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Abstract. This study presents a comprehensive comparative analysis of group Ill-nitride
semiconductors, namely gallium nitride (GaN), indium nitride (InN), and aluminum gallium nitride
(AlGaN), focusing on their structural, electronic, and optical properties. Owing to their wide and tunable
band gaps, high thermal and chemical stability, and pronounced spontaneous and piezoelectric
polarization effects, Ill-nitride materials play a crucial role in modern high-power, high-frequency
electronic and optoelectronic devices. The analysis includes a systematic comparison of crystal
structures, lattice parameters, band gap energies, carrier mobility, and optical absorption characteristics
of GaN, InN, and AlGaN. Special attention is devoted to AlGaN ternary alloys, where the influence of
aluminum composition on band gap engineering, strain effects, and polarization-induced charge is
examined. The advantages of these materials in forming heterostructures and quantum well systems are
discussed in the context of device applications such as light-emitting diodes, laser diodes, ultraviolet
photodetectors, and high-electron-mobility transistors (HEMTS). The results highlight the distinctive
features and technological potential of each material, providing a solid scientific basis for the design and
optimization of advanced Il1-nitride—based semiconductor devices.

Keywords:group IlI-nitrides, GaN, InN, AlGaN, wide band gap semiconductors, electronic
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AHHOTaIH/Iﬂ. B JAaHHOM HCCIICAOBAHUHN MPCACTABJICH BCGCTOpOHHI/Iffi CpaBHI/ITeJIBHbIﬁ aHaJInu3
MOJIYIIPOBOJJHUKOB Ha 0cHOBE HUTPUAOB || rpymisl, a umMenno Hutpuna raums (GaN), Hutpuaa nHus
(InN) u surpuna amromunms-raumus (AlGaN), ¢ akIeHTOM Ha HUX CTPYKTYpHBIC, DJICKTPOHHBIC U
onTHYecKHe cBoWcTBa. brarogaps mUpoKoi U peryaIupyeMoi MHpUHE 3alpelieHHON 30HbI, BEICOKOM
TepMH‘{eCKOﬁ M XUMHYECKOH CTa6I/IJ'II>HOCTI/I, a TaKiKC BBIPAKCHHBIM 3(1)(1)6KTaM CIOHTAaHHON H
HLCBOBHGKTpH‘IGCKOfI MMoJIApUu3alui, MaTeprajibl Ha OCHOBC HUTPUIAOB 1l TpyIbl UTPAKOT PCHIAOITY O
POJib B COBPECMCHHLIX MOIMIHBIX BBICOKOYACTOTHBIX 3JICKTPOHHBIX W OIITO3JICKTPOHHBIX YCTpOﬁCTBaX.
AHanu3 BKJIIOYAeT CHCTEMATHUUECKOC CPaBHCHUC KPUCTAUIMYCCKUX CTPYKTYDP, MapaMCTPOB PCHICTKH,
3H€pFI/Iﬁ sanpeu_[eHHoi/'I 30HbI, IIOJBHXHOCTH HOCHUTENEeH 3apsaia U XapaKTCPUCTUK OITHYCCKOI'O
nmoryomernss GaN, INN u AlGaN. Ocoboe BHuManue yaeneHo TpoiiHbiM craaBam AlGaN, rme
HCCICAYCTCA BJIUAHNUC COCTaBa AJIIOMUHUA HAa IPOCKTUPOBAHUC NIMPUHBL sanpeu_[eHHoi/'I 30HBbI, S(b(l)eKTLI
nedopmany W 3apsA, WHAYLHUPOBAHHBIM momspuzanueil. [IpenmyiecTBa 3THX MaTepualioB NpU
(bOpMI/IpOBaHI/II/I TFCTCPOCTPYKTYP H KBAHTOBO-SIMOYHBIX CHCTCEM 06CY)KI[aIOTC}1 B KOHTCKCTC
MNPUMCHCHHA B TaKHUX YCTpOf/’ICTBaX, KakKk CBCTOAUOABI, JIA3€PHBLIC OUO/BI, ynBTpa(l)I/IOJ'IeTOBBIe
(OTOAETEKTOPBI M TPAH3UCTOPBI C BBICOKOW IMOJABIKHOCTBIO 35ekTpoHOB (HEMT). Pesynbrarsr
MNOAYCPKHUBAIOT OTJIMYHUTCIIBHBIC 0COOEHHOCTH M TEXHOJIOTMYECKHI MOTCHII A KAXIA0Iro0 Marcpuaia,
obecrieunBas MPOYHYIO HAYYHYIO OCHOBY [Jid TIIPOCKTUPOBAHWA W OITUMH3AIUU TICPCAOBBIX
MOJTYTTPOBOJHUKOBBIX YCTPOHCTB Ha ocHOBe HUTpUAOB || rpynmel.

