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TOPICAL REVIEW — Exciton physics: Fundamentals, materials and devices

Exciton-related luminescence of ZnO and
its optoelectronic applications
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Excitons, as core elementary excitations in semiconductors, encompass fundamental scientific issues of longstanding
interest in condensed matter physics and optoelectronics, including their formation, classification, dynamic behaviors,
and radiative recombination mechanisms. This review focuses on excitons of zinc oxide (ZnO), a prototypical wide-
bandgap semiconductor, highlighting its large exciton binding energy of ~ 60 meV, its distinctive luminescence spectral
structure, and the intrinsic physical origins that enable stable excitonic emission at room temperature. In the ZnO system, its
exceptionally high exciton binding energy stems from weak dielectric screening and strong Coulomb interaction, endowing
it with irreplaceable advantages for room-temperature ultraviolet optoelectronic devices. Besides, the exciton lasing in
different ZnO micro/nano structures is introduced, as well as the applications such as the laser sensing and the ultraviolet
light emitting devices. Moreover, the interactions of ZnO excitons with excitons, photons, phonons, and plasmons are
mentioned and discussed. This review summarizes the exciton-related luminescence properties of ZnO, a material with

great potential for functional optoelectronic applications.
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1. Introduction

The interaction between light and matter stands as an
At its
core, excitons (quasiparticles related to this interaction) re-

enduring theme in physics and materials science.

lated research spans from fundamental quantum mechanics to
modern optoelectronic device applications. In semiconduc-
tors, the exciton is an electrically neutral quasiparticle con-
sisting of an electron and a hole bound by Coulomb attrac-
tion. It serves as a foundational framework for understand-
ing optical absorption, light emission, energy transport, and
nonlinear optical responses in materials.!'! Either following
photon excitation or carrier injection, their presence signifi-
cantly modifies the physical properties of materials in excited
states. 40! In-depth investigation of exciton behavior not only
reveals the nature of many-body interactions in solids but also
serves as the physical foundation for advancing modern opto-
electronic technologies such as light-emitting diodes (LEDs),
lasers, quantum light sources, and photonic chips. With the
development of materials science, particularly the emergence
of low-dimensional materials and wide-bandgap semiconduc-
tors, exciton physics has exhibited unprecedented richness and
tunability. =]

As a typical wide-bandgap semiconductor, zinc oxide
(ZnO) has attracted widespread attention in optoelectronics

TCorresponding author. E-mail: xcxseu@seu.edu.cn

CSTR: 32038.14.CPB.ae6{94

due to its distinctive properties, including a direct bandgap
of ~ 3.37 eV, diverse morphologies amenable to device en-
gineering, and a high exciton binding energy of ~ 60 meV.
This value substantially exceeds the thermal energy at room
temperature (~ 26 meV) and the exciton binding energies of
conventional semiconductors such as GaN (~ 26 meV), ZnSe
(~ 20 meV), and ZnS (~ 37 meV).['%12! Tt enables ZnO ex-
citons to effectively remain in a non-ionized state at room
temperature, thereby providing a solid physical foundation for
achieving efficient near-band-edge (NBE) ultraviolet radiative
recombination and has superior excitonic properties for opto-
electronic devices. Hence, ZnO is considered an ideal can-
didate material for the fabrication of ultraviolet light-emitting
diodes (UV-LEDs), laser diodes (LDs), and high-color-purity
displays, demonstrating irreplaceable application potential in
fields such as biomedical sterilization, water purification,
short-distance high-speed communication, and high-density
information storage.!'3-!7! Recently, ZnO devices with films,
micrometer columns, two-dimensional structures, etc. have all
been extensively studied both on basic performance and meth-
ods for constructing advanced devices.!'8-23

Therefore, this review introduces the types of excitons in
ZnO and the process of exciton-related luminescence prop-
erties, further discusses exciton lasing behavior in ZnO mi-
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cro/nanostructures. Furthermore, we analyze and compare
the interactions between excitons in ZnO and excitons, pho-
tons, phonons, as well as plasmons, especially the influence
on the exciton luminescence process. Finally, the applica-
tions of ZnO exciton luminescence are presented, including
research progress related to electroluminescent devices and

lasing-based sensors.

2. Exciton

An exciton is a collective electronic excitation (neu-
tral bosonic quasiparticle) in a solid, formed by a Coulomb-
correlated electron—hole pair that can propagate through the
crystal lattice while transporting energy without net charge
transport. The radiative recombination of free excitons
manifests as narrow-band fluorescence with a small Stokes
shift, where the emission energy is slightly lower than the
bandgap.!?*-?! The emission energy of conventional excitons
is red-shifted relative to the fundamental bandgap energy (E;)
by an amount equal to the exciton binding energy. [>7-28]

