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ABSTRACT

Low dimensional ZnO-based materials have drawn much attention for the past few decades due to their unique electronic and optical prop-
erties and potential applications in optoelectronic devices. In this Tutorial, we will cover the past and the latest developments in ZnO thin
films and micro/nanostructures in terms of excitonic and related lasing processes. First, we give a brief overview of structural and band
properties of ZnO along with the linear optical and excitonic properties. Second, we introduce a feedback mechanism for lasing in various
forms of ZnO, ranging from nanoparticles to nanowires, nanodisks, and thin films. As for the feedback mechanism, detailed descriptions
are given to random lasing, Fabry-Pérot lasing, and whispering gallery mode lasing. Third, we discuss possible gain mechanisms, i.e., exci-
tonic gain and electron-hole plasma (EHP) gain, in ZnO. A special interest is also devoted to the Mott carrier density, which is a crucial
parameter to distinguish between excitonic and EHP contributions to lasing. Lastly, recent developments on exciton-polariton lasers based

on ZnO microcavities are introduced.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142719

I. INTRODUCTION

Since the middle of the last century, ZnO has received consid-
erable interest for its interesting optical and electronic properties,
such as a wide direct bandgap of 3.37 eV at room temperature and
the native n-type conductivity."”” In the early stage of the research,
optical absorption, reflection, and emission characteristics have
been extensively investigated using high-quality ZnO single crystals.
It was revealed that ZnO exhibits various nonlinear phenomena
under high electronic excitation, resulting in excitonic and elec-
tron-hole plasma (EHP) stimulated recombination processes,
especially at cryogenic temperatures, as will be shown in detail in
Secs. IV and V. In addition, its relatively high exciton binding
energy E%(ES = 60 meV)™" allows us to anticipate the possibility of
excitonic stimulated emission and lasing even at room temperature.

In the late 1990s and early 2000s, the progress of nanofabrica-
tion technologies enables the formation of a variety of ZnO-related
micro/nanostructures, including epitaxial layers,”™ nanoparticles,’
nanowires,'’ and quantum wells,’' which allows us to observe
room-temperature lasing with a narrow spectrum. Accordingly,

ZnO has attracted renewed and growing attention from the scien-
tific community, leading to a remarkable recent progress in the
field of nanowire photonics,'”™"* disordered photonics,"”™"” and
polaritonic devices."®

The purpose of this Tutorial is to provide an overview of these
past and upcoming fields such that readers may get a glimpse of
the landscape of the excitonic processes and the related high-
excitation phenomena including excitonic and EHP lasing in ZnO
thin films and micro/nanostructures. The rest of the article is orga-
nized as follows. Section II reviews the basic structural and band
properties of ZnO. Section III gives a brief explanation of the
optical and excitonic properties. Sections IV and V discuss the
feedback and gain mechanisms for lasing, respectively. Examples
and recent developments of exciton-polariton lasers are provided
in Sec. VI. Conclusions are given in Sec. VII. This Tutorial is by no
means a comprehensive review on the structural, optical, and emis-
sion properties of ZnO micro/nanostructures, for which the readers
are referred to existing and recent review articles”'°*° and
books.”” ™
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Il. BASIC STRUCTURAL AND BAND PROPERTIES

The ZnO wurtzite structure has a hexagonal unit cell with two
lattice parameters, a and ¢, and belongs to the space group of
C‘éV(P63 mc) [see Fig. 1(a)]. The lattice parameters have been exten-
sively reported both experimentally’’~’* and theoretically,”** as
summarized in Table I, showing typical experimental values of
3.250 and 5.206 A for a and c, respectively. The c/a parameter for
the ideal hexagonal wurtzite structure has a value of 1.633. The c/a
values obtained both experimentally and theoretically (see also
Table I) are slightly lower than the ideal one due possibly to the
ionicity of the ZnO crystal and the stability of the lattice.”

The electronic band structures of ZnO, which are nondegener-
ate at general k points for the Brillouin zone [see Fig. 1(b)], have
been widely studied and reported in great detail.

The ZnO valence band structure probed by angle-resolved
photoemission spectroscopy (ARPES)™ in the T-K-M direction is
shown in Fig. 2(a). A highly dispersive nature of the valence band
is clearly recognized, showing the valence band maximum (VBM)
at the binding energy Ep~ —3.45¢V. The observed valence band
structure can be partitioned into three segments:’® (i) the O-p
bands at —3.5eV<Eg<—7.5¢eV, (ii) the Zn-s/O-p band at
—7.5eV<Eg<—9.5¢eV, which is formed due to hybridization
between the empty s states of the Zn** cation and the occupied p
states of the O  anion, and (iii) the Zn-d bands at
—10eV<Eg<—12¢eV.

