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Abstract: Group III–V semiconductors such as GaAs, InP, InAs, GaSb, GaN, InN, AlAs and related alloys exhibit 

electronic band structures that strongly influence their optical, electrical and optoelectronic properties. Although many 

III–V compounds with zinc-blende symmetry are approximately isotropic around high-symmetry points, anisotropy 

becomes particularly important in wurtzite structures, strained layers, quantum-confined systems, nanowires and low-

symmetry heterostructures.  

Polarized light spectroscopy provides an effective non-contact approach for investigating such anisotropy because the 

interaction between incident electromagnetic radiation and electronic states depends on crystal symmetry, transition 

matrix elements and polarization direction. Techniques including polarized photoreflectance, polarized absorption, 

photoluminescence, ellipsometry and polarization-dependent photoemission can therefore identify band-edge 

transitions, valence-band splitting, spin-orbit effects and direction-dependent optical responses. 
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I. INTRODUCTION 

Group III–V semiconductors constitute an important family of compound semiconductor materials because their 

electronic structures can be engineered over a broad range of energy gaps and carrier properties. Materials including 

GaAs, InP, InAs, GaSb, InSb, GaN, InN and Al-based compounds are widely investigated for lasers, light-emitting 

diodes, photodetectors, high-frequency electronics, solar cells and quantum devices. Their electronic properties 

originate from the detailed arrangement of conduction and valence bands in reciprocal space.  

The shape and curvature of these bands determine effective masses, carrier mobility, optical transition energies and 

density of states. In an idealized isotropic semiconductor, equivalent crystallographic directions produce similar 

electronic and optical responses. However, the symmetry of the crystal, spin-orbit interaction, strain, quantum 

confinement and structural phase can introduce significant directional dependence. The relationship between band 

structure and anisotropy has been investigated theoretically through k·p and empirical-pseudopotential models and 

experimentally through optical and photoemission techniques. For example, five-level k·p calculations for GaAs and 

InP have been used to describe band anisotropies and carrier properties, demonstrating the importance of detailed band 

parameters in interpreting experimental behavior.  

 

II. ELECTRONIC BAND STRUCTURE AND ANISOTROPY IN III–V SEMICONDUCTORS 

The electronic band structure of a semiconductor describes the allowed energy states as a function of crystal 

momentum. In Group III–V materials, the conduction-band minimum and valence-band maximum generally occur at 

characteristic points of the Brillouin zone. The curvature of the bands determines electron and hole effective masses, 

while the energy separation between bands determines the fundamental optical band gap. In zinc-blende III–V 
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compounds, the high symmetry of the cubic lattice produces relatively similar properties along equivalent 

crystallographic directions. Nevertheless, anisotropy can emerge away from high-symmetry points and becomes 

particularly significant for the valence bands because heavy-hole, light-hole and split-off states have different 

dispersions. The valence-band structure of III–V compounds has historically been associated with heavy-hole/light-hole 

transitions and spin-orbit splitting, which can be identified through optical spectroscopy.  

The situation is substantially different in wurtzite materials. The hexagonal crystal structure contains a unique c-axis, 

making optical and electronic properties intrinsically direction dependent. The dielectric functions of wurtzite III–V 

semiconductors have been calculated separately for electric fields polarized parallel and perpendicular to the c-axis, 

demonstrating the importance of crystalline anisotropy. Thus, polarization-resolved measurements can provide 

information that cannot be obtained from unpolarized spectra alone. 

 

III. ROLE OF POLARIZED LIGHT SPECTROSCOPY 

Polarized light spectroscopy examines how a semiconductor interacts with light whose electric field has a controlled 

direction. The central principle is that optical transitions depend on the dipole matrix element between initial and final 

electronic states. This matrix element is influenced by the symmetry of the electronic wave functions and by the 

orientation of the electric field. Consequently, rotating the polarization direction can enhance some transitions while 

suppressing others. Polarization-dependent angle-resolved photoemission experiments have demonstrated that 

transitions from valence-band states can be strongly modified by the polarization of incident radiation because of 

symmetry-enforced selection rules.  

