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Abstract

The advantages and disadvantages of using gallium nitride (GaN) in comparison with other semiconductor
materials of microelectronics are described. It is shown that the high thermal, chemical, and radiation resistance
of GaN makes it possible to manufacture devices operating at elevated temperatures and under extreme
conditions, while high thermal conductivity simplifies cooling of the active region. The combination of high
electron mobility and a high breakdown electric field makes GaN suitable for manufacturing high-power, high-
frequency, and high-temperature transistors. Design solutions and technological methods for forming GaN-based
devices are presented.
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Introduction
Promising materials with a wide range of practical applications include structures based on semiconductor
nitrides. Heterostructures based on gallium nitride (GaN) and its solid solutions possess physical properties that
provide electronic devices with optical, power, and frequency characteristics, enabling their application in
various fields of semiconductor electronics [1]. The application range of this material in optoelectronics is wide
and includes blue—green light-emitting diodes, near-ultraviolet LEDs, white light sources based on the “chip—
phosphor” system, active media of laser diodes, and others [2].
GaN-based structures are promising not only in optoelectronics, but also for the development of components for
power and microwave electronics, such as Schottky diodes and high-electron-mobility transistors, as well as

devices operating under harsh radiation conditions.
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Characteristics of Gallium Nitride

Compared with other semiconductor materials, gallium nitride exhibits high thermal, chemical, and radiation
resistance, which allows it to be used in devices operating at elevated temperatures and in unfavorable
environments [3]. High thermal conductivity simplifies cooling of the active region, while the combination of
high electron mobility and a high breakdown electric field makes GaN suitable for manufacturing high-power,
high-frequency, and high-temperature transistors [4].

The direct nature of interband transitions, wide bandgap energy, and the formation of isomorphic solid solutions
with aluminum and indium nitrides enable a significant expansion of the operating spectral range of light-
emitting and photodetecting devices fabricated on its basis [5].

The advantages of GaN application in microelectronics include:

high specific output power density.

high operating temperature (transistors remain functional at temperatures up to 500—600 °C [6]).

application in low-noise transistors in the frequency range from 1 GHz to 25 GHz [7,8].

possibility of creating hybrid and monolithic integrated circuits based on GaN transistors [9].

- lower on-state resistance compared with conventional transistors, resulting in reduced power

consumption [10].

- cost reduction of GaN devices through the use of high-resistivity silicon substrates Si (111);

- high radiation resistance of devices [11].

Despite the large number of advantages, GaN-based device structures also have several disadvantages,

the main ones being:

- high requirements for efficient heat removal from the active structure;

- the need to grow GaN epitaxial structures on substrates with mismatched lattice and thermal

expansion parameters due to the lack of commercially available native GaN substrates [12,13].
For transistors, a significant problem of GaN technology is drain current instability with increasing drain voltage
(current collapse effect). In addition, degradation of high-frequency characteristics (transconductance dispersion)
and mismatch between pulsed output and input signals (gate or drain lag effects) have been observed. These
instability effects are associated with material defects and trap states located both at the surface (gate—drain and
gate—source regions) and in the bulk of the GaN buffer layer [14]. Surface passivation of completed transistor
structures using thin SiNx dielectric films has been proposed as an effective method to mitigate these effects [15].

Technology

Epitaxial GaN structures on sapphire, SiC, and Si (111) substrates are grown using metal—organic chemical vapor
deposition (MOCVD), molecular beam epitaxy (MBE), and hydride vapor phase epitaxy (HVPE). Despite the
impressive results achieved to date, the technology for forming initial AIGaN/GaN epitaxial structures on

sapphire, SiC, and Si (111) substrates by heteroepitaxy is still far from perfect. Structures grown by MOCVD,
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MBE, and HVPE methods exhibit a high density of defects (from 10¢ to 10° cm2). The presence of defects affects
long-term device operation, especially under conditions of high voltages and elevated temperatures. More than
30 companies worldwide are manufacturers of GaN substrates, the main ones being European companies Imec,
Epigan, Novagan, and Azzurro; Asian companies Dowa, Nttat, and Powdec; and North American companies
Kyma, Translucent, and Dow Corning.

Heteroepitaxy leads to the formation of mechanical stresses due to lattice constant mismatch. Differences in the
thermal expansion coefficients of the substrate and the epitaxial layer result in stress during cooling of the
structure to room temperature, which may cause wafer bowing or cracking.

From the standpoint of commercial application, the most promising option is the use of silicon as a substrate.
One of the methods suitable for growing gallium nitride layers on silicon substrates is hydride vapor phase
epitaxy (HVPE) [16]. At present, this method is the only one implemented on an industrial scale. Unfortunately,
only a few companies possess the technology for producing gallium nitride substrates. Conventional process
conditions do not guarantee high-quality HVPE on silicon substrates, as they cannot prevent the chemical
reaction between gallium and silicon at temperatures above 1170 K caused by silicon diffusion into the growing
layer. It was shown in [17] that the use of buffer (nucleation) layers significantly reduces mismatch effects in the
GaN/Si system. In particular, epitaxial GaN layers with a thickness of 0.3 um free of cracks were obtained.
Considerable interest is attracted by hybrid technology combining standard silicon technology with GaN
technology [17].