To get more insight into the electronic band structure of ZnO,
theoretical calculations are beneficial. From the density functional
theory (DFT) point of view, however, the calculations of the band
structure for ZnO are quite challenging. One of the difficulties
arises from the presence of shallow Zn-3d states is ZnO, resulting
in strong covalent hybridization with valence O-2p states.”” The
incomplete cancellation of self-interaction in DFT places all ZnO d
bands too high in energy. Hence, the conventional DFT in its stan-
dard form with the local density approximation (LDA) leads to sig-
nificantly underestimated (0.7-0.9 V) bandgaps compared to
typical experimental values at low temperatures (~3.44 eV'’), and
the position of the 3d cationic bands is about 3 eV higher than
experimental results.”>"” Recently, a rigorous and proven approach
for calculating bandgaps of such computationally challenging
systems as ZnO has been proposed through many-body perturba-
tion theory or the GW approximation,””*>*" in which the elec-
tronic self-energy is written as a product of the Green’s function G
and the screened Coulomb interaction W.">*’ Although the GW
approach is not fully self-interaction free,”® GW calculations can
yield reasonable bandgaps and band structures comparable to
experiments, as demonstrated in Figs. 2(a) and 2(b).® Note also
that several other low computational cost methods including
self-interaction-corrected pseudopotentials (SIC-PP),"* a nonlocal
semiempirical pseudopotential calculation (NL-EPM),"” and the
LDA + A-1/2 method,*® which yield accuracy comparable to the
state-of-the-art GW method, have also been proposed to calculate
the band structures of ZnO.

We next take a closer look at the VBM at the I" point. At the
VBM, spin-orbit coupling (SOC) splits the atomic p level into two
states, one being (j=3/2) fourfold and the other (j=1/2) doubly
degenerate,”” as shown in Fig. 3. The hexagonal crystal-field (CF)

TUTORIAL scitation.org/journalljap

further splits the j=3/2 level into two doubly degenerate states.”’
The resulting band edge structure results in three edges known as
the A, B, C edges in order of increasing energy. Two of the three
edges are characterized by I'; symmetry and the other by I'y sym-
metry. On the other hand, the lowest conduction state is of I'; sym-
metry. The transition from each of the A, B, C edges to the
conduction band leads to the formation of three types of excitons,
termed A-, B-, and C-excitons, respectively.

The ordering of the split levels below the VBM has been the
subject of investigation for many years but is still a matter of
controversy.35”13’5[) In most wurtzite crystals, the valence states are,
in order of decreasing energy, I'y, I';, and T"; as observed for CdS
and CdSe.”” For ZnO, however, a reversed T';-T'o-T; ordering is
proposed to occur due to a possible negative SOC.”' ™ Although
some authors™ " still provide the interpretation and experimen-
tal signatures for the conventional I's-T";-I"; ordering, many of the
experimental®”™** and theoretical®® " studies support the reversed
ordering. Note also that irrespective of the valence-band ordering,
the A and B transitions are strongly dipole allowed for the electric-
field vector perpendicular to the ¢ axis (E L c), whereas the C tran-
sition for light propagation parallel to the ¢ axis (E || ¢), according
to the symmetry selection rules.””*”

lll. OPTICAL AND EXCITONIC PROPERTIES

Optical and excitonic properties in ZnO have been investi-
gated by various techniques, such as optical absorption,””"”
optical reflection, "1 %°0:00:71-74 photoluminescence,/1’75’7(’ and
cathodoluminescence spectroscopies.””””® In this section, we will
focus on optical reflection, optical absorption, and photolumines-
cence properties, which are especially useful to characterize the
band structures and related optical properties of semiconductors.