For anisotropic materials, spectra measured with electric-field polarization parallel and perpendicular to a principal 

crystal axis can reveal differences in transition energies and intensities. These differences provide information about the 

symmetry and dispersion of electronic states. In particular, polarized measurements are useful for distinguishing closely 

spaced valence-band transitions, determining crystal orientation, examining strain-induced splitting and studying 

anisotropic optical responses in nanostructures. 

 

IV. MAJOR SPECTROSCOPIC TECHNIQUES 

Several optical and photoemission techniques can be applied to investigate anisotropic band structures. 

Spectroscopic technique 
Main measured 

property 

Information about 

anisotropy 
Typical III–V applications 

Polarized photoreflectance 
Modulated 

reflectance 

Band-edge energies and 

transition anisotropy 

GaAs, InP, alloys, 

heterostructures 

Polarized photoluminescence 
Emitted optical 

intensity 

Polarization of recombination 

transitions 
GaN, InGaN, nanowires 

Polarized absorption 
Absorption 

coefficient 

Direction-dependent interband 

transitions 

Wurtzite and strained III–V 

materials 

Spectroscopic ellipsometry 
Complex dielectric 

function 
Anisotropic dielectric response 

Thin films, multilayers and 

bulk crystals 

Polarization-dependent 

photoemission 

Electronic-state 

dispersion 

Band symmetry and selection 

rules 

GaAs, InP, InAs and related 

compounds 

Angle-resolved 

photoemission 

Energy vs. 

momentum 
Directional band dispersion 

Surface and bulk electronic 

structures 

Polarized infrared 

spectroscopy 

Infrared optical 

response 

Low-energy electronic 

transitions 
Narrow-gap III–V materials 

Photoreflectance is especially valuable because it is a contactless modulation spectroscopy technique capable of 

investigating band-structure features, doping, alloy composition and surface/interface band bending. A detailed review 
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of infrared photoreflectance has demonstrated its applicability to III–V semiconductor materials over a broad spectral 

range.  

 

V. POLARIZATION SELECTION RULES 

Selection rules provide the theoretical foundation for interpreting polarization-dependent spectra. An optical transition 

is allowed when the corresponding dipole matrix element is non-zero. The matrix element can be expressed 

approximately as: 

M ∝ ⟨ψf | e·p | ψi⟩ 

where ψi and ψf represent the initial and final electronic states, e is the polarization vector of incident light, and p is the 

momentum operator. Changing the direction of e changes the probability of particular transitions. Therefore, the 

intensity variation observed during polarization-dependent measurements can be related to the symmetry of the 

participating electronic states. 

In III–V semiconductors, heavy-hole and light-hole bands have different orbital characteristics and therefore different 

coupling strengths for particular polarization geometries. This makes polarized spectroscopy particularly useful for 

identifying valence-band contributions. In photoemission, polarization selection rules can suppress or enhance specific 

bands, providing a method for assigning electronic states to particular symmetry representations.  

 

VI. ZINC-BLENDE VERSUS WURTZITE III–V SEMICONDUCTORS 

Crystal structure is one of the most important factors controlling anisotropy. Zinc-blende III–V semiconductors possess 

cubic symmetry, whereas wurtzite materials have hexagonal symmetry and a preferred c-axis. As a result, wurtzite 

materials generally display stronger intrinsic optical anisotropy. The calculated dielectric functions for wurtzite AlP, 

AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs and InSb show distinct responses for light polarized parallel and 

perpendicular to the c-axis.  

