recent developments in the following areas, such
as substrate dislocation density, substrate diameter, and bulk p-type and n-type doping
levels [17]. From an electronics perspective, they possess the following advantageous
features, for example, a wide range of direct bandgaps, spanning from 3.4 eV to approxi-
mately 6.0 eV; high breakdown fields, with AlN exhibiting values exceeding 10 MVcm−1;
high electron mobility, reaching bulk mobilities of up to 1000 cm2V−1s−1; high saturation
velocities exceeding 107 cms−1; and the relative ease of n-type doping with Si, which has a
relatively small donor ionization energy, especially up to approximately 80–85% aluminum
content [210,211].

From an optoelectronics perspective, AlGaN alloys enable the direct generation of
emission wavelengths shorter than 365 nm, extending into the ultraviolet A, B, and C bands.
Similarly, InGaN and AlGaN, are ternary alloys, which enables the use of heterostructures
and bandgap engineering, a strategy successfully employed by other ternary alloys in the
III–V materials family. UWBG applications, including high-power and high-frequency
electronics, radiation detectors, electron emitters for ultra-high-voltage vacuum switches
and traveling wave tube cathodes, and thermionic emitters for energy conversion, are all
made possible by the exceptionally beneficial characteristics of diamond. As shown in
Figure 18, lateral metal-oxide-semiconductor field-effect transistor (MOSFET) devices have
now been created using atomic-layer-deposited (ALD) dielectric layers, even though these
air-exposed surfaces are noticeably unstable.

Diamond also holds the highest known thermal conductivity of any material, which is
particularly significant because heat removal is a major limiting factor in the performance of
many power electronics and optoelectronics applications. Excellent electron emissivity on
hydrogen-terminated surfaces, surface transfer doping made possible by these surfaces, [15]
room-temperature UV exciton emission, and optical defect centers brought on by the
nitrogen-vacancy (N-V) and Si-vacancy (Si-V) complexes are a few additional special
qualities. For emerging quantum information systems, these defect centers have been
proposed as a physical platform for qubits [148].
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Figure 18. Diamond’s hydrogen termination decreases its ionization energy and promotes electron
transfer from the surface’s valence band into other materials that adsorb the electrons [212].

Table 21 summarizes the state-of-the-art performance ranges for their respective
technologies’ evaluated powers and frequencies. It is possible to observe the trends in the
applications of SiC technologies at higher powers, as the finest performance range of the
technology gradually increases with the levels of the current in the transistor, and of the
GaN technology at higher switching frequencies and lower power levels.

Table 21. State-of-the-art performance ranges for the evaluated powers and frequencies [28].

P (kW) Si SiC GaN

1 - Up to 14 kHz 14–500 kHz
2 - Up to 28 kHz 28–500 kHz
4 - Up to 55 kHz 55–500 kHz
8 - Up to 110 kHz 110–500 kHz
16 - 1–500 kHz -

A contemporary power semiconductor device switches rapidly between the ON and
OFF states. A perfect switch may switch at any frequency and have no power losses in
either the ON or OFF states. Losses do occur in practical devices, primarily in the ON state
and during switching transitions. Three-terminal switches are required to produce the reg-
ulated ON and OFF transitions, with the third terminal controlling the transition by either
supplying a voltage or a current signal. BJTs, thyristors, and gate turn-off (GTO) thyris-
tors are current-controlled devices, whereas MOSFETs and IGBTs are voltage-controlled
switches [213].

In contemporary power electronics converters, two terminal switches with unidirec-
tional current flow capabilities, such as a diode, are also required. In general, the voltage
and current ratings are any power device’s most crucial parameters. Switching speed is
another important specification that may be used to compare device capabilities. Devices
with different breakdown voltage ratings are created for applications requiring a range
of voltage levels [213]. Power devices with breakdown voltages above 600 V are often
needed for important industrial and renewable energy applications, such as PV, wind,
EV, and industry motor drives. Power devices with a voltage rating between 20 V and
600 V are commonly used for power supply applications in computers, mobile computing
devices, and data centers [213]. Since the performance heavily depends on the voltage
rating of the device, different devices can only be compared when they are made for the
same breakdown voltage.

6.1. Voltage Rating

Modern power semiconductor devices are made by vertically stacking several P-type
and N-type semiconductor layers on a substrate crystal wafer. The chip’s main electrical
terminals are on both sides. The switch function is accomplished by altering the device’s
conductivity from high in the ON state to low in the OFF state. When the maximum electric
field reaches a critical breakdown field Ec, the voltage rating is commonly specified as
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the breakdown voltage. The semiconductor material in question determines Ec. A large
OFF-state leakage current will be observed if the breakdown is reached electrically. The
operation voltage is often chosen to be substantially lower than the breakdown voltage,
due to the necessity of enduring transient overvoltage spikes, as well as the converter’s
long-term stability. The critical field Ec for Si is around 20 V/m, while Ec for broader
bandgap materials like SiC and GaN is close to 300 V/m. For the three materials stated,
this is graphically depicted in Figure 19.
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The use of wider bandgap power devices such as SiC and GaN has several advantages,
including greater Ec and other desirable material features such as higher thermal conductiv-
ity. The same breakdown can be obtained in SiC material with an inner depletion thickness
of less than 70 m and a surface termination region of roughly 200 m. As a result, achieving
exceptionally high breakdown voltage in SiC power devices is significantly easier.

6.2. Current Rating

When the device conducts current in the ON state, the generated heat is manageable
and does not cause the device to surpass its maximum operating temperature. Device
innovation is motivated by increasing current density for a given breakdown voltage.
Comparing absolute voltage and current ratings is one technique to assess state-of-the-art
power devices, particularly their commercial readiness. This is depicted in Figures 20 and 21
for commercially available Si power devices and SiC and GaN power devices, respectively.
Because of the excellent bipolar conduction mechanism in these two devices, the Si thyristor
and Si diode have reached the highest voltage and current ratings. These two devices are
also bundled in press-pack packaging and fabricated on a single wafer utilizing the level
edge termination technique [215–217]. SiC and GaN power devices, first introduced to the
market a decade ago, have made substantial progress in terms of commercially accessible
voltage and current ratings. Clearly, there is still a significant disparity in the current ratings
of Si power devices, as illustrated in Figure 20. As illustrated in Figure 21, hybrid devices
built by Si IGBT and SiC diodes are being presented to fill this gap [218,219].