In materials with low exciton binding energies (below the
room-temperature thermal energy of ~ 26 meV), thermal fluc-
tuations readily induce exciton dissociation into free charge
carriers. Consequently, excitonic luminescence in such mate-
rials can only be observed at cryogenic temperatures.'2°=21 In
contrast, materials with high binding energies, such as ZnO
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(~ 60 meV), sustain stable excitonic emission at room tem-
perature with narrow spectral linewidths. However, in materi-
als with strong exciton—phonon coupling, such as halide per-
ovskites, an unusual type of emission arises from self-trapped
excitons (STEs), whose emission energy is much smaller than
the bandgap. In this case, the emission will be highly red-
shifted, and the electrons and holes will be more severely
restricted.’>3*! Due to the strong interaction between exci-
tons and lattice vibrations (phonons), the exciton will lose
some energy, called self-trapping energy (E), and become an
STE. At the same time, the energy of the ground state will
rise because of lattice deformation, and the increased energy
is called lattice deformation energy (E4). Consequently, as
shown in Fig. 1(a), the emission energy can be described by
Epy = E, — Ey, — Ey — Eq, which is the origin of the large
Stokes shift in STE emission.*>) STEs usually occur in ma-
terials with soft lattices and strong electron—phonon coupling,
emitting photons with broad spectra and large Stokes shifts.
For ZnO materials, excitonic emission can be observed at nor-
mal temperature in samples with high crystal quality. And
ZnO quantum dots (QDs) and nanocrystals can exhibit typi-
cal STE emission characteristics under normal pressure. Re-
cently, researchers introduced deviatory stress to modulate the
STE process in pyramidal ZnO nanocrystals. This approach
results in a remarkable shift in emission energy, from yellow-
green (2.34 eV) to deep-blue (2.88 eV).[30!

Frenkel excitons
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Fig. 1. (a) Schematic of the energy level structure of STE (GS, ground state; FE, free exciton state; FC, free carrier state; STE, self-
trapped exciton state; Eg, bandgap energy; Ep, exciton binding energy; Eg., self-trapping energy; Eq, lattice deformation energy; Epr,
emission energy), which can be used to understand the origin of the large Stokes shift in STE emission.?! (b), (c) Comparison between

Wannier—Mott and Frenkel excitons.

Excitons are electrically neutral and therefore do not di-
rectly contribute to electrical conduction; however, their ki-
netic behavior profoundly influences the efficiency of photo-
electric conversion. The physical characteristics of excitons
are primarily described by two key parameters: binding energy
and Bohr radius.*738] Among these, wide-bandgap semicon-
ductors typically exhibit larger exciton binding energies and
smaller Bohr radii due to their lower dielectric constants and
weak Coulomb screening; conversely, narrow-bandgap ma-
terials possess smaller binding energies and more extended
wavefunctions, 340!

The classification of excitons constitutes a multidimen-
sional framework, primarily organized according to their con-

finement mechanisms, spatial localization, material dimen-

sionality, and the types of defects involved. The most funda-
mental categorization is based on whether excitons are influ-
enced by the localization potential of crystal defects, dividing
them into free excitons and bound excitons. Depending on the
binding strength and spatial extension, excitons can be classi-
fied into two categories: Wannier—Mott excitons and Frenkel
excitons, as shown in Figs. 1(b) and 1(c). Wannier—-Mott exci-
tons are characterized by a large exciton Bohr radius (typically
several times the unit cell dimension) and a relatively small
binding energy (usually ~ 10 meV). In contrast, Frenkel exci-
tons exhibit strong binding characteristics (E ~ 100 meV) with
an exciton Bohr radius approaching the lattice constant. [41:4%]
Based on the discussion above, ZnO belongs to the Wannier—

Mott exciton, but it has a relatively strong binding property.
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3. Exciton luminescence

As a typical third-generation semiconductor material,
ZnO exhibits remarkable characteristics of a wide band gap
and high exciton binding energy (~ 60 meV), which confer
distinct advantages in light emission applications.[*3#3] The
luminescence of ZnO comprises band-edge excitonic emission
in the ultraviolet region and defect-related emission in the vis-
ible region. A thorough grasp of excitonic luminescence pro-
cesses is essential for clarifying the origin of green emission
(primarily arising from defect luminescence), elucidating the
mechanisms underlying room-temperature stimulated emis-
sion, and promoting the development of high-performance ul-
traviolet optoelectronic devices. In this section, we summarize
the excitonic luminescence properties of ZnO.

3.1. Fluorescence procedure

When the energy of incident photons exceeds the bandgap
of ZnO (approximately 3.37 eV at room temperature), valence
band electrons are excited to the conduction band, generat-
ing electron-hole pairs.[*®471 These high-energy-state carri-
ers subsequently undergo rapid relaxation to the conduction
band minimum or valence band maximum through phonon
emission (lattice vibrations), preparing for subsequent radia-
tive recombination.*#%°1 The room temperature photolumi-
nescence spectrum of ZnO typically consists of NBE free
excitonic emission and broadband defect emission covering
the visible region (approximately 3.1 eV to 1.653 eV), the
latter arising from radiative transitions associated with vari-
ous intrinsic defects and their complexes in the lattice.[9->?1
Figure 2 illustrates the defect energy levels within the ZnO
bandgap. Common intrinsic defects include oxygen vacancies
(low formation energy, universally present), zinc vacancies
(capable of producing two acceptor levels), zinc interstitials
(providing shallow donor levels), and oxygen interstitials and
antisite defects with higher formation energies. These defects
may further combine to form defect clusters such as VxZn;_y
(with energy levels located at 2.16 eV below the conduction
band), thereby significantly affecting the material’s electrical
conductivity, minority carrier lifetime, and luminescence effi-
ciency. Among these, the origin of the typical green emission
band (approximately 2.4-2.5 eV) in undoped ZnO remains
controversial; mainstream viewpoints attribute it to transitions
from deep donor levels (such as oxygen vacancies or zinc in-
terstitials) to the valence band, or transitions from shallow
donor levels to zinc vacancy acceptor levels. 333

Due to the fact that ZnO nanostructures are typically
grown in zinc-rich environments, oxygen vacancies and zinc
interstitial atoms tend to become the dominant defects. The
yellow emission component in ZnO photoluminescence is pri-
marily attributed to radiative transitions induced by oxygen
interstitial defects. Specifically, the energy level formed by

oxygen interstitial atoms in the band structure is located ap-
proximately 2.28 eV below the conduction band; when elec-
trons transition from the conduction band to this level, yellow
light is emitted. In ZnO nanorods prepared by wet chemical
methods, the generation of yellow emission is likewise asso-
ciated with oxygen interstitial defects. Notably, through ther-
mal treatment of Zn(OH), residues remaining on the surface
of ZnO nanostructures or acid treatment of hydroxyl groups,
the originally yellow emission can be transformed into green
or red luminescence. This indicates that the origin of yellow
emission is closely related to the surface chemical state and
defect types of the material, while also reflecting the tunabil-
ity of defect-related luminescence in ZnO.