Kiwuebie ciioBa: nurpuast | rpymnmer, GaN, InN, AlGaN, miipoko30HHBIE MOTYTPOBOHUKH,
SIIEKTPOHHBIE CBOWCTBA, ONTHYECKHE CBOMCTBA, rerepocTpykTypbl, HEMT, onrosnexTponHbIe
YCTpOMCTBA.

Introduction

Group Il-nitride semiconductors, including gallium nitride (GaN), indium nitride (InN), and
aluminum gallium nitride (AlGaN), have attracted significant scientific and technological interest over
the past decades due to their outstanding physical properties and wide range of practical applications.
These materials crystallize predominantly in the wurtzite structure and exhibit strong covalent—ionic
bonding, which gives rise to high thermal stability, large breakdown electric fields, and remarkable
resistance to harsh operating environments [1]. As a result, I1l-nitride compounds have become key
materials for next-generation electronic and optoelectronic devices.
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One of the most distinctive features of I11-nitride semiconductors is their wide and tunable band
gap range. While InN possesses a relatively narrow band gap of about 0.7 eV, GaN exhibits a wide band
gap of approximately 3.4 eV, and AIN reaches values as high as 6.2 eV. By alloying GaN with AIN or
InN, ternary compounds such as AlGaN enable precise band gap engineering across a broad spectral
range, from the infrared to the deep ultraviolet region [2]. This tunability is essential for the development
of light-emitting diodes, laser diodes, ultraviolet photodetectors, and solar-blind optoelectronic devices.

In addition to their band gap versatility, GaN, InN, and AlGaN exhibit strong spontaneous and
piezoelectric polarization effects arising from the lack of inversion symmetry in their crystal structure.
These polarization effects play a crucial role in the formation of high-density two-dimensional electron
gas (2DEG) at heterointerfaces, particularly in AlIGaN/GaN systems, which are widely employed in
high-electron-mobility transistors (HEMTS) [3]. Such devices demonstrate superior performance in
terms of high-frequency operation, high power density, and high temperature stability compared to
conventional silicon-based technologies.

Despite their common classification as Ill-nitride materials, GaN, InN, and AlGaN differ
significantly in terms of lattice parameters, carrier mobility, defect formation, and growth challenges.
For instance, InN suffers from high background electron concentration and thermal instability, whereas
AlGaN alloys often experience strain-induced defects due to lattice mismatch at high aluminum
compositions [4]. A detailed comparative analysis of these materials is therefore essential for
understanding their intrinsic properties, limitations, and optimal application domains.

In this context, the present study aims to provide a systematic comparative analysis of GaN, InN,
and AlGaN group Ill-nitride semiconductors by examining their structural, electronic, and optical
characteristics. Such an analysis is expected to contribute to the rational design and optimization of
advanced Ill-nitride-based devices for high-power electronics and optoelectronic applications.

Literature review and methodology

Literature Review

Extensive research has been devoted to group Il1-nitride semiconductors due to their exceptional
physical properties and strategic importance in modern electronics and optoelectronics. Gallium nitride
(GaN) has been the most intensively studied material among Ill-nitrides, primarily because of its
successful commercialization in blue and white light-emitting diodes and high-power electronic devices.
Early studies demonstrated that GaN exhibits a wide direct band gap (~3.4 eV), high electron saturation
velocity, and strong resistance to radiation and high temperatures, making it suitable for high-frequency
and high-power applications [2], [5].

Indium nitride (InN), in contrast, remained relatively unexplored for a long time due to difficulties
in crystal growth and its tendency to form high background electron concentrations. However,
subsequent experimental and theoretical investigations revealed that InN possesses a narrow direct band
gap of approximately 0.7 eV and extremely high electron mobility, which makes it a promising
candidate for high-speed electronic and infrared optoelectronic devices [4]. Recent advances in epitaxial
growth techniques have significantly improved the structural quality of InN films, enabling more reliable
characterization of its intrinsic properties.