6.3. Switching Frequency

The power device in modern power converters must switch at high frequencies.
Switching at higher frequencies has advantages such as improved dynamic response and
smaller, lighter passive components. For high-density power electronics, reducing the
size of passive components is crucial. As a result, switching frequency is another crucial
metric to consider when comparing power devices. The device’s switching losses during
turn-on and turn-off limit the switching frequency’s upper limit. As a result, the switching
frequency is a tradeoff between conduction and switching loss, rather than a theoretical
restriction on how fast the device can flip. Huang’s thermal figure of merit (HTFOM) in
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Table 22 can also be used as the switching frequency figure of merit (FOM). It indicates
that hard-switching WBG switches will be limited in their frequency by poor thermal
conductivity and/or small chip size [220]. Likewise, their chip size reductions have fallen
short of the Huang chip area figure of merit (HCAFOM) prediction in Table 22.
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and current ratings achieved in a single-packaged device. The current rating shown is the DC rating
at a case temperature of 85 ◦C.
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voltage and current ratings achieved in a single-packaged device. The current rating shown is the DC
rating at a case temperature of 25 ◦C.
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Table 22. Figure-of-merit comparison of Si, SIC, GaN, and diamond materials [214].

Parameter Unit Si 4H-SiC Wurtzite
GaN Diamond

Electron mobility (µ) cm2/V-s 1360 700 1500 2200
Relative dielectric constant (ε) - 11.7 9.7 8.9 5.7

Circuit electric field (Ec) MV/cm 0.3 2.2 3.3 20
Thermal conductivity (σth) W/cm-K 1.3 3.7 13.3 20

HMFOM Ec
√
µ 1 5.26 11.55 84.79

HCAFOM ε E2c
√
µ 1 31.99 96.66 2753.9

HTFOM σth/ε Ec 1 0.47 0.12 0.47

Table 23 indicates that die size decreases significantly when technology advances from
standard Si MOSFETs to SJ MOSFETs to SiC. SiC MOSFETs are around 20 times smaller
than Si MOSFETs. The size reduction in GaN is less significant than in SiC since the GaN
device is a lateral power device rather than a vertical power device, and its RON-SP decrease
is lower. The greater die size, on the other hand, offers superior thermal performance.
The lateral GaN has the added benefit of having a reduced capacitance/gate charge. The
lateral structure is to blame for this. The SiC and GaN power devices are well-positioned
to operate at higher frequencies in hard-switching or soft-switching converters due to
significant reductions in DFOM1, DFOM2, and DFOM3.

Table 23. A device level comparison among three unipolar power transistors. Si MOSFET = IXTH30N60P,
SJ MOSFET = IPD65R225C7, SJ MOSFET = C3M0280090D, GaN HFET = GS66504B estimated die
size [220].

Parameter Unit Si
MOSFET

Si-SJ
MOSFET

SiC
MOSFET

GaN
HEFT

Breakdown voltage V 600 650 900 600
Breakdown current A 30 11 11.5 15

Wafer size mm - 200 100 150
Die area mm2 41 6.6 2.1 6.5

Current density A/cm2 - 170 540 230
Ron Ω 0.24 0.22 0.28 0.11

DFOM1 (Ron × Qg) Ω-nC 19.68 4.4 2.66 0.11
DFOM2 (Ron × Qgd) Ω-nC 7.2 1.32 0.95 0.11
DFOM3 (Ron × Qoss) Ω-nC 48.9 83.7 6.93 3.08
DFOM4 (Ron × Qrr) Ω-nC 960 1320 13.16 2.8

Rjc ◦C/W 0.23 1.99 2.3 1
Normalized die cost σth/ε Ec - 1 4 3.6

6.4. Thin Wafer Field Stop IGBT (FS-IGBT)

IGBT technology became the essential notion virtually as soon as the planar power
MOSFET was presented [221]. They are available in single switch and rotor configurations,
with ratings ranging from 250 A to 1200 A. In motor control and drives, uninterruptible
power supplies (UPS), transmission and distribution, commercial, construction, and agri-
cultural vehicles (CAV), as well as traction uses, 4500 V and 6500 V IGBT modules are
frequently used [222]. As a result, MOSFETs, GTOs, and BJTs have been rapidly phased
out of medium- to high-power applications. In terms of technology, three decades of inven-
tion and industrialization have introduced various generations of IGBT technology. The
implanted P collector is no longer reached by the depletion region. Eoff may be modified
due to the implanted collector, which allows for control of minority carrier injection. The
non-punch through (NPT) IGBT, on the other hand, has a longer drift layer, which increases
forward voltage (Vf) once more [220].
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6.5. Reverse Conducting IGBT (RC-IGBT)

Because IGBTs lack a reverse conduction path, an externally packaged freewheeling
diode (FWD) is required to let the current flow in the other direction. The reverse recovery
loss should be reduced, and the recovery softness must be improved according to key design
factors. A new generation of IGBTs with inbuilt FWD has been released [223–225]. The thin
wafer manufacturing technology established for the FS-IGBT is used in the RC-IGBT. An N
region is created by interrupting the backside P collector. The RC-IGBT chip can now take
up the entire module footprint in an RC-IGBT power module. The MOS-controlled diode
investigated this MOS control characteristic many years ago [226–228].

6.6. Reverse Blocking IGBT

To inhibit reverse voltage, certain significant renewable energy converters, such as
the T-NPC three-level converter [229], need an IGBT in series with a diode. Changes in
the collector junction doping concentration and edge termination must be performed to
enhance the voltage. Reverse blocking IGBT (RB-IGBT) is one such RB-IGBT [230]. The N
buffer layer must be removed to enhance the reverse breakdown voltage, converting the
IGBT to an NPT-IGBT. To minimize the surface/edge electric field in the reverse direction,
a new termination will be required. Deep diffusion or epitaxial regrowth following a deep
etch can produce the latter.