V, 0.05 eV(b) Zn; 0.05 eV(b)

Zn,0.22 V(D)

In 0 vy D046 V@)

Va2 0.56 eV(b)

/165 /(1,6) e
Vo 16523 Vo) TSR
V,Zn, 2.16 eV(c) 0,228 ¢V(0) e
_ 238 eV
Xy 0, 2.38 eV(aye)
Va2V e
Vi 2.66,2.6 eV(b) -
0,2.69 eV(0)

V. 3.06 eV(c)

Fig. 2. The defect energy levels of zinc oxide. %!

Furthermore, in the study of ZnO luminescence, exci-
tation density is a critical factor determining the underlying
emission mechanisms. With increasing excitation density, the
luminescence mechanism transitions from free exciton recom-
bination and defect-related ordinary spontaneous emission at
low densities, to amplified spontaneous emission dominated
by exciton—exciton scattering at intermediate densities, and ul-
timately to stimulated emission resulting from electron—hole
plasma (EHP) recombination at high densities. For instance,
in ZnO nanoparticles, when the excitation density reaches a
threshold of approximately 7.2 GW-cm™2, exciton—exciton
scattering becomes the dominant mechanism, driving the lu-
minescence into the amplified spontaneous emission regime
characterized by spectral narrowing and threshold behavior.

3.2. Lasing process

Due to the excellent excitonic luminescence properties of
7ZnO0, and based on the stable excitonic emission at room tem-
perature, excitons provide optical gain through interactions
such as scattering as the excitation intensity increases.!>’~60]
Feedback is subsequently obtained in naturally formed mi-
cro/nanoscale resonant cavities, ultimately achieving the tran-
sition from spontaneous emission to stimulated emission.
Common microcavities include random lasing processes,
Fabry—Pérot (F-P) lasing processes, and whispering-gallery-
mode (WGM) lasers.[01-63]

In arrays of ZnO microrods or disordered particles, light
can obtain feedback through multiple scattering, forming ran-
dom lasers. For instance, ultraviolet random lasing with a peak
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wavelength of approximately 391 nm observed in ZnO micro-

[64.65] A shown

rod arrays is realized through this mechanism.
in Figs. 3(a)-3(c), the natural end facets of ZnO nanowires
and nanohexagonal columns can form excellent F-P reso-
nant cavities, wherein light is reflected back and forth be-
tween the two end facets and amplified. [66] In this case, las-
ing with Q over 3000 can be observed. Researchers have
also successfully demonstrated surface plasmon polariton las-
ing with low threshold values and based on the F-P mode in
a semiconductor—insulator-metal (SIM) structure composed
of ZnO nanowires and metal thin films, which operates at
room temperature.[%7-%81 Compared with others, WGM lasing
in ZnO utilizes its hexagonal micro/nanostructures as natu-
ral high-Q-factor resonant cavities, achieving optical feedback
through total internal reflection. The gain mechanism at the
micro/nanoscale may not only follow the conventional EHP
process but instead involves richer physics of carrier scatter-
ing. In this case, lasing with a Q factor exceeding 6000 was
achieved. Advanced spectral testing techniques have made the
observation of WGM lasers increasingly easier. As shown
in Fig. 3(d), under the influence of the confocal microscope,
the excitation light is focused onto the sample, and the laser
from the sample is collected and focused onto the detector,
and WGM lasing can be obtained (in Fig. 3(e)).!%°! Combined
with the intrinsic piezoelectric properties of the material or
plasmonic effects, ZnO WGM lasers exhibit tremendous po-
tential for realizing low-threshold, tunable miniature ultravio-
let lasers.

(d)

2
g
g

é:@--—'-qul(:ameral

1
1

V7

: 7N Halogen Lamp
1

1

;N 100X
/ X
& N
-2 d- N
I‘] I Sample Cell
(e) —— 280 kWicm'|
3 —— 220 kW/cm®
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]
c 1
ﬁ 0.0k .,
- |
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Fig. 3. (a) SEM image of ZnO vertical nanowire cavities grown on
sapphire substrate. (b) SEM image of single vertical nanowire with di-
agram showing Fabry—Perot lasing modes of wavelengths Aa, Ag, Ac.
Scale bar is 300 nm. (c) Lasing spectra of single ZnO vertical nanowire
cavity.[%) (d) The classic micro-area spectroscopy system. (e) ZnO
whispering gallery mode under different pump power densities. [

4. Exciton-related interactions

As a typical third-generation semiconductor material,
ZnO has the remarkable characteristics of a wide band gap

and high exciton binding energy, which makes it have obvi-
ous advantages in the construction of light-emitting devices,

s.[061.70.71] Because of this feature, the cou-

especially UV laser
pling between excitons and other particles (such as exciton—
exciton, exciton—photon, exciton—phonon, exciton—plasmon,
etc.) presents a wealth of physical phenomena. In this section,
we summarize several exciton-related interactions and explore

their spectral performance and potential physical mechanisms.