Aluminum gallium nitride (AlGaN) ternary alloys have attracted considerable attention due to
their tunable band gap, which can be engineered by varying the aluminum mole fraction. AlGaN-based
materials are particularly important for ultraviolet optoelectronics and for forming heterostructures with
GaN, where strong polarization-induced effects lead to the formation of a high-density two-dimensional
electron gas (2DEG) [1]. Numerous studies have reported that AIGaN/GaN heterostructures exhibit
superior performance in high-electron-mobility transistors (HEMTS), outperforming conventional Si
and GaAs technologies in terms of breakdown voltage and power density [3].

Despite these advances, comparative studies that systematically analyze GaN, InN, and AlGaN
within a unified framework remain limited. Most existing works focus on a single material or a specific
application. Therefore, a comprehensive comparative analysis is necessary to clarify the advantages,
limitations, and complementary roles of these Ill-nitride materials in advanced device architectures.

Methodology

The comparative analysis presented in this study is based on a combination of theoretical
modeling and data extracted from well-established experimental reports. The methodology consists of
three main stages: structural analysis, electronic property evaluation, and optical property assessment.

In the structural analysis stage, lattice parameters, crystal symmetry, and strain effects of GaN,
InN, and AlGaN were examined. Table 1 summarizes the fundamental structural parameters of the
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investigated materials, highlighting the lattice mismatch that plays a critical role in heterostructure

design.

Structural parameters of GaN, InN, and AlGaN (wurtzite structure)

Table 1.
Material Lattice constant a (A) Lattice constant ¢ (A) Crystal structure
GaN 3.189 5.185 Waurtzite
InN 3.545 5.703 Waurtzite
AlGaN 3.112-3.189 4.982-5.185 Waurtzite

The electronic properties were analyzed by comparing band gap energies, carrier concentrations,
and electron mobility values reported in the literature. Figure 1 schematically illustrates the variation of
band gap energy as a function of aluminum composition in AlGaN alloys, demonstrating the feasibility
of band gap engineering across a wide energy range.

Figure 1. Band gap variation in AlxGa:-«N alloys
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Figure 1. Schematic diagram of band gap energy variation in AlxGa:xN alloys as a function of
Al mole fraction.

Figure 1 illustrates the dependence of the band gap energy on the aluminum mole fraction in
Al,Ga:i«N alloys. As the Al content increases from x = 0 (GaN) to x = 1 (AIN), the band gap energy
increases almost linearly from approximately 3.4 eV to 6.2 eV. This behavior demonstrates the wide
band gap tunability of AlGaN materials and highlights their suitability for band gap engineering in
optoelectronic and high-power electronic applications, particularly in the ultraviolet spectral region.

Optical properties were evaluated through reported absorption spectra and emission wavelengths.
The absorption edge shift from the infrared (InN) to the ultraviolet (Al-rich AlGaN) region was used as
a key indicator of optoelectronic applicability. Figure 2 presents a comparative diagram of the spectral
ranges covered by GaN, InN, and AlGaN-based devices.
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Figure 2. Optical spectral ranges of Ill-nitride materials
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Figure 2. Comparative optical spectral ranges of GaN-, InN-, and AlGaN-based optoelectronic

devices.

Figure 2 presents a comparative schematic representation of the typical optical spectral ranges
covered by InN-, GaN-, and AlGaN-based materials. InN is associated with infrared wavelengths due
to its narrow band gap, whereas GaN operates primarily in the visible to near-ultraviolet region. AlGaN
alloys, especially those with high aluminum content, extend device operation into the ultraviolet and
deep-ultraviolet spectral ranges. This wide spectral coverage underscores the technological importance
of Ill-nitride semiconductors for diverse optoelectronic applications, including infrared detectors,
visible light emitters, and ultraviolet photonic devices.

Finally, the applicability of each material in electronic devices was assessed by correlating
material parameters with device performance metrics such as breakdown voltage, operating frequency,
and thermal stability. This integrated methodological approach enables a consistent and scientifically
grounded comparison of GaN, InN, and AlGaN group IlI-nitride semiconductors.

Results

This section presents the results of the comparative analysis of GaN, InN, and AlGaN group I11-
nitride semiconductors, focusing on their structural, electronic, and optical properties. The results are
summarized in the form of tables and schematic figures to clearly illustrate the key trends and differences
among these materials.