6.7. Integrated Gate Commutated Thyristor (IGCT)

Because of the clear advantages of constructing a high-power device in a single device
wafer and the extremely dependable press-pack packaging process, the Si thyristor, or SCR,
has been and continues to be the most powerful semiconductor switch ever created. Until
high-power IGBTs superseded megawatt gate turn-off (GTO) converters operating at a few
hundred hertz, the high-power industry was dominated by megawatt GTO converters.
The GTO’s bad turnoff safe operation area (RBSOA) is one explanation for this. In the
late 1990s, a substantial advancement was made to revitalize GTO technology. The GTO’s
gate drive circuit was the center of the innovation. The device begins to turn off when
the current reaches about a third of the anode current. The thyristor action is still active
because there is roughly a 2/3 current in the cathode/emitter junction currently. ABB
has recently enhanced the IGCT’s capabilities by incorporating an inbuilt freewheeling
diode into the same wafer, resulting in a reverse conducting IGCT (RC-IGCT) [231]. The
emitter turn-off (ETO) thyristor [232] aims to achieve unity gain turn-off. It is possible to
accomplish a 5000 A snubber-less turnoff [233]. In case of emitter turn off thyristor (ETO),
built-in current sensing is similarly simple to create, and the ETO, on the other hand, is
currently not in commercial production [234].

6.8. Reliability and Application

Reliability and applications are critical factors to take into account in order to fully
utilize wide bandgap power devices such as GaN and SiC in real-world systems. Sig-
nificant improvements in power density, efficiency, and high-temperature operation are
made possible by these devices. Robustness under dynamic switching conditions can be
impacted by problems such as current collapse, threshold voltage instability, gate oxide
breakdown, and electromigration. To reduce the negative effects on lifetime, adequate char-
acterization and derating are required in addition to methods like gate drive optimization,
sophisticated packaging, and layout strategies. For example, surface passivation and buffer
layer modifications can reduce on-resistance degradation caused by current collapse [235].
By using field plates and optimizing dielectric thickness, gate reliability can be increased.
GaN dies, substrates, and solders’ acoustic mismatch cause stresses and defects during
heat cycling, necessitating package co-design and modeling.

Utilizing wide bandgap capabilities in applications such as data center power supplies,
naval electrical systems, EV charging, and renewable integration necessitates a compre-
hensive analysis covering device physics, packaging, thermal management, and system
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architectures. Wide bandgap devices are highly valuable when used in high-performance
power electronics equipment because of their superior attributes such as faster switching,
lower losses, and high-temperature capacity. However, their effective deployment in these
devices requires a thorough understanding of degradation mechanisms, customized de-
sign strategies, and extensive qualification testing [16]. However, to do this, you need a
multidisciplinary team with knowledge in materials science, accelerated testing, circuit
design, application engineering, and device fabrication. Wide bandgap potential can be un-
locked by holistic solutions, which also guarantee enough robustness to enable a seamless
technology transfer.

Since the 1950s, Si has been the primary semiconductor substrate used in the pro-
duction of power electronics equipment. On the other hand, the maximum theoretical
efficiency of Si-based power-switching devices has been achieved [236]. High power losses,
low switching frequencies, and decreased performance at high temperatures are some
of the disadvantages of Si-based devices. As the need for distributed energy resource
(DER) integration and urban electrification grows, a new class of advanced materials called
wide bandgap (WBG) semiconductors has emerged. Among them are SiC, diamond, GaN,
aluminum nitride (AlN), boron nitride (BN), zinc oxide (ZnO), and gallium oxide (Ga2O3).
These materials have a great deal of potential for the upcoming power conversion tech-
nologies. Unipolar devices, such as MOSFETs, have limited rated voltage and current
capabilities, but they can achieve high switching frequencies.

Bipolar Si semiconductors, on the other hand, enable the operation of high-power
conversion devices at relatively low frequencies, but this requires larger and heavier passive
components, which might not be appropriate for applications like power supplies, motor
drives, automotive, and aerospace that have strict weight and volume limitations. Figure 22
illustrates how WBG materials show a compelling alternative to the limitations of Si by
offering enhanced properties. These materials have higher electric breakdown fields, deeper
doping concentrations, and thinner layers. These properties enhance their ability to block
voltage and decrease drift resistance, which, in turn, reduces conduction losses. This implies
that smaller WBG devices with the same on-resistance can have lower capacitance. A high
saturation drift velocity allows for higher switching speeds with reduced capacitance
because less energy is lost during each switching cycle [53]. Additionally, strong high-
temperature performance and a reduction in leakage currents are guaranteed by the low
intrinsic carrier concentration of WBG materials [237].
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All the characteristics of WBG materials make them prominent semiconductor devices
in high-output power equipment with increased efficiency, as well as smaller, lighter,
and less expensive systems [238]. With small switching losses, WBG semiconductors can
achieve 99% efficiency. When compared to Si devices, this indicates a reduction in energy
losses of up to 75% [128]. Furthermore, it is possible to obtain higher switching frequencies.
Due to Si limitations, frequencies higher than 20 kHz have not yet been achievable at power
levels greater than tens of kilowatts; as a result, WBG materials provide better output
quality and enable simpler circuit topologies by reducing the size and number of passive
components [239].

6.9. Current Marketplace Scenario

A transformational phase is now taking place in the market environment for power
electronic semiconductors, which includes Si, SiC, and GaN. Si has long dominated the
industry because it is inexpensive and has reliable production methods, but SiC and GaN
are emerging as disruptive technologies that are steadily capturing market share. SiC-
based devices are appropriate for high-power applications like electric cars and renewable
energy systems because they have higher power densities, faster switching rates, and
reduced losses. On the other hand, GaN-based devices offer high-frequency operation
and increased efficiency, finding use in data centers and small power converters. Si-based
devices continue to rule the industry due to their maturity and widespread availability
despite SiC and GaN’s increasing acceptance. In the current market environment, SiC
and GaN devices are gaining ground in high-power and high-frequency applications. In
contrast, Si devices continue to predominate in low- to medium-power applications.