4.1. Exciton—exciton interaction

At room temperature, the fluorescence spectra of ZnO pri-
marily exhibit a UV NBE emission located at about 380 nm. In
fluorescence spectroscopy experiments, the UV NBE emission
behavior of ZnO is influenced by the intensity of the pumping
light. Under low power density pumping conditions, the UV
NBE emission of ZnO is dominated by free exciton recombi-
nation radiation. As the pumping power density increases, the
exciton concentration in ZnO also increases. Due to the pre-
dominance of exciton—exciton scattering interactions, the con-
tinuous spectrum formed by exciton—exciton collisions mea-
sured in the experiment is referred to as the P-band.!”?! This
results in a red shift of 99 meV in the fluorescence emission
peak compared to the free exciton radiation peak. When the
pumping power density continues to increase and the exciton
concentration exceeds the critical Mott phase transition con-
centration, the interactions between excitons intensify, form-
ing an EHP, which exhibits physical characteristics completely
different from exciton radiation. Figures 4(a) and 4(b) visually
illustrate the mechanism of NBE emission in ZnO under dif-
ferent carrier concentrations.!’3! Compared to that of exciton
transitions (greater than 5 ps), EHP transitions have a shorter
rise and decay time due to their rapid thermalization (less than
100 fs). The dynamic differences between the two can be re-
vealed in depth through ultrafast spectroscopy techniques such
as time-resolved spectroscopy and transient absorption spec-
troscopy. Hendry et al.’* utilized optical pump—terahertz
probe techniques to reveal the formation process of EHP in
ZnO single crystals. Under low pumping power densities, hot
electron—hole gas slowly cools down after 10—100 ps to form
excitons, overturning the traditional view of “rapid formation
of hot excitons”. When the exciton concentration exceeds the
Mott phase transition, the plasma rapidly decays to near the
Mott density within 1.5 ps through Auger recombination and
tends to stabilize, a process of which is independent of lattice
temperature and occurs before carrier cooling. This technique
directly observes exciton formation dynamics for the first time
by distinguishing the characteristic conductivity responses of
free carriers and excitons, which is of great significance for
understanding the carrier behavior of ZnO under high-density
excitation (such as in laser applications). Versteegh et al.[’>]
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pointed out that the lasing in ZnO nanowires at room tempera-
ture is not of excitonic nature, as is often thought, but instead is
electron—hole plasma lasing. On the other hand, EHP can also
lead to bandgap renormalization, causing the conduction band

edge to shift downward and the valence band edge to shift up-
ward. Consequently, a significant red shift of the fluorescence
peak position with varying pumping power is observed in ex-
periments, as illustrated in Fig. 4(c).

Ea (a n=e (b) c RT
A n=3 g ( ) Ehp Exciton-exciton
= AAARS Iow_ density § L “P" line
excﬂon o2 regime g 3.18eV
<
n=1 3 D°XBEC = I
o2 ‘ sl 1.2 MWiem?
25 6 <
o2
= 2
1 = | xanns intermediate Tl \ \
g8 | cattenn | rdensity 8 §
e 9 2
8 g A regime 8 '_';: \_1 MWicm
o X F o [
X S N {\
) g N spontaneous emission
22 biexciton £ 3 3.26eV
G B E |
g8 & 2 __J N 700 kWiem?
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== e high r /N
Vivivivs
AR EHF' & °° density | HeCd (CW) VAR
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Fig. 4. (a) Schematic drawing of the inelastic exciton—exciton scattering process and (b) the scenario in a semiconductor with increasing
excitation.!”3! (c) Normalized PL spectra for various excitation intensities at room temperature.[’?!

4.2. Exciton—-photon interaction

The exciton-polariton, formed by the strong coupling
of excitons and photons in ZnO, is a quasi-particle possess-
ing both particle and photon properties. It is also crucial
for realizing cutting-edge physical phenomena such as low-
threshold lasers!’® and Bose—Einstein condensation,!7”-78]

as well as novel optoelectronic devices!”®! (e.g., ultrafast

optical switches and single-photon sources). Compared
to narrow-bandgap semiconductor materials like CdTe and
GaAs, ZnO stands out as an ideal material for realizing
exciton-polaritons at room temperature due to its high exciton
binding energy (60 meV), which leads to a relatively stable
strong coupling between excitons and optical cavity modes

at room temperature. In 2006, Vugt et al.’3" investigated

Mode number m,
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ZnO NW 20 um 13.5
{34
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413.2
3.1
3
{3.0 3
29 &
2.8
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34+ £ T 1 I —— 150 KWicm? 2
s C-excitation - - :: —— 175 KW/cm? %
233 Beexcitation - T 1 S — 200 KWiem? £
o A-excitation” B | = 250 KW/cm?
2325 ' I 1 8 50 150 250
W k= P (KW/cm?)
31Fm @ r - .
55
1/ | ==
X ‘KA I - T !

0 33 36 39 42 45
k(10" m ™)

23

Intensity (a.u.)

3.

10 312 3.14 3.16

Energy (eV)

Fig. 5. (a) TEM image and spatially resolved excitation images of ZnO taken at different emission energies, (b) numerical simulation of exciton
polariton dispersion spectrum, (c) emission intensity enhancement factor at the tip.%%! (d) The numerical exciton-polaritons dispersion curve and

(e) TE polarized pu-PL spectrum of ZnO microrod with a diameter of 9.38 um, (f) the lasing spectra under different pumping power densities.