Structural Properties

The analysis of structural parameters confirms that all three materials crystallize predominantly
in the wurtzite structure, yet they exhibit significant differences in lattice constants, which strongly
influence strain and defect formation in heterostructures. Table 1 summarizes the fundamental lattice
parameters of GaN, InN, and AlGaN.

Structural parameters of GaN, InN, and AlGaN (wurtzite phase)
Table 3.

Material | Lattice constanta (A) | Lattice constant ¢ (&) | Lattice mismatch with GaN (%)

GaN 3.189 5.185 0
InN 3.545 5.703 +11.2
AlGaN 3.112-3.189 4.982-5.185 —24100

The large lattice mismatch between InN and GaN explains the challenges associated with the
epitaxial growth of high-quality InN layers, while AlGaN alloys offer better lattice compatibility with
GaN, especially at low aluminum compositions [5].

Electronic Properties
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The electronic properties of the investigated materials show pronounced differences in band gap
energy, carrier mobility, and breakdown characteristics. Figure 1 illustrates the variation of the band gap
energy as a function of aluminum mole fraction in Al,GaixN alloys.

As shown in Figure 1, the band gap increases from approximately 3.4 eV for GaN to about 6.2
eV for AIN, enabling continuous band gap tuning through alloying. In contrast, InN exhibits a narrow
direct band gap of around 0.7 eV, making it suitable for infrared applications [4].

Table 2 compares key electronic parameters relevant to device performance.

Electronic properties of GaN, InN, and AlGaN

Table 4.

Material Band gap (eV) Electron mobility (cm?/V-s) Breakdown field (MV/cm)
GaN ~3.4 1000-1500 ~3.3
InN ~0.7 2000-3000 ~1.5
AlGaN 3.4-6.2 200-800 4-6

These results indicate that GaN offers a balanced combination of wide band gap and high electron
mobility, while AlGaN provides superior breakdown strength, which is critical for high-power and high-
voltage devices. InN, despite its high mobility, is limited by its narrow band gap and thermal stability
[2].

Optical Properties

The optical response of Ill-nitride materials spans a wide spectral range, as illustrated in Figure
2, which presents a schematic comparison of the typical emission and absorption wavelengths of GaN-,
InN-, and AlGaN-based materials.

INN covers the infrared region, GaN operates mainly in the visible to near-ultraviolet range, and
AlGaN extends optoelectronic functionality into the ultraviolet and deep-ultraviolet regions. This wide
spectral coverage highlights the versatility of ll1-nitride semiconductors for optoelectronic applications
such as LEDs, laser diodes, and ultraviolet photodetectors [6].

Device-Oriented Performance Analysis

The combined structural, electronic, and optical results demonstrate that AlGaN/GaN
heterostructures are particularly advantageous for high-electron-mobility transistors (HEMTS). Strong
spontaneous and piezoelectric polarization effects at the AlIGaN/GaN interface lead to the formation of
a high-density two-dimensional electron gas without intentional doping. This mechanism results in high
current density, high-frequency operation, and excellent thermal stability [3].

Overall, the results confirm that while GaN serves as a robust and versatile base material, InN
and AlGaN provide complementary functionalities that can be exploited through heterostructure and
alloy engineering to optimize device performance for specific applications.

Discussion

The comparative results obtained for GaN, InN, and AlGaN group Ill-nitride semiconductors
reveal clear trends that are directly linked to their crystal structure, chemical bonding, and polarization-
related effects. Although these materials belong to the same Ill-nitride family and share the wurtzite
crystal structure, their physical properties differ substantially, leading to distinct advantages and
limitations for specific electronic and optoelectronic applications.

From a structural perspective, lattice mismatch plays a decisive role in determining material
guality and device performance. The large lattice mismatch between InN and GaN introduces significant
strain and promotes the formation of dislocations, which adversely affect carrier transport and optical
efficiency. This explains why InN growth remains technologically challenging despite its attractive
electronic properties [4]. In contrast, AlGaN alloys, particularly at moderate aluminum compositions,
exhibit better lattice compatibility with GaN, enabling high-quality heteroepitaxial structures. This
structural compatibility is one of the key reasons for the widespread use of AIGaN/GaN heterostructures
in high-performance electronic devices [5].