Power electronics are being used more often in various energy conversion end appli-
cations, propelling the considerable expansion of the worldwide power electronics market.
The rising need for energy-efficient technology across a variety of end-user sectors is what
drives this development. On 13 April 2023, in New York, GlobeNewswire shares [240] that,
the market for power electronics will increase from USD 43.3 billion in 2022 to more than
USD 94.21 billion by 2032, with a predicted compound annual growth rate (CAGR) of 8.3%
from 2023 to 2032, which is shown in Figure 23.
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Figure 23. Power electronic market size projection: Will surpass USD 94.21 Billion revenue by 2032.

Power semiconductor devices comprising Si, SiC, GaN, and diamond are all compared
in Table 24 for their features and uses. Voltage, current, frequency, applications, packaging,
features, and manufacturers are given as important parameters for each type of device
and material system. The chart displays the wide bandgap materials like SiC, GaN, and
diamond for power electronics’ high voltage and high-frequency capabilities.
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Table 24. Features and values comparison among Si, SiC, GaN, and diamond.

Material Device Voltage
(V)

Current
(A)

Frequency
(kHz) Applications Package Features Manufacturer

Si

IGBT 6500 1200 20 Motor drives, power
supplies, converters

Discrete,
Module

High power capability,
easy to parallel

Infineon, STMi-
croelectronics

MOSFET 900 150 100 Switching power supplies,
motor drives

Discrete,
Module

Fast switching,
low losses

Infineon, ON
Semiconductor

SiC

MOSFET 1700 100 100 EV drivetrains, PV
inverters, power supplies

Discrete,
Module

High efficiency, high
frequency, high

temperature

Wolfspeed,
Rohm

SBD 1700 20 - HVDC, motor drives,
battery charging Discrete Low loss rectification,

fast recovery
Wolfspeed,

Infineon

GaN

HEMT 1200 15 1000 Adapters, data center
power, wireless power

Discrete,
Module

High frequency,
high efficiency

Efficient Power
Conversion,

Navitas

MISFET 650 20 500
On-board chargers, power

supplies, DC–DC
converters

Discrete Normally off,
low losses

Transphorm,
Panasonic

Diamond

Schottky
Diode 400 0.1 - High-temperature

electronics Research
Extremely

high-temperature
capability

Akhan
Semiconductor

JFET 50 0.1 - High-temperature
electronics Research High bandgap,

temperature tolerance Group4 Labs

Several commercially available power semiconductor devices from top producers like
Infineon and STMicroelectronics are shown in Table 25. The table covers key characteristics
of various Si, SiC, and GaN devices. These devices can be used for low, medium, and
high voltage applications due to their wide voltage ratings of 20 V to 2 kV. The range of
current ratings is 4.5 A to 400 A. For high-frequency GaN HEMTs, switching frequencies
up to 2 MHz are mentioned. The wide bandgap SiC and GaN enable an operational
temperature range of up to 200 ◦C. Standard packaging formats for discrete devices, such
as TO-247 and TO-263, are displayed. For developing GaN technology, chip-scale packages
are also listed. The chart shows how contemporary power semiconductors combine high
voltage blocking capabilities, low loss switching, and high-temperature tolerance to allow
performance advantages in various power electronics applications. For various applications,
top manufacturers offer a wide range of Si, SiC, and GaN devices.

Table 25. Current commercial semiconductor devices and their ratings.

Manufacturing
Company Device Type Part Number

Voltage
Rating

(V)

Current
Rating

(A)

Switching
Frequency

(Hz)

Operating
Temp. (◦C)
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Table 25. Cont.

Manufacturing
Company Device Type Part Number

Voltage
Rating

(V)

Current
Rating

(A)
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Frequency

(Hz)

Operating
Temp. (◦C)
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7. Conclusions 
Substantial advancements have been achieved in developing novel materials like SiC, 

GaN, and diamond, their commercialization, and the adoption of these wide and ul-
trawide bandgap power electronic semiconductors. Improvements in material quality, 
manufacturing processes, and device performance have boosted industrial use in many 
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are continuously being expanded by ongoing research and development. Wide bandgap 
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technology, have the potential to revolutionize power electronics due to their superiority 
over Si in terms of voltage blocking, switching speeds, efficiency, and thermal perfor-
mance. SiC and GaN devices are progressively increasing in market share, particularly in 
electric vehicles, renewable energy, aerospace, and high-frequency applications, even if Si 
continues to rule the market now. Diamond’s exceptionally wide bandgap could enable 
unprecedented power densities and high-temperature operation if manufacturing chal-
lenges can be overcome. Finally, these wide and ultra-wide bandgap semiconductors have 
the potential to eventually replace Si throughout the entire spectrum of power electronics 
due to their advantages over Si, influencing the development of next-generation, high-
performance, energy-efficient devices. This article summarized the physical characteris-
tics, difficulties, uses, and competitive environment of several prospective wide bandgap 
power electronic semiconductors, including the recently developed diamond technology. 
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ST Microelectronics

SiC Diode
[258,259]

STPSC2006CW,
STPSC40H12C 600 to 1200 10 to 40 1 M −40 to 175

SiC MOSFET
[112,260] SCT1000N170 650 to 1700 7 to 300 12 k to 25 k −55 to 200

GaN HEMT
[261,262]

MASTERGAN1,
MASTERGAN3 600 to 650 10 to 10.5 500 k to 2 M −40 to 150

IGBTs
[263]