[82]
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optical cavity mode radiation in a single ZnO nanowire using
two-photon non-resonant excitation. As show in Fig. 5(a), two
enhanced fluorescence emission bands in the ultraviolet region
were discovered in the fluorescence spectrum collected from
the tip of the ZnO rod. The enhancement factor, defined as the
ratio of emission intensity at the tip to that at the body of the
rod, exhibited a series of resonance peaks in the 3.0-3.2 eV
range, attributed to the F-P cavity modes formed by light re-
flection and oscillation at the two ends of the nanorod. Further-
more, by utilizing the exciton-polariton dispersion curve of
ZnO (as shown in Fig. 5(b)) and the F-P cavity mode formula,
they simulated the F-P resonance modes of exciton-polaritons
in the nanorod (represented by the black cross in the 2.8-
3.2 eV region in Fig. 5(b)). The numerical simulation results
of exciton-polariton resonance modes reveal two enhanced
emission peaks at the bottom of the upper branch and the top
of the lower branch of exciton-polaritons, respectively. The
positions of these two enhanced emission peaks align with the
two ultraviolet emission bands observed in the fluorescence
experiment, indicating the realization of exciton-polaritons in
ZnO nanorods shown in Fig. 5(c). Chen’s group®!! discovered
the phenomenon of whispering gallery mode radiation in the
tapered arm of the ZnO tetrapod with gradually decreasing di-
ameter. Scanning microscopy fluorescence spectroscopy mea-
surements revealed that as the cavity gradually narrowed, the
whispering gallery cavity modes gradually shifted to the blue,
thereby approximating the energy of ZnO excitons and cou-
pling with them. The linearly decreasing blue shift of whis-
pering gallery modes in the cavity, simulated using exciton-
polariton dispersion, fully aligns with experimental results,
thus indicating the generation of effective whispering gallery
mode exciton-polaritons in the cavity. In 2011, our research
group!®? achieved low-threshold room-temperature exciton-
polariton lasing using hexagonal ZnO microcavities, and ob-
served a Rabi splitting energy of 90 meV and a nonlinear blue
shift phenomenon, as shown in Figs. 5(d)-5(f).

4.3. Exciton—phonon interaction

The exciton—phonon interaction in ZnO is a crucial com-
ponent of its light emission physical process, playing a piv-
otal role in understanding its UV emission characteristics and

(83-86] This interaction pri-

designing optoelectronic devices.
marily occurs through the coupling between excitons and lat-
tice vibrations (phonons), significantly influencing the shape,
position, and dynamics of the emission peaks. By utiliz-
ing low-temperature spectroscopic testing techniques, one can
clearly observe the exciton recombination in ZnO and their
corresponding phonon replicas formed by the coupling be-
tween excitons and lattice vibrations (phonons). As shown
in Fig. 6, the variable-temperature photoluminescence spectra

of ZnO nanorods using low-temperature spectroscopic tech-

niques have been measured.!®”) When the temperature is be-
low 30 K, the UV fluorescence spectrum primarily consists of
the emission peaks of bound exciton (BX) with an energy of
3.367 eV, free exciton (FX) with an energy of 3.377 eV, and
their corresponding phonon replicas. According to previous
reports, the energies of longitudinal optical (LO) and trans-
verse optical (TO) phonon modes are 70 meV and 52 meV,
respectively. Consequently, the five peaks located at 3.321 eV,
3.296 eV, 3.245 eV, 3.226 eV, and 3.173 eV correspond to FX-
TO, BX-LO, FX-TO-LO, BX-2LO, and FX-TO-2LO, respec-
tively. As the temperature gradually increases, more and more
BXs are thermally activated and convert to FXs. The peaks
of BX and its phonon replicas gradually disappear, while the
relative intensities of the FX emission as well as its phonon
replicas gradually strengthen and eventually become dominant
in the RT-PL spectra. Therefore, as the temperature rises to
room temperature, the NBE emission in the ultraviolet region
of ZnO is composed of the peaks of free excitons and their
phonon replicas, which usually shows the characteristics of
spectral line broadening and red shift.
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— 250K
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Fig. 6. Temperature-dependent PL spectra of ZnO nanorod arrays with
different diameters. 87!

4.4. Exciton—-plasmon interaction

With the continuous development of laser technology, its
miniaturization has also garnered widespread attention. Due
to the limitation of optical diffraction, the physical size of tra-
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ditional laser sources is at least half the wavelength of light,
severely restricting their miniaturization.®¥] To address this
challenge, Bergman and Stockman!®! proposed a novel con-
cept of laser in 2003, introducing metals and semiconduc-
tors into nanoscale systems. Through efficient coupling be-
tween exciton luminescence in semiconductors and plasmonic
modes on metal surfaces, photonic oscillations are converted
into electronic oscillations, enabling them to be free from the
constraints of cavity size. This results in surface plasmon am-
plification by stimulated emission of radiation (Spaser), a plas-
monic nanolaser with dimensions as small as ~ 10 nm. This
composite resonant cavity plasmonic nanolaser, composed of
metal, insulating medium, and semiconductor gain medium,
was first reported experimentally in 2009.°0-9] The physical
advantage of high exciton binding energy in ZnO also pro-
vides sufficient optical gain to compensate for metal ohmic
losses. In 2014, R. F. Oulton et al.!”*! constructed a composite
laser microcavity with SPP coupling using ZnO nanowires and
metal Ag film, as shown in Figs. 7(a)-7(c). The dynamic pro-