A. Optical reflection

As mentioned in Sec. II, the polarization selection rules
predict that A- and B-transitions are allowed for perpendicular
polarization (E_Lc), whereas C-transition for the parallel one (E || ¢)
[see also Fig. 4(a)]. These three types of excitonic transitions were
first observed from high-quality ZnO single crystals by Thomas’’
using reflection spectroscopy and later by many other
researchers.” % 0071="* Figure 4(b) shows typical examples of
low-temperature reflection spectra,” clearly showing changes in the
reflectance depending on the polarization. The observed spectra are
characterized by Lorentz-derivative-like shapes associated with A-,
B-, and C-excitons, which are derived from band splitting under the
action of CF and SOC interactions shown in Fig. 3. One also notices
that the respective excitonic spectra demonstrate the signatures of
the ground (n=1) and first excited (n=2) states. If it is assumed
that the excitons have a hydrogen-like set of energy levels, the
energy of the nth level relative to the ionization limit is given by’

b
B =~ =, (1)

where 7 is an integer > 1. Hence, the exciton binding energy EY can
be obtained from the energy difference between the n=1 and n=2
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FIG. 1. (a) Crystal structure and (b) Brillouin zone of a wurtzite ZnO crystal.

states as follows: also be assumed that &, is located in between &, and a frequency ®
independent background dielectric constant £, (€ for @ — oo,
£ ~ 4°7%") as the polarization of the lattice may partially follow
the motion of the electron and hole.” From Efj = 60meV and
g = 8.5 (€0 = 4), one obtains a value of 0.32(0.07) for m:/m0
The observed energy difference, E(2) — E(1), is practically the from Eq. (4). It should be noted here that typical values of 1, and
same (~0.045 eV™""*""") for the A-, B-, and C- excitons, yielding m, are 0.28my and 0.59my, respectively.””" It is hence most likely §

B = (BQ) — B(). @

a common value of Efj = 60meV for all three excitons. Using the s
reduced mass of exciton n,, one can describe E as follows:”' N
N
N
11 1 a b 2
s =—=+t—=> 3) ( ) ( ) &
m,  m, m, =
4 % .
e‘m m, 1
20" (4repe,) m, €2

where m;(m;,) is the electron (hole) effective mass, m, is the free
electron mass, and &, and &, are the dielectric constant of vacuum
and the relative dielectric constant, respectively. Note that we use SI
units throughout this tutorial. The static (or low-frequency) dielec-
tric constant &(g; ~ 8.5)" %" is often used as &,.”' However, it can

E-Eypy [eV]

TABLE I. Experimental and theoretical lattice constants in wurtzite ZnO.

a (A) c(A) cla FIG. 2. (a) An example of angle-resolved photoemission spectroscopy

- . N (ARPES) measurements on a single crystalline Ga-doped ZnO (0001) sample
Experiments 3.2497° 5.206 1.602 (gray scale). The sample was kept at 100 K during the measurements. The the-
3.2496" 5.2042° 1.601 oretical band structure within the GW + V(GGA + U) scheme (red, green, and

Theory 3.249° 5.207° 1.602 blue solid curves) below the valence band maximum (VBM) is also shown for
3.249° 52324 1.616 comparison. (b) Comparison of ZnO band structures in different computational

schemes. The gray band structure in the background shows the
GW + V4GGA +U) result as a reference for the experimental band energies

biei. 2 shown in (a). For the details of the computational schemes, see Ref. 36.
. el oz Reproduced with permission from L. Y. Lim et al., Phys. Rev. B 86, 235113
dRReE i (2012). Copyright 2012 the American Physical Society.
eI. .
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FIG. 3. Schematic energy-level diagram of band splitting under action of the
crystal field (Acr, left) and spin—orbit (As,, right) interactions in wurtzite crystals,
resulting in the reverse valence band ordering (middle). The gaps Eg4(A), Eq(b),
and Ey4(C) for A, B, and C excitons are indicated. Reproduced with permission
from R. Laskowski and N. E. Christensen, Phys. Rev. B 73, 045201 (2006).
Copyright 2006 the American Physical Society.

that m,/m, lies around 0.19, meaning that &, is estimated to be
6.56 from the relationship in Eq. (4). This &, value is almost the
middle between & ~ 8.5 and &« ~ 4, supporting the above
assumption.

The hydrogen-like model also permits us to estimate the
exciton Bohr radius in ZnO a£"0,”" which is given as follows for

m, =0.19my and &, = 6.56:

drege, i m
Zn0O 0cr o H
a =——F——=¢&—a = 1.83 nm. 5
Bohr mrez ’mr Bohr > ( )
(a) (b)
Energy
( 0
CB =
c
S|
-}
=
8
w
Elc!
o F
ELc E
Elic ™
7 A Q
w
B ot
VB/\ l&"..,v.n.=2..|
C 3.35 3.40 3.45
—_—1)—k

PHOTON ENERGY (eV)

FIG. 4. (a) Schematic representation of conduction band (CB) and valence
band (VB) of ZnO, showing the polarizations of the dominant transitions of A, B,
and C excitons. (b) Representative polarized optical reflection spectra measured
at 10K for a high-quality bulk ZnO single crystal. Reproduced with permission
from K. Hazu et al., J. Appl. Phys. 111, 093522 (2012). Copyright 2012 AIP
Publishing LLC.
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where ali, is the hydrogen Bohr radius (afl, = 0.053nm). As

will be shown in Sec. V, this value of aZ’0 is somewhat, but not
exactly, related to the Mott carrier density where the excitons cease
to exist because of Coulomb-screening effects brought about by

photogenerated electrons and holes.