STG15M120F3D7,
STG200G65FD8AG 300 to 1700 10 to 200 1 M −55 to 150

7. Conclusions

Substantial advancements have been achieved in developing novel materials like
SiC, GaN, and diamond, their commercialization, and the adoption of these wide and
ultrawide bandgap power electronic semiconductors. Improvements in material quality,
manufacturing processes, and device performance have boosted industrial use in many
application fields. The capabilities and applications of these wide bandgap technologies
are continuously being expanded by ongoing research and development. Wide bandgap
power semiconductors, such as SiC, GaN, and ultrawide bandgap devices like diamond
technology, have the potential to revolutionize power electronics due to their superiority
over Si in terms of voltage blocking, switching speeds, efficiency, and thermal performance.
SiC and GaN devices are progressively increasing in market share, particularly in electric
vehicles, renewable energy, aerospace, and high-frequency applications, even if Si continues
to rule the market now. Diamond’s exceptionally wide bandgap could enable unprece-
dented power densities and high-temperature operation if manufacturing challenges can be
overcome. Finally, these wide and ultra-wide bandgap semiconductors have the potential
to eventually replace Si throughout the entire spectrum of power electronics due to their
advantages over Si, influencing the development of next-generation, high-performance,
energy-efficient devices. This article summarized the physical characteristics, difficulties,
uses, and competitive environment of several prospective wide bandgap power electronic
semiconductors, including the recently developed diamond technology.
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Abstract: Gallium nitride (GaN) high-electron-mobility transistors (HEMTs) have been considered
promising candidates for power devices due to their superior advantages of high current density, high
breakdown voltage, high power density, and high-frequency operations. However, the development
of GaN HEMTs has been constrained by stability and reliability issues related to traps. In this
article, the locations and energy levels of traps in GaN HEMTs are summarized. Moreover, the
characterization techniques for bulk traps and interface traps, whose characteristics and scopes are
included as well, are reviewed and highlighted. Finally, the challenges in trap characterization
techniques for GaN-based HEMTs are discussed to provide insights into the reliability assessment of
GaN-based HEMTs.

Keywords: GaN HEMT; trap; characterization methods; DLTS

1. Introduction

Gallium nitride (GaN) high-electron-mobility transistors (HEMTs) possess superior
features such as high breakdown voltage, high electron saturation drift velocity, and
low ON-resistance, making them highly promising for power device applications [1,2].
Additionally, due to the polarization effect in GaN-based materials, a high-concentration
two-dimensional electron gas (2DEG) channel can be formed at the AlGaN/GaN interface of
GaN HEMT devices, significantly enhancing carrier mobility. Consequently, the theoretical
figure of merit limit of GaN HEMT is higher than that of Si and SiC-based power electronic
devices. In recent years, GaN HEMTs have been intensively studied and widely used in RF
amplifiers and power electronics systems [3–5].

Despite the many benefits of GaN-based HEMT devices, the presence of traps in
the bulk and at the interface can cause stability and reliability issues such as current
collapse [6–11], threshold voltage drift [7,12], deterioration of short channel effect [12], and
limited microwave power output [8,13], which seriously limit its large-scale applications.
Therefore, trap characterization is crucial for achieving better commercial applications
of GaN-based HEMT devices, which can provide more insights into the performances
of devices as well as more guidelines for the optimization of the device structure and
manufacturing processes to improve both the capability and reliability of GaN HEMTs.
In recent decades, several techniques such as low-frequency noise (LFN), frequency dis-
persion properties, and deep-level transient spectroscopy (DLTS) have been developed to
characterize the locations, types, concentrations, energy levels, and capture cross-sections
of traps in GaN HEMTs, which are also applicable to novel GaN HEMT structures [14] and
GaN diodes [15], p-n junctions [16], etc.
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2. Types and Impacts of Traps

Various traps found in GaN HEMTs are classified in this chapter. As illustrated
in Figure 1, the main traps in GaN HEMTs can be classified into interface traps and
bulk traps according to the locations; the former ones are located mainly between the
AlGaN/passivation layer, GaN/Substrate, and AlGaN/GaN heterojunction, while the
latter ones are located primarily in the GaN buffer layer and AlGaN barrier layer. In
addition, for metal-insulator-semiconductor heterojunction field-effect transistors (MIS-
HEMT), interface defects also exist at the interface between AlGaN and insulation.
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Figure 1. The locations of traps in GaN HEMTs.

The AlGaN/GaN interface and semiconductor/insulator interface traps are mainly
caused by dislocations and defects generated during the growth of the material and the
manufacturing processes of the device [17,18]. The reasons for the formation of bulk
defects in the AlGaN barrier layer and GaN buffer layer are multifaceted. Firstly, buffer
traps are introduced because of the high-resistance characteristics exhibited by the GaN
buffer layer, which are usually achieved through C or Fe impurity compensation [19–23].
The 2DEG concentration of a device may be affected by the aforementioned traps [24],
which, in turn, affects parameters such as current density and threshold voltage [25].
Secondly, VGa-impurity, VN-impurity, Mg-H complexes, VN-Mg complexes, etc., also
form point defects in GaN materials, introducing deep-level traps. In addition, although
there has been significant development in GaN-on-GaN homoepitaxial growth and device
fabrication [26,27], a considerable portion of devices still use heteroepitaxial substrates, in
which large amounts of dislocations and defects are caused by lattice mismatch during the
epitaxial growth process, forming deep-level trap states in the bandgap.

The energy levels, positions, and corresponding characterization methods of the traps
identified in GaN HEMT devices are shown in Figure 2 [28–66]. From this figure, it can
be observed that there are traps located near the energy band of 0.6 eV in SI-GaN/UID-
GaN/Si-GaN/Mg GaN, which is said to be attributed mainly to the point defects in GaN
in some papers, but there are other reports saying that the source of this type of trap
may be caused by VN-impurity, Mg/Si-H complexes, and so on. The 0.7 eV trap near the
AlGaN/GaN interface is generally believed to be caused by the spreading defects in the
AlGaN/GaN heterostructure. And, beyond that, there are traps located around Ec-0.6 eV
at the passivation layer and the semiconductor interface, which may be caused by the high
Ga-O components near the passivation layer and semiconductor interface.
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Figure 2. Energy levels and positions of traps in GaN HEMTs.

From the perspective of characterization methods, DCT, LFN, and low-frequency
output admittance methods are used more frequently to characterize traps in semiconductor
bodies, while other methods such as C-V and dispersion of conductance output are mainly
used to characterize the traps at semiconductor interfaces. It is also illustrated that DLTS
can characterize traps on the surface and in vivo based on their modes. In addition, it
can be observed that DCT is usually used to characterize shallower traps, while DLTS can
characterize deeper-level traps. DCT, a method that is used to characterize shallower traps,
is different from DLTS since DLTS is usually used to characterize deeper traps.

From the perspective of trap location, DCT, DLTS, and C-V can identify the trap
location through different voltage biases, and the conductivity method can measure semi-
conductor/insulator interface traps in MOS structures. As for LFN and transconductance
methods, although they cannot identify trap locations, they can be used together with other
characterization methods to comprehensively analyze traps.