cesses of two laser modes were systematically investigated by
using pump-probe technology, and it was found that the spon-
taneous emission recombination rate of the ZnO/Ag composite
system was significantly enhanced, with lasing pulse times as
low as 800 fs. In 2015, Chou et al.l®*! constructed a ZnO/Ag
composite structure microcavity, as shown in Figs. 7(d)-7(f).
Under low temperature conditions, the distinct mode structure
plasmonic lasing using Ag-SPP coupled ZnO nanorods was
observed. Time-resolved spectroscopy measurements showed
a significant increase in exciton recombination rate in this
composite microcavity, with a Purcell factor as high as 20.4.
The research results indicated that the introduction of Ag-
SPP promoted the transition of electrons from the conduction
band to the valence band. In 2017, our group!® constructed
a composite laser microcavity with SPP coupling using ZnO
nanowires and metal Ag film, achieving room-temperature op-
eration of subwavelength-scale plasmonic nanolasers. And the
physical mechanism of blue shift in this type of laser mode was
systematically clarified.

(a) (b) (c) LA . . .
10
o= = Plasmonic
B 8 = Photonic
iosf-
e > L
29__N2 £ . e
S——————— G 06— -
& | ”
%o
E F 0z 04 0%
S mJ cm?,
2 02f Pa )
B ZnO nanowire
: 00
. 32 31 3.0
Photon energy (eV)
(d) (e) M e '
— 179 MW/cm?
[— 151 MW/cm? 3 Pl ’- W+
76 MW/cm? i o -
k=32 MW/cm’ ] - ’_ : p-
2 d S
3 ) £ 4 = ZnO bulk
s T3 g . * ZnO NW on Ag/SiO,
k7 g4 i v Y 2
§ El s % oib 4 System response
£ = H »e 8
= 2 1 . «
I R |
N9 9 000m z
Pump de:mry (MWiem?)
2t LY T, Pr——— AU . R
360 365 370 375 380 385 390 395 400 0 50 100 150 200 250 300

Wavelength (nm)

Time (ps)

Fig. 7. (a) Schematic of the geometry and the emission of a ZnO nanowire optically excited with two time-delayed (7) pump pulses. (b) Cal-
culated nanowire modes for plasmonic and photonics devices respectively. (c) Comparison of the measured emission near twice the threshold
from a selected plasmonic nanowire (~ 150 nm) and a thicker (~ 250 nm) photonic nanowire on a quartz substrate.!*3! (d) Schematic bird’s
eye view diagram of the device. (e) Measured spectra at the laser pumping power density from 32 MW/cm? to 179 MW/cm? inserted with
light—light curve and FWHM versus the pumping power density. (f) Time-resolved PL signals (dots) and fitted curves (solid lines) at 77 K.[%4]

5. Application
5.1. Optoelectronic devices

With its excellent physical properties and outstanding ex-
citon recombination luminescence, ZnO is one of the ideal
candidate materials for developing ultraviolet LEDs and LDs.
Over the past two decades, ZnO-based electroluminescent de-
vices have been a focal point in semiconductor research. How-
ever, achieving stable and high-quality p-type doping in ZnO
remains a bottleneck difficulty, primarily due to factors includ-
ing the low solubility of acceptor impurities, deep acceptor

levels (high ionization energy), and a strong self-compensation
effect. Consequently, it has become an optional scheme to
construct ZnO-based heterojunction structures by employing
other p-type materials to realize effective hole injection (such
as p-Si, p-GaN, and p-AlGaN), which has received widespread
attention from researchers. In this structure, electrons and
holes are injected from the n-ZnO and the p-type layer, re-
spectively, and recombined in the active region within the
ZnO layer or at the heterojunction interface to form excitons,

thereby generating luminescence.
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Fig. 8. An n-ZnO microwire/p-GaN heterojunction:[*® (a) schematic diagram of the device; (b) the EL spectra driven by different currents;

(c) the energy band structure diagram.

ZnO exciton luminescence in LEDs Because of the sim-
ilar crystal structure to ZnO, close lattice constants, and low
lattice mismatch (1.9%),°7?1 p-GaN has become an ideal
hole injection material to construct the heterojunctions with
ZnO. Besides, ZnO and GaN have similar bandgaps of 3.37 eV
and 3.4 eV, respectively. In 2009, Wang’s group achieved
the high brightness blue LEDs in the n-ZnO nanowires/p-
GaN substrate mainly in the wavelength range between 400-
440 nm, and the luminescent center showed the blue shifting

[100

through increasing the injection current.!'®) Next year, Oleg

101 constructed the n-ZnO nanowire arrays/p-GaN epi-

et al.l
taxial layers LED with a narrow UV emission peak centered
at 397 nm which was stable with increased driven voltage.
In 2017, Jiang et al.”® reported a heterojunction LED based
on n-ZnO microrod in Fig. 8(a), which presented the differ-
ent EL spectra under various injection currents. As shown in
Fig. 8(b), with the low driven current, the device emitted the
violet-blue wavelength range light with the center at 412 nm.
When the driven current became higher, there was an emis-
sion peak at 370 nm generating. Lots of reports showed the
similar results that the n-ZnO/p-GaN heterojunction LEDs had
the wide emission wavelength range EL performance.!10%103]
According to the energy band schematic in Fig. 8(c), these
emissions can be attributed to the band-edge emission of the
ZnO MW, the transition from the shallow donor level in GaN
to the Mg doping-related acceptor level, and the radiative re-
combination of electrons from the ZnO MW conduction band
with holes from the GaN valence band at the heterojunction
interface. 1941971 In addition, ZnO and GaN show similar re-
fractive index and crystal structure, which can cause serious
optical and electrical loss at the interface. Therefore, the de-
sign of the heterojunction interface engineering and the opti-
mization of the energy band structure are critical for enhanc-
ing the device luminescence efficiency, stability, and spectral
monochromaticity of n-ZnO/p-GaN LEDs.