The electronic properties discussed in the Results section further highlight the complementary
nature of these materials. GaN offers a favorable balance between wide band gap, relatively high
electron mobility, and good thermal stability, making it a robust platform for both optoelectronic and
power electronic devices. AlGaN, with its composition-dependent band gap and high breakdown electric
field, provides an effective means of band gap and electric field engineering. The observed increase in
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breakdown field with increasing aluminum content supports the suitability of AlGaN for high-voltage

and high-power applications, particularly in power switching and radio-frequency electronics [2].

InN, on the other hand, exhibits a narrow band gap and very high electron mobility, which are
highly desirable for high-speed and infrared devices. However, the high background electron
concentration commonly observed in InN limits effective doping control and device reliability. This
trade-off suggests that InN is best exploited in carefully engineered heterostructures or as a component
in ternary alloys rather than as a standalone material [7].

Polarization effects represent one of the most significant distinguishing features of Ill-nitride
materials. The strong spontaneous and piezoelectric polarization inherent to wurtzite GaN and AlGaN
leads to the formation of high-density two-dimensional electron gas (2DEG) at heterointerfaces without
intentional doping. The results confirm that this mechanism is particularly effective in AlGaN/GaN
heterostructures, where it enables high carrier concentration, low on-resistance, and excellent high-
frequency performance. These characteristics explain the superior performance of AlGaN/GaN HEMTs
compared to conventional silicon- and GaAs-based devices [3].

The optical results also underline the technological versatility of Il1l-nitrides. The wide spectral
coverage—from infrared (InN) to visible (GaN) and ultraviolet/deep-ultraviolet (AlGaN)—allows for
the design of optoelectronic devices across an exceptionally broad wavelength range. This makes I11-
nitride materials uniquely suited for integrated photonic platforms where multiple functionalities are
required within a single material system [6].

Overall, the discussion demonstrates that no single Ill-nitride material is universally optimal.
Instead, the greatest technological potential lies in the strategic combination of GaN, InN, and AlGaN
through alloying and heterostructure engineering. By carefully balancing lattice strain, band gap energy,
polarization effects, and carrier transport properties, it is possible to tailor material systems for specific
high-power, high-frequency, or optoelectronic applications. These insights provide a strong foundation
for the continued development and optimization of next-generation Il1-nitride-based devices.

Conclusion

This study has presented a comprehensive comparative analysis of GaN, InN, and AlGaN group
I11-nitride semiconductors, focusing on their structural, electronic, and optical characteristics and their
implications for advanced electronic and optoelectronic applications. Despite sharing the same wurtzite
crystal structure, these materials exhibit markedly different physical properties that determine their
suitability for specific device functionalities.

The analysis confirms that GaN represents a well-balanced material platform, combining a wide
direct band gap, good electron mobility, and high thermal and chemical stability. These properties make
GaN a versatile and reliable base material for both optoelectronic devices and high-power, high-
frequency electronics. In contrast, InN is distinguished by its narrow band gap and very high electron
mobility, which are attractive for high-speed and infrared applications. However, challenges related to
lattice mismatch, thermal stability, and high background carrier concentration limit its widespread
standalone use and highlight the need for careful heterostructure or alloy-based integration [4], [5].

AlGaN alloys emerge as a key enabling material system due to their composition-dependent band
gap and high breakdown electric field. The results demonstrate that AlGaN provides effective band gap
and polarization engineering, particularly when combined with GaN in heterostructures. The strong
spontaneous and piezoelectric polarization effects in AlGaN/GaN interfaces lead to the formation of
high-density two-dimensional electron gas, which is central to the superior performance of high-
electron-mobility transistors [2]. Furthermore, the ability of AlGaN to extend optical operation into the
ultraviolet and deep-ultraviolet regions significantly broadens the application spectrum of Ill-nitride
materials.

Overall, the findings indicate that no single Ill-nitride semiconductor can fully satisfy all
technological requirements. Instead, the greatest potential lies in the strategic combination of GaN, InN,
and AlGaN through alloying and heterostructure design. Such an approach enables precise control over
band gap energy, carrier transport, and electric field distribution, paving the way for optimized device
performance in next-generation power electronics, high-frequency systems, and broadband
optoelectronics. The insights gained from this comparative study provide a solid scientific foundation
for the continued development and rational design of I11-nitride-based semiconductor devices.
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