3. Characterization Methods of Bulk Traps
3.1. Drain Current Transient

The drain current transient (DCT) test involves applying large positive Vds bias, large
negative Vgs bias, or both to measure the change in IDS [48–56]. The transient current IDS
can be expressed as

IDS(t) = ∑ ∆Iiexp
(
− t

τi

)
+ I∞, (1)

where ∆Ii is the amplitude, τi is the time constant of the trap, and I∞ is the current which is
at a steady state [51]. The Bayesian deconvolution method can be used to obtain the time
constant of traps (τn) and the energy level and cross-section of the trap can be derived from
Arrhenius plots:

ln(τnT2) =− Ea

kBT
+ ln(σnγn

)
, (2)

where σn is the electron capture cross-section, γn contains the density and thermal velocity
of electrons, Ea is the trap activation energy, and kB is the Boltzmann constant [51].
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The type of trap can be determined by the peak in the derivative spectrum of DCT
where a positive peak represents the existence of an electron trap, while a negative peak
shows that there exists a hole trap.

The process of extracting trap parameters with a leakage current response is illustrated
in Figure 3. The change of IDS at different temperatures during trap launch, the time
constant of the trap extracted through the Bayesian convolution method, and the Arrhenius
plot extracted from the transient curve are shown in Figure 3a, Figure 3b, and Figure 3c,
respectively.
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The physical location of the traps can still be determined by other means, although
the inherent spatial sensitivity cannot be provided by this method. Different filling pulse
conditions with different combinations of the gate-source voltage (Vgs) and the gate-source
voltage (Vds) stress conditions can be used to fill traps in different areas of GaN HEMTs. For
instance, filling pulses with a strong negative Vgs < Vth can cause electrons to fill surface
channel regions located beneath the gate area or defects in both the gate electrode and drain
regions [67]. The channel capture can be highlighted by applying a strong positive Vds bias
and a strong negative Vgs bias due to the increase in the electron tunneling in the drain
direction. A strong positive Vds bias with Vgs > Vth can allow electrons to be captured
in the barrier layer or buffer layer between the gate and drain, as large positive Vgs can
scatter hot electrons out of the channel [68]. Therefore, the physical location of traps can be
distinguished through DCT tests on a device performed by stress conditions.

The DCT technique is simple and can locate trap positions, but the trap density cannot
be quantitatively measured and traps can only be detected with energy levels below 1 eV.
Therefore, other approaches are necessary to characterize deep-level traps.

3.2. Low-Frequency Leakage Noise

Low-frequency leakage noise (LFN) is a noise signal generated in the low-frequency
range, usually below a few hundred Hz, which reflects the charge and energy-level distri-
bution inside a device. In GaN HEMT devices, the presence of traps affects the device’s
leakage current and conductivity [69]. A small current noise is generated by traps when
a small signal voltage is applied to the device. This noise can be measured by means of
low-frequency leakage noise measurement techniques [39,56,60,61]. By analyzing the noise
signals at different frequencies, parameter energy levels and capture cross-sections can be
obtained by analyzing the noise signals at different frequencies and extracting the time
constants of the G-R. The relationship between output noise and frequency is illustrated
in Figure 4a. The measured output drain noise spectral density must be multiplied by the
frequency to distinguish G-R noise from other measurement noise sources, as shown in
Figure 4b. The cutoff frequency of traps can be extracted at different temperatures and then
the trap parameters can be extracted by using the Arrhenius equation in Figure 4c.
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Figure 4. (Color online.) (a) Output noise PSD versus frequency. (b) Output noise PSD multiplied by
frequency measured. (c) Extracted Arrhenius plot using LFN measurement [39].

Compared to DLTS and DCT, LFN has more difficulty in locating traps and lacks
quantitative measurements of trap density, but it does not require a large reverse bias
voltage to be applied to a device to degrade the de-trapping performance, and it is also
capable of detecting traps in small area devices.

3.3. Low-Frequency Output Admittance Measurements

The characterization technique for low-frequency output admittance measurements
characterizes traps by measuring the characteristics of their S/Y parameters as a function of
frequency [39,57–59,65,70]. Then, the measured parameters can be calculated as equivalent
Y22 parameters. Due to the influence of traps, the Y22 parameter obtained will reach its peak
at a certain frequency. This peak will shift towards a higher frequency as the temperature
increases. The emission time constant of the trap can be extracted from the peak frequency
(f peak) using Equation (3). The parameters of the trap can then be obtained using the
Arrhenius equation.

fpeak = fImag[Y22]
=

1
2πτn

, (3)

The relationship between the imaginary part of the measured Y22 parameter and the
frequency is demonstrated in Figure 5a, and the Arrhenius plot of this measurement is
shown in Figure 5b.
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In practical applications, the appropriate parameter to represent the dispersion of
HEMT traps should be chosen based on specific requirements. Generally, if an analysis of
the influence of HEMT traps on the entire system is required, the S parameter should be
used as it provides the relative response between input and output ports. On the other
hand, if a deeper understanding of the characteristics of HEMT traps is required, the Y
parameter may be more suitable as it provides the internal response of the device, including
the relationship between voltage and current.

Pulse effects such as voltage stabilization time or unstable temperature are avoided and
wide dynamic range and measurement speed are provided in this method [70]. However,
only energy levels and capture cross-sections for traps can be obtained through this method.

3.4. DLTS

DLTS has the advantages of being sensitive to measurement, having a wide range of
detectable defect energy levels, being able to simultaneously measure both majority and
minority carrier traps, and being able to determine trap positions. The processes involved
in trap emission and capture during DLTS testing are summarized in Figure 6. In the
steady-state condition, as indicated in Figure 6a, the energy level ET is not occupied by
electrons. The Fermi level is forced to shift towards the conduction band when applying
a filling pulse bias voltage (Vf), as indicated in Figure 6b, which attracts electrons and
consequently weakens the built-in electric field. The trap levels within the depletion region
are situated below the Fermi level. Charges captured by traps within the depletion region
with energy levels above the Fermi level will be emitted by applying a measurement
voltage (Vm) that is more negative than the filling pulse voltage Vf, as shown in Figure 6c.
Taking the contribution of thermal emission into account, the trap emission constant can be
obtained by measuring the change in capacitance through the DLTS from time t1 to t2 after
the pulse [71]. As for the determination of the type of trap, the method of identifying the
type of peak in the derivative of capacitance versus the time plot can be applied, where a
positive peak represents the trap type as an electron and a negative peak represents the
trap type as a hole. Taking an n-type semiconductor as an example, the trap density can be
calculated from Equation (4).