B. Optical absorption

The optical absorption spectra on ZnO single crystals yield exci-
tonic features which are in good agreement with those obtained from
reflection spectra in terms of the polarization characteristics and exci-
tation energies.m Unlike the case of reflection measurements,
however, the samples must be as thin as 0.1 um to obtain analyzable
absorption spectra. Irrespective of this technical issue, there exists an
advantage of the optical absorption spectroscopy in that the excitonic
signatures can be clearly recognized from cryogenic to room temper-
ature or above without substantially affected by thermal
phonons.so’m’83 It should be noted, however, that reports on the tem-
perature dependence of the optical absorption spectra of ZnO are
rather limited,””*"*> and no detailed and systematic temperature-
dependent behavior of the excitonic absorptions has been published
yet. Thus, in this Tutorial, we measured the temperature-dependent
(5-300 K) optical absorption spectra of a ZnO thin film with a thick-
ness d of 249 nm, which was grown by a pulsed laser deposition
(PLD) method (for details, see the supplementary material), as
shown in Fig. 5(a). The absorption spectrum measured at 5K shows
three major peaks at 3.371, 3.444, and 3.52 eV, in good agreement
with those reported previously on single-crystal ZnO thin platelets
grown by the vapor transport method.”” One sees from the enlarged
plot near the band edge [see the inset of Fig. 5(a)] that the peak at
3.371 €V is not symmetric, which is most likely due to the overlap of
the A and B excitons.””” The other high-energy peaks at 3.444 and
3.52eV are attributed to exciton-one-phonon and exciton-two-
phonon complexes, respectively,” although the C exciton may also
contribute to the lower energy side of the 3.444-eV peak.'”™”" The
appearance of the exciton-phonon complexes will ensure the high
quality of the present PLD grown film. Since the excitonic absorp-
tions are clearly identified in the low-temperature absorption mea-
surement, the temperature-dependent change in the peak energy
yields information about the temperature dependence of the
bandgap energy, which is located above the A exciton peak by
E% = 60meV. Although similar information can be obtained from
the temperature-dependent reflectance’’ and photoluminescence™’”
spectra, the advantage of the optical absorption technique over the
other methods is that the output data are directly used to identify the
position of the free exciton peaks. In the present absorption spectra,
the positions of the A and B excitons are not clearly resolved, as
noted earlier. However, it can safely be assumed that the peak posi-
tion of the 3.371-eV peak observed at 5K represents that of the A
exciton of our sample as this value is in reasonable agreement,
within our spectral resolution (~0.005 eV), with those reported pre-
viously for the free A-exciton in ZnO single crystals
(FX3~' =3.3768-3.3781eV).>""  Figure 5(b) shows the
temperature-dependent variation of the A-exciton peak energy
shown in Fig. 5(a). Although several equations have been proposed
to represent the temperature dependence of the bandgap (E;) and

1 . . . 289
free-exciton (Epx = E, — E%) energies in semiconductors,”™" we
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FIG. 5. (a) Absorption coefficient spectra for a 249-nm thick ZnO film measured at different temperatures from 5 to 300 K. In the temperature range from 25 to 300K,
spectra are shown in steps of 25 K. The inset shows a magnified view of the spectrum at 5 K. (b) Temperature-dependent change in the free exciton (FX) peak (blue open
circles). The blue solid line represents the fit to Eq. (2). The red solid line is the temperature dependence of the bandgap E, expected from Eq. (2) and E2 = 60 meV.

found that the observed temperature dependence can be best fitted
to Bose-Einstein model,*

k

Epx(T) = Epx(0) — 7N (6)
—) -1
exp (T>
rather than to the widely quoted Varshni formula,*
aT?
Epx(T) = Epx(0) — —, 7
ex(T) = Epx(0) T+ 4 7

where k, ¢, and f are the fitting constants and 0 is the parameter
related to the average phonon frequency or the Einstein characteris-
tic temperature. The fitted values of © and k in Eq. (6) are 349.4K
and 0.118, respectively, which are comparable to those obtained by
photoluminescence”' (8 =380K and k=0.177) and photolumines-
cence excitation” (240K and k =0.09) measurements. From these
fitted parameters in Eq. (6) and Eé’( = 60 meV, we can estimate the
temperature dependence of the bandgap E,(T), as shown in the red
solid curve in Fig. 5. This estimation yields the bandgap of 3.377 eV
at 300K, in reasonable agreement with the most accepted bandgap
of ~3.37 eV at room temperature.'” This allows us to confirm that
the measurement of optical absorption spectra is useful and effective
to obtain the temperature dependence of the bandgap in ZnO.