Property Zinc-blende III–V Wurtzite III–V 

Crystal symmetry Cubic Hexagonal 

Principal optical axis No unique axis in ideal bulk c-axis 

Intrinsic optical 

anisotropy 

Relatively weak near highly symmetric 

points 
Pronounced 

Valence-band splitting Mainly spin-orbit related Crystal-field + spin-orbit related 

Polarization dependence Often geometry dependent Strongly dependent on c-axis orientation 

Important materials GaAs, InP, InAs GaN, InN; wurtzite nanostructures 

Spectroscopic importance Band assignment and strain 
Band splitting and polarization 

anisotropy 

Typical application Lasers, detectors, high-speed electronics LEDs, laser diodes, nanowires 

 

VII. VALENCE-BAND ANISOTROPY 

The valence band is particularly important in understanding anisotropic optical transitions because heavy-hole, light-

hole and split-off bands have different effective masses and dispersions. At the zone center of many zinc-blende III–V 

materials, heavy-hole and light-hole states are degenerate in the absence of perturbations. Strain, confinement or lower 

crystal symmetry can remove this degeneracy. The resulting splitting changes the energies and polarization 

characteristics of optical transitions. 

Experimental band-structure investigations of GaP, GaAs, GaSb, InP, InAs and InSb have demonstrated that 

polarization-dependent photoemission can be used to map electronic bands and compare experimental dispersions with 

calculated band structures. Such measurements demonstrate how polarization adds symmetry information to 

conventional energy-resolved spectroscopy. 
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VII. EFFECT OF STRAIN AND QUANTUM CONFINEMENT 

Strain can substantially modify the electronic structure of III–V semiconductors. Tensile or compressive strain changes 

lattice dimensions and alters the relative energies of conduction- and valence-band states. In quantum wells, wires and 

dots, confinement further modifies the band dispersion and produces discrete energy levels. Consequently, polarized 

spectroscopy can be used to determine the orientation and magnitude of strain-induced splitting. 

The effect becomes especially important in semiconductor heterostructures because lattice mismatch between different 

III–V compounds can produce significant strain. The resulting changes in heavy-hole and light-hole energies influence 

the polarization of emitted or absorbed light. Therefore, polarization-resolved measurements can provide indirect 

information about strain and quantum confinement without requiring destructive structural characterization. 

 

IX. ANISOTROPY IN NANOWIRES AND NANOSTRUCTURES 

III–V nanowires provide an important example of strong polarization-dependent behavior. Many III–V nanowires can 

crystallize in wurtzite structures rather than the conventional zinc-blende phase. Their reduced dimensions and well-

defined growth direction introduce additional anisotropy. Calculations and experiments have therefore considered 

polarization-dependent photoluminescence and the influence of crystal structure on optical transitions. The optical 

anisotropy of wurtzite III–V nanostructures is related not only to dielectric anisotropy but also to their electronic band 

structure and transition selection rules.  

 

X. THEORETICAL INTERPRETATION 

Experimental polarized spectra are normally interpreted using theoretical electronic-structure models. The k·p method 

is widely used because it provides a relatively efficient description of conduction and valence bands near high-

symmetry points. Empirical-pseudopotential methods can provide more extensive information across the Brillouin 

zone, while density-functional and many-body approaches are useful for more detailed calculations. 

A reliable interpretation requires consideration of crystal symmetry, spin-orbit interaction, strain, temperature, 

excitonic effects and band mixing. For GaAs, InP and related materials, theoretical models have been developed to 

describe band parameters, effective masses and anisotropic carrier behavior. The comparison between calculated band 

structures and polarization-dependent experimental spectra is therefore essential for identifying the physical origin of 

observed anisotropy. 

 

XI. COMPARATIVE REVIEW OF SELECTED III–V MATERIALS 

Material 
Common crystal 

phase 

Important electronic 

feature 

Polarization-sensitive 

feature 
Major relevance 

GaAs 
Zinc-blende / 

Wurtzite possible 

Direct band gap; strong 

valence-band structure 

Heavy-hole/light-hole 

transitions 
Lasers, detectors 

InP Zinc-blende Direct-gap semiconductor 
Valence-band and interband 

transitions 
Photonics, telecom 

InAs 
Zinc-blende / 

Wurtzite possible 
Narrow direct band gap Strong infrared response IR detectors 

GaSb Zinc-blende Narrow-gap semiconductor Valence-band transitions Infrared devices 