NT =
∆Cmax

C0

2NDr
r

r−1

r − 1
, (4)

where r = t2/t1 and C0 is the steady-state capacitance value.
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Figure 6. (Color online.) Schottky diode energy-band diagrams: (a) steady-state; (b) trap filling state;
(c) trap emission state.
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Capacitor DLTS (C-DLTS) first applies a filling pulse voltage to the device being
tested and then measures the change in capacitance after the pulse to characterize the
trap [35,72–75]. Traps in the AlGaN barrier layer, GaN channel layer, and buffer layer can
be effectively distinguished through C-DLTS. The main principle is based on the state of
the 2DEG whereby the gate capacitance primarily comes from the GaN channel layer and
buffer layer, while the contribution of the barrier layer to the total capacitance is very small
when the 2DEG is depleted, and the depletion region is mainly confined to the AlGaN
barrier layer when the 2DEG is accumulated.

It should be noted that the transient values of C-DLTS are usually less than 10% of
the total depletion capacitance. Therefore, a sufficient area must be produced to enable
experimental resolution ∆C. Furthermore, it is necessary to consider the signal-to-noise
ratio of DLTS devices.

Constant drain-current DLTS (CID-DLTS) is applied to obtain specific trap parameters
beneath the gate by adjusting the VGS to maintain a constant drain current (IDS), as depicted
in Figure 7b. In the gate-controlled mode, the gate voltage is pulsed to Vfill in order to
populate the deep levels, and the IDS must be kept constant in order to measure the
transient response of VGS. The merits of CID-DLTS are that it can detect traps at very low
concentrations and capture trap responses with high sensitivity as well as in very short
time scales within the device [37,46].
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Figure 7. (Color online.) Measurement conditions and curves for (a) C-DLTS, (b) CID-DLTS,
(c) D-DLTS, and (d) O-DLTS.

Double correlation DLTS (D-DLTS) replaces one amplitude pulse in C-DLTS by using
pulses with different amplitudes, as shown in Figure 7c. Although this method makes
the experiment and data processing more complex, it facilitates the observation of defect
behavior within the space–charge region. Moreover, the variation of defects with depth can
be analyzed by changing the pulse amplitude and rate window [76,77].
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In DLTS technology, there is also a commonly used drain current DLTS (I-DLTS),
whose testing method is highly similar to that of DCT technology, except that DCT observes
long-term changes in IDS, while I-DLTS selects a small interval with significant current
changes for analysis.

Several of the above DLTS techniques are suitable for detecting majority traps, while
the detection of minority traps is difficult. This is due to the very stringent test conditions
for minority traps, which require a few traps to be filled and majority traps to be emptied.
The optical DLTS (ODLTS) technique has been proposed and validated in order to better
characterize minority traps.

ODLTS is a method that uses light pulses as injection pulses to excite electrons and
holes, causing carriers to be captured from the trap. Once the light pulse is switched off,
the carriers are detrapped so that the capacitance of the device can be measured to obtain
the trap parameters. As shown in Figure 7d, photo-generated carriers are generated and
captured by traps when a light pulse is applied to a device. After the end of the optical
pulse, these captured carriers are de-captured, causing a gradual change in capacitance.
Trap parameters can be extracted from capacitance changes at different temperatures after
going through the above steps. One of the superiorities of ODLTS is that it overcomes the
limitations of DLTS in studying minority traps, with high sensitivity to ultra-deep-level
traps [42].

So far, the conventional DLTS method described has the drawback of poor energy
resolution. Laplace DLTS (L-DLTS) is an isothermal technique in which the capacitance tran-
sients at a fixed temperature are digitized and averaged, and then the defect emission rate
is obtained through numerical methods equivalent to the Laplace inverse transform [78].
Compared with traditional DLTS, the main advantage of L-DLTS is a significant improve-
ment in energy resolution, which provides a more precise detection for traps. However, a
better signal-to-noise ratio is required in L-DLTS than in conventional DLTS, which makes
it less sensitive by a factor of 5.

4. Characterization Methods of Interface Traps
4.1. Constant Capacitance Deep-Level Transient Spectroscopy

Constant capacitance DLTS (CC-DLTS) employs a customized feedback control circuit
to maintain a consistent capacitance and regulate voltage to measure voltage transients
resulting from trap discharge [66,79,80]. Significant advantages of this method over the
traditional DLTS are evident as it ensures a constant depletion of capacitance and SCR
width throughout the entire transient process. This feature is particularly beneficial when
studying the interface traps in MIS-HEMTs since it keeps the Fermi level constant during
the transient response process. Figure 8 illustrates the process and principle of CC-DLTS
for measuring MIS HEMT interface traps.
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Figure 8. (Color online.) (a) The process of CC-DLTS measuring MIS HEMT interface traps. Energy-
band diagrams for an MIS HEMT on an n-type semiconductor for (b) pulsed accumulation bias and
(c) nonequilibrium depletion bias.
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As shown in Figure 8a, the MIS-HEMT is biased at a negative pressure Vreverse, and a
depletion capacitor is established at Vreverse. Following that, a pulsed filling voltage referred
to as Vfill is employed to transition the device into an accumulation state. Throughout this
phase, electrons are introduced and occupy the interface/oxide states, as demonstrated
in Figure 8b. After the filling pulse, the device returns to the depletion state, and the
traps emit electrons. The depletion bias is used to maintain a constant capacitance, which
means maintaining an almost-fixed SCR. At this condition, the change in bias voltage is
reflected by the release process of interface traps, and the energy and density of the traps
can be extracted from Vds(t). Equation (5) allows for the calculation of the interface state
density (Nit).