In all cases, crystal formation is carried out exclusively by dry (plasma-chemical) etching. High ion-density
plasma sources, such as electron cyclotron resonance and inductively coupled plasma sources, are used, in which
a high ion flux ensures efficient breaking of GaN bonds. Doping of GaN with n-type and p-type impurities is
performed by implantation of Si* and Mg" ions followed by high-temperature annealing at temperatures above

1320 K [18, 19].

Structural Solutions

At present, various types of gallium nitride—based microwave transistors have been implemented worldwide,
confirming the prospects of this class of devices.

The development of AIGaN/GaN heterojunction field-effect transistors with Schottky gates is one of the main
directions in microwave semiconductor electronics. The key element of such a structure is the two-dimensional
electron gas region in a quantum well located directly beneath the heterojunction. Electron mobility in this region
reaches 2000 cm?/V s, while the carrier concentration is about 10" cm™=. The HEMT structure is shown in Fig.1.
The buffer layer improves the parameters of the two-dimensional electron gas and prevents electron transfer to
surface states and bulk defects. The developed HEMT designs make it possible to achieve output power
exceeding 8 W at a frequency of 4 GHz [20]. Figure.2 shows the GaN HEMT device structure described in [21].
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A typical GaN-based HEMT design forms the basis for many promising chemical and biological sensors,
pressure sensors, and similar devices.
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Fig. 1. Typical GaN HEMT structure
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Fig. 2. GaN HEMT with an insulated gate
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A gallium nitride (GaN)—based light-emitting diode (LED) is shown in Fig. 3. Several design variants of LED
chips exist. For LEDs based on classical AIII-BV compound semiconductors, such as GaAs and InP, a typical
chip design includes contact pads located on the top surface of the structure. In this case, light extraction is also
performed through the surface, since the substrate is opaque to the radiation generated in the active region of the
structure. This type of chip design is referred to as a face-up configuration, or a surface-emitting chip.

At present, the vast majority of commercial GaN-based LED chips are grown on monocrystalline sapphire
substrates. The use of a substrate that is transparent to radiation and electrically insulating enables the
implementation of a flip-chip LED configuration. In this design, both contact pads are located on the same side
of the structure, while the generated light is extracted from the opposite side through the transparent sapphire
substrate. A significant advantage of this approach is the possibility of mounting the chip onto a carrier board

without wire bonding, which is highly favorable for large-scale industrial production.

COMTACT COMNTALCT

)
&

ACTIVE AIREA

m-Ezal

S IFPHIRE SUBSTRATE

ADHESIVE LAYER \.

BORRIERRY LAYER

COMTACT LAVER "S

Fig. 3. GaN-based LED.
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Under high-current operating conditions, efficient heat dissipation from the LED chip becomes critically
important. In this regard, flip-chip LEDs significantly outperform face-up LEDs. In face-up structures, the
sapphire substrate separates the chip from the heat sink; due to the low thermal conductivity of sapphire, this
configuration impedes effective heat transfer [22].

Since GaN is a highly promising semiconductor material for the development of radiation-hardened microwave
(RF and microwave) electronic components intended for military and space applications, it is also widely used
in the fabrication of various types of sensors. These include ultraviolet (UV) radiation sensors (Fig. 4), infrared

(IR) radiation sensors, and ionizing radiation (IR) detectors [23]. The enhanced resistance of GaN to ionizing
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radiation makes it a particularly attractive material for the development of long-lifetime solar cells for spacecraft

applications. Fig. 5 presents, as an example, the device structure of a solar cell and its power conversion unit.
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Fig. 5. Solar cell power converter.

Computer Modeling of GaN-Based Device Structures

To develop advanced electronic devices and systems, it is essential to employ modern computer-aided design

(CAD) tools, particularly device—technology simulation systems. Such systems enable numerical evaluation of
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the impact of various structural and technological design choices on the performance characteristics of the
devices under development, thereby significantly reducing the cost and scope of experimental investigations.
Most contemporary CAD tools for device—technology simulation were originally developed primarily for silicon-
based technologies. The models used for silicon devices have been extensively validated and allow highly
accurate calculation of both static and dynamic characteristics. However, when transitioning to wide-bandgap
semiconductor materials, particularly gallium nitride (GaN), these models cannot be directly applied. In recent
years, a large number of specialized models have been developed for the simulation of devices based on wide-
bandgap materials.

The Silvaco software suite includes the Blaze module, which enables the simulation of devices fabricated using
advanced semiconductor materials. This module incorporates a library of binary, ternary, and quaternary
semiconductor compounds. Blaze features built-in models for both graded and abrupt heterojunctions and
supports the simulation of binary device structures such as MESFETs, HEMTs, and HBTs. All measurable DC,
AC, and transient characteristics of a device can be obtained through simulation. The calculated DC parameters
include threshold voltage, gain, leakage currents, breakdown voltage, breakdown current, and other key
characteristics. The results of modeling GaN-based device structures are presented in studies [24-30].
Conclusion

The conducted analysis and previously obtained results demonstrate that, in comparison with other
semiconductor materials, gallium nitride (GaN) possesses significant advantages as a base material for the
fabrication of power, high-frequency, and optoelectronic devices.

The high thermal, chemical, and radiation resistance of GaN enables its use in structures operating at elevated
temperatures and under extreme environmental conditions. Furthermore, its relatively high thermal conductivity
facilitates efficient heat dissipation from the active region. The combination of high electron mobility and a
strong electric breakdown field makes GaN particularly suitable for the fabrication of high-power, high-
frequency, and high-temperature transistors.
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