In order to improve the exciton recombination lumines-
cent efficiency, the electron blocking layer is widely regarded
as an effective means. It can optimize the energy band struc-
ture and interface loss, and effectively suppress the electron in
ZnO transferring into the GaN conduction band, thereby im-
proving the NBE emission in ZnO. In 2007, Chen et al.!1%8]

introduced a SiO; layer in the n-ZnO/p-GaN to obtain a sharp
emission peak at 394 nm, which was attributed to the recom-
bination of accumulated carriers between n-ZnO/SiO, and p-
GaN/SiO, junctions. In 2012, Liu et al.!'%! introduced a
Gay03 layer in the planar n-ZnO/p-GaN heterojunction de-
vice to effectively block carriers for radiative recombination
in ZnO, finally realizing the strong UV emission at ~ 392 nm.
The next year, Wang et al.!'1% illustrated that the Al,O3 layer
was inserted in the heterojunction device to realize the violet

1 demon-

emission in n-ZnO. Next, in 2017, Liu’s group[
strated a ~ 30-fold improvement of near-UV EL intensity by
inserting a thin Al,Os3 dielectric retarding layer into the ZnO
quantum dots side, in which the electrons injected from ZnO
were effectively slowed and detained in the ZnO quantum dots
emissive layer, as seen in Fig. 9(a). Besides, the dielectric
materials of MgF, 112 and MgO!13] were also demonstrated
to effectively block the electron in ZnO to improve the near-
band-edge recombination emission. And the high-k materi-
als (a dielectric constant of 25-30) of HfO, with a modest
band gap (5.8-6.0 eV) could be a good electron blocking and
hole transporting layer for the n-ZnO/p-GaN LED device, in
which the conduction-band offsets of HfO,/ZnO and valence-
band offsets of HfO,/GaN were calculated as ~ 2.29 eV and
~ 0.3 eV.[!4115] Fang’s group!!'®!17] reported the improve-
ment of violet emission in ZnO and narrowed emission peak,
which resulted from the enhanced radiative center recombina-
tions with inserting HfO, layer. In addition, Zhang et al.[!!3]
reported that the utilization of ZnS as an intermediate layer can
lower the barrier height for holes and keep the effective elec-
tron blocking to exhibit UV emission. Sun et al.!''"! reported
that the MgZnO layer also could confine the injection carriers
to increase the excitonic emission intensity in the ZnO active
region.

With the widest direct band gap of 6.2 eV, AIN has good
lattice match with ZnO and GaN, which can be an ideal in-
terface modification layer to improve the performance of n-
ZnO/p-GaN heterojunction LEDs. 1201211 In recent years, our
group also introduced an AIN layer in the n-ZnO nanorods/p-
GaN LED:s to obtain pure UV emission.['??! According to the
calculated results, the valence band offset between AIN and
GaN was 0.34 eV, and the conduction band offset between AIN
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and ZnO was 3.28 eV. Thus, the electron-hole recombination
could take place in the ZnO layer to realize more exciton lumi-
nescence. As presented in Fig. 9(b), the n-ZnO nanorods/AIN-
coated p-GaN wafer heterojunction displayed a pure UV EL
spectrum that was almost completely coincident with the ZnO
PL spectrum. The snapshot in the inset of Fig. 9(b) illustrated
the bright UV emission of the optimized device. After that,
the ZnO/AIN core-shell nanoarrays were constructed into a
heterojunction device with a p-GaN substrate.!'”3] The per-
fect ZnO/AIN core-shell structure resulted in effective surface
defect passivation, thus effectively improving the inter-band

recombination of ZnO. Moreover, the AIN shell with an op-
timized thickness could form a suitable energy-band config-
uration with a high electron barrier to prevent electron injec-
tion from ZnO to GaN. Consequently, a pure and narrow UV
emission peak centered at 382 nm was achieved in the hetero-
junction device, as can be seen in Fig. 9(c). All the results
demonstrated that a suitable energy band structure and inter-
face engineering can improve the exciton recombination lumi-
nescence of ZnO in the heterojunction devices to obtain pure

and bright UV light-emitting devices.
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Fig. 9. (a) The energy band structure diagram of n-ZnO/i-Al,03/n-ZnO/p-GaN heterojunction device.[!'!] (b) The EL spectra of n-ZnO/i-
AIN/p-GaN heterojunction device, insets are the driven device snapshot and schematic diagram of the device structure.!!'??! (c) The EL spectra
of different devices including n-ZnO/p-GaN and the ZnO-AIN core—shell/p-GaN with different AIN shell thicknesses, insets are the schematic

diagrams of the device structure.!12!
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ZnO exciton lasing in LDs Compared to LEDs, LDs
require higher current density and injection efficiency. In
2009, Ma et al.!'?®! demonstrated that the electrically pumped
random exciton lasing was achieved in the Au/SiO,/ZnO
nanorods array formed metal-insulator—semiconductor struc-
tures under sufficiently high driven voltage, which was gen-
erated from the population inversion in ZnO and the multiple
scattering. The next year, Shan’s group!!?’! obtained stable
and low threshold random lasing in the Au/i-ZnO/MgO/n-ZnO
structure devices. Following this, efforts were made to realize
exciton lasing with well-defined modes in ZnO-based hetero-
junction diodes. In 2011, our group!’!! constructed the ZnO
microrod/p-GaN heterojunction bonded by a ZnO buffer layer,
and observed the electrically driven WGM lasing under high
injection current, as shown in Fig. 10(a). The transformation
from spontaneous emission to stimulated emission process
with various resonance peaks was obvious with the increased
constructed Van

driven current. Furthermore, Yang et al.