Nit =
∫ EFP

EFR

NSS(E) (1 − exp(
−tP

τC(E)
))dE, (5)

It involves the density of detected interface states (NSS(E)), the Fermi level at the gate
bias of UR (EFP), the Fermi level at the gate bias of UP (EFR), and the capture time constants
(τC(E)) associated with the interface states [79].

Nevertheless, CC-DLTS has a slow response due to the influence of the feedback
circuit, but it is still highly sensitive and suitable for measuring interface traps [81–84].

4.2. Quasi-Static C-V Measurement

Quasi-static C-V (QSCV) testing is the process of testing the C-V curve of a device un-
der quasi-static and high-frequency conditions. The C-V curve obtained at high frequencies
is generally considered to be the ideal curve without interface traps, whereas the C-V curve
changes in response to interface traps at low frequencies. The density of interface traps can
be determined by comparing the C-V curves measured at quasi-static and high frequencies
(HFCV) using Equation (6) [85,86].

Dit =
∫ VG

V<Vth

(CQSCV − CHFCV)dV/e, (6)

Figure 9 demonstrates the CV testing of MIS diodes, with 10 kHz selected as the high
frequency and 1 Hz as the lowest quasi-static state.
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Quasi-static C-V measurement can provide not only the interface trap charge density
but also the determination of the trap energy level and capture cross-section.

4.3. Dispersion of Conductance Output

The dispersion of conductance output is a highly sensitive technique for character-
izing interface defect density, which is capable of detecting interface defects on orders of
1010 cm−2/eV or lower [63,64,87].

The equivalent circuit for measuring MOS interface traps using the dispersion of con-
ductance output method is shown in Figure 10a, where COX is the oxide layer capacitance,
CS is the semiconductor capacitance, and Cit is the interface trap capacitance. The charge
loss caused by the trap capture emission is represented by Rit. By circuit transformation,
Figure 10b can be obtained, where CP and GP are represented by the Equations (7) and (8):

CP = CS +
Cit

1+(ωτit)
2 , (7)

GP

ω
=

qDit

2ωτit
ln
[
1+(ωτit)

2
]
, (8)

Here, τit = CitRit. By plotting the GP/ω-ω curve, the trap density Dit and the trap time
constant can be extracted from the peak of the curve and the frequency corresponding to
the peak, respectively.
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The conductivity method is highly sensitive, but requires operation over a wide
frequency range and is therefore slow to measure [87].

4.4. Single-Pulse Charge Pump

To characterize the interface trap density, a technique known as single-pulse charge
pump (SPCP), a method of applying a pulse voltage to gates, can be applied on devices.
The SPCP measurement process involves applying a high enough pulse to the gate when
the gate voltage is small [88,89]. As the rising edge of the pulse advances, channel electrons
begin to accumulate and, subsequently, a portion is captured by the interface trap. At the
beginning of the falling edge, the trapped electrons cannot respond quickly due to the
long trap time constant. As a result, a difference in current between rise time and fall time
occurs, which determines the interface trap density, as shown in Equations (9) and (10):

Qit =
∫ (

Itcp,RISE − Itcp,FALL)dt , (9)

Qit = qNit, (10)

where Itcp,RISE and Itcp,FALL are CP current during rise time and fall time, respectively.
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SPCP is less susceptible to interference from gate leakage and well characterized for
traps with recovery times within 100 µs [89]. However, except for the value of the interface
trap density, other parameters cannot be determined.

5. Conclusions and Outlook

The characterization of GaN HEMT traps is a complex and challenging task that re-
quires advanced experimental techniques and sophisticated theoretical models. Although
considerable advancements have been made in this domain, numerous unanswered ques-
tions and technical challenges remain, necessitating further exploration to comprehensively
understand the characteristics and dynamics of these traps.

A significant obstacle arises from the restrictions imposed by existing measurement
techniques. This review focuses on the principles and processes of characterizing traps
using electrical, optical, and junction capacitance methods, which have already been widely
used to probe traps in GaN HEMTs. However, these techniques have their own drawbacks,
such as low sensitivity, poor spatial resolution, and limited frequency range. Furthermore,
some of these techniques require special sample preparations or expensive equipment,
which can limit their accessibility and practicality. The scope and characteristics of each
characterization technique are summarized in Table 1.

Table 1. The range of applications and characteristics of characterization methods.

Methods Range of Application Sensitivity Speed Non-Destructiveness Characteristics

DCT Bulk trap High Low No Easily interferes with
leakage current

LFN Bulk trap High Fast Yes Easily interferes with noise
Low-frequency

output admittance Bulk trap Low Fast Yes Wide range

C-DLTS Bulk trap High Low No Wide range
CID-DLTS Bulk trap High Low No Complex

D-DLTS Bulk trap in the SCR High Low No Complex
ODLTS Bulk trap High Low No Measures minority carrier traps

CC-DLTS Interface trap with
high concentrations High Low No Complex

QSCV Interface trap with
high concentrations Low Fast Yes Energy levels and capture

cross-sections cannot be obtained
Dispersion of
conductance Interface trap Most high Low Yes Wide frequency range

SPCP Interface trap High Fast Yes Energy levels and cross-
sections unknown

Another challenge is related to the characterization of interface traps. The characteri-
zation of GaN HEMT interface traps is mostly applicable to MIS HEMT, while the interface
traps of conventional HEMT structures are difficult to measure due to the presence of
MS junctions.

To overcome these challenges, further optimizations and innovations in character-
ization techniques are needed. The characterization of GaN HEMT traps will continue
to be a vibrant field, with many exciting opportunities, such as the new measurement
techniques that can provide higher sensitivity and resolution a and wider frequency range
while reducing the cost and complexity of further research and developments. Moreover,
by integrating multiple measurement techniques and theoretical models, complementary
and consistent information about traps can be obtained.

In conclusion, the characterization of GaN HEMT traps is a challenging and rewarding
task that is critical for improving device performance and reliability. With continuous
advancements in measurement techniques and theoretical models, it can be anticipated that
profound understandings of the characteristics and dynamics of these traps can be further
unlocked so that the full potential of traps for future applications can be realized. This
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knowledge will enable us to enhance the stability and reliability of GaN HEMTs, broaden
their range of applications, and unleash their complete potential for future utilization.
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