InSb Zinc-blende Very narrow band gap 
Strong infrared optical 

response 

IR and 

magnetoelectronics 

GaN Wurtzite Wide direct band gap 
Strong c-axis polarization 

dependence 
LEDs and lasers 

InN Wurtzite Narrower-gap nitride Polarized optical transitions Infrared/optoelectronics 

AlAs Zinc-blende Wide-gap III–V Interband optical transitions Heterostructures 

AlP Zinc-blende Wide-gap semiconductor Direction-dependent optical Optical materials 
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response in WZ phase 

GaP Zinc-blende Indirect-gap semiconductor 
Band-state symmetry 

analysis 

Electronic/optical 

research 

 

Polarized light spectroscopy offers several advantages for studying anisotropic electronic structures. It is generally non-

destructive, can provide high spectral resolution and can distinguish electronic transitions that overlap in unpolarized 

measurements. Photoreflectance is particularly useful because it does not require direct electrical contacts and can 

investigate surface and interface properties. Polarization-dependent photoemission additionally provides direct 

information about band dispersion and state symmetry. 

However, interpretation can be complicated by surface effects, excitons, temperature-dependent band shifts, strain, 

defects, polarization leakage and experimental geometry. The intensity of a transition does not depend exclusively on 

the electronic band structure; it also depends on the experimental configuration and optical matrix elements. 

Consequently, experimental spectra should ideally be compared with theoretical calculations rather than interpreted 

solely from peak positions. 

Understanding anisotropic electronic band structures through polarized spectroscopy has important implications for 

semiconductor technology. In lasers and light-emitting devices, polarization determines the efficiency and 

directionality of optical emission. In photodetectors, anisotropic absorption can be exploited for polarization-sensitive 

detection. In quantum wells and nanowires, polarization-resolved measurements can identify confinement effects and 

crystal orientation. In high-speed and infrared devices, accurate band parameters are necessary for understanding 

carrier transport and optical transitions. Polarized spectroscopy can also assist in characterizing epitaxial layers, 

heterointerfaces, alloy composition and structural quality. 

Future research should combine polarization-resolved spectroscopy with advanced first-principles calculations, 

nanoscale imaging and time-resolved measurements. Particular attention should be given to anisotropy in emerging 

low-dimensional III–V structures, mixed crystal phases, strained heterostructures and semiconductor nanowires. 

Another important direction is ultrafast polarized spectroscopy, which can reveal how anisotropic carriers evolve after 

optical excitation. Machine-learning-assisted spectral analysis may also help distinguish overlapping transitions and 

extract band parameters from complex polarization-dependent spectra. Improved experimental control over crystal 

orientation and polarization will further increase the reliability of quantitative comparisons between theoretical and 

experimental band structures. 

 

XII. CONCLUSION 

The review demonstrates that polarized light spectroscopy provides a powerful approach for investigating anisotropic 

electronic band structures in Group III–V semiconductors. Polarization introduces an additional symmetry-sensitive 

dimension to conventional optical and photoemission measurements, allowing researchers to distinguish electronic 

states, analyze valence-band splitting and determine direction-dependent optical transitions.  

The importance of anisotropy is particularly evident in wurtzite III–V compounds, strained semiconductor structures 

and nanowires, where the presence of a preferred crystallographic axis produces strong differences between parallel 

and perpendicular optical responses. Experimental studies of GaAs, InP, InAs and related compounds have established 

the usefulness of polarization-dependent measurements for mapping electronic bands, while theoretical studies of 

wurtzite III–V materials have demonstrated the corresponding anisotropic dielectric response. Overall, integrating 

polarized photoreflectance, photoluminescence, absorption, ellipsometry and photoemission with k·p and first-

principles calculations provides a comprehensive framework for understanding the relationship between crystal 

symmetry, electronic band structure and optical anisotropy. 
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