der Waals heterojunction of Ag film coated ZnO microwire/i-
MgO/p-GaN device which achieved the stimulated emission
in the UV region, as shown in Fig. 10(b). The high conductiv-
ity and reflectivity of Ag film improved the current injection
efficiency and lasing directionality. In 2022, our group!!?8! de-
signed the nanolaser based on the individual ZnO nanorod and
p-GaN wafer, further introducing the PEDOT and HfO; layer
to form the step-shaped band structure arrangement to improve
the carriers injection and radiation recombination efficiency.
Finally, the single mode exciton lasing with a narrow peak
(linewidth of 1.4 nm) was realized. In addition, Zhou et al.!!23)
reported the electrically pumped single mode lasing in the Pt
nanoparticles (NPs)@ZnO microwire/Pt/MgO/p-GaN hetero-
junction device, as displayed in Fig. 10(c). Among them, the
Pt NPs decorated on ZnO microwire exhibited excellent light
absorption, the MgO layer modified the heterojunction energy
band, and the Pt layer improved the carriers injection effi-
ciency. Hence, the single mode lasing was achieved with high
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performance, including peak center at ~ 390.5 nm, linewidth
of ~ 0.18 nm and Q factor of ~ 2169. Furthermore, Jiang’s
group constructed different double-heterojunctions to real-
ize high quality lasers, such as n-AlGaN/n-ZnO/Pt/MgO/p-
GaN device,['?°! n-AlGaN/SnO,/n-Pt NPs@ZnO/Pt/MgO/p-
GaN device.[!3%! Consequently, the exciton lasing in the elec-
trically pumped heterojunction devices showed the high per-
formance in different structured devices, which demonstrated
the development and application potential of ZnO-based UV
LDs.

5.2. Lasing sensors

Based on the wurtzite structure, which lacks the center
of inversion, ZnO crystal exhibits the piezoelectric effect in
addition to the thermo-optic effect, electro-optic effect, etc.
Subject to changes in ambient temperature, electric field, and
applied stress, the refractive index and the polarization field
will change. Moreover, the WGM lasing can achieve highly
sensitive sensing with its high monochromaticity and super
narrow linewidth. Consequently, a simple and miniaturized
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sensor can be realized on the basis of ZnO micro-laser. For in-

1311 realized a temperature sensor based on

stance, our group!
the individual Ga-doped ZnO WGM microresonator, which
has a conductivity of ~ 1.75 S/cm and a thermo-optic co-
efficient of 16.7 x 10™* K~! around the bandgap energy of
ZnO. As shown in Fig. 11(a), the WGM lasing mode with a
tuning range of 2 nm was achieved by the effect of current-
induced temperature rising, which changed the refractive in-

132] obtained a

dex of the crystal. In addition, Wang’s group!
strain sensor based on the single ZnO WGM laser. As pre-
sented in Fig. 11(b), there was a shift of the strain-mediated
lasing mode that was occupied by the piezoelectric polariza-
tion effect of the ZnO microwire. In 2022, our group!'33
demonstrated the electric field influenced ZnO WGM lasing
mode shifting, and the ZnO microrod had the electro-optic co-
efficient and Kerr electro-optic constant of 7.68 x 10~° m/V
and 5.17 x 10719 m-V~2 near the bandgap energy. The above
reports illustrated the potential of ZnO micro-laser in the ap-

plication region of high-sensitive sensors.

Tensile Stress
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Fig. 11. ZnO WGM lasing sensors. (a) The 2D images of lasing spectra under different bias voltages.!!3!l (b) The lasing spectra and its 2D

images under different degrees of bending.!'3?!

6. Conclusion and perspectives

In conclusion, this review offers a systematic summary
of the fundamental concepts, classification frameworks, and
luminescence mechanisms in exciton physics, with a specific
emphasis on ZnO as a representative material system. It not
only explores exciton-related luminescence properties, partic-
ularly lasing behavior in ZnO micro/nanostructures, but also
discusses the diverse interactions between ZnO excitons and
other elementary excitations and quasiparticles, including ex-
citons, photons, phonons, and surface plasmons, along with
their influence on recombination dynamics. Furthermore, var-
ious applications of ZnO exciton recombination luminescence
are discussed and illustrated, encompassing ultraviolet light-
emitting devices and laser sensors. Despite the longstanding
challenge of achieving effective p-type doping in ZnO, a ma-
jor bottleneck for its broader application, the material contin-
ues to exhibit outstanding excitonic emission properties, rich
physical phenomena, and significant potential across multiple
fields. For example, applications in lasing, sensors, transi-
tion layers for optoelectronic devices, flexible optoelectronic

devices, and low-dimensional materials all show promising
prospects and expectations. Undoubtedly, understanding and
engineering defects in ZnO remain crucial scientific pursuits
that demand sustained research efforts. Although substantial
challenges persist, the remarkable physical properties and vast
application prospects of ZnO materials will continue to mo-
tivate extensive investigation worldwide, driving the field to-
ward greater maturity and impact. Future research is expected
to further bridge fundamental physical insights with the devel-
opment of advanced functional devices, fostering continued
innovation in both science and technology.
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