C. Photoluminescence

Photoluminescence (PL) of ZnO is very rich in structure and
depends strongly on the size, shape, crystallinity, impurity, and surface
states of the sample of interest. Although its surface sensitive nature
often complicates the interpretation of the resulting PL spectra, it can

become a powerful method to assess surface phenomena and can be
exploited for sensing applications, e.g., PL-based biosensors.”"”

The PL emissions of ZnO are usually categorized into two
energy regimes: near band edge (NBE) ultraviolet (UV) and deep-
level visible emissions. In the NBE UV spectral region, ZnO single
crystals exhibit a number of emission lines, when probed at low
temperatures, due not only to free exciton (FX) states, e.g., A- and

B-excitons, but also to bond-exciton states, two electron satellite

transitions of shallow bound excitons, and donor-acceptor pair
recombinations (Fig. 6). 519199390 Ag for ZnO nanostructures, one
also finds emissions of surface excitons (SX),””™"” along with the
controversial PL peak at 3.31eV (Fig. 7, for details see
Refs. 98-102). Respective UV emission peaks are often accompa-
nied by longitudinal optical (LO) phonon replicas with an energy
separation of fio o ~ 72 meV”*"’ ? (Figs. 7 and 8).

In general, the PL of the donor-bound excitons is the most
intense PL band for temperatures T'< ~ 10 K, while the PL of the FX
tends to dominate the spectrum at higher (T>~200K) tempera-
tures™'>'">' (Figs. 7 and 8). These temperature-dependent changes
in the PL spectra result from thermal activation of the donor-bound
excitons into excited states where they behave as free excitons.
Accordingly, at room temperature one finds one broad PL band due to
the line broadening of the FX peak and its mLO-phonon (m=1,2, ...)
replicas.'”* Typically, at room temperature, the NBE UV peak of ZnO
films and nanostructures is located in the energy range from 3.15 to
330 eV, 210210510571 ywhereas the bulk ZnO single crystal shows NBE
PL emission peaking at 3.30-3.31 eV.”>'**""'" These NBE PL energies
are slightly lower than the free exciton absorption energy obtained
from the absorption measurement of ZnO at 295K (3.32 eV),”” as also
shown in Fig. 5. This confirms that at room temperature, the spectral
shape of the FX PL band is substantially affected by the presence of LO
phonon replicas''” and/or the effect of reabsorption.”’
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FIG. 6. (a) Schematic drawing of the energy ranges of various optical tran-
sitions of ZnO at low temperature. Selected transitions are indicated by
vertical lines. The different areas mark the energy range of free excitons
(FX), ionized donor bound excitons (D*X), neutral donor bound excitons
(D°X), acceptor bound excitons (A°X), deeply bound excitons (Y), and two
electron satellites (TES) of shallow and deeply bound excitons in their 2s
and 2p states. (b) PL spectra of different ZnO crystals at T=2K. Several
narrow emission lines are visible in the spectral range 3.33 and 3.35eV.
The strongest peaks are the Yy and the Y4 lines. The spectra are vertically
shifted and normalized to the dominant bound exciton line. Reproduced
with permission from M. R. Wagner et al., Phys. Rev. B 84, 035313 (2011).
Copyright 2011 the American Physical Society.

The defect and impurity states in ZnO vyield deep-level emis-
sion bands in the visible spectral region, showing blue, green,
yellow, and orange/red PL bands.'””’ There have been a huge
number of studies on the emission properties of these deep-level
PL bands, which are still a matter of intensive research.''*™'*" The
existence of deep-level emissions will have a negative effect on the
stimulated emission although the ratio of the visible emission to
the NBE emission decreases as the excitation density
increases.'”*'?! We do not give details here; the interested reader
should consult Refs. 19, 20, 76, 92, and 122 for a review on the
deep-level emissions in ZnO.
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FIG. 7. (a) Excitation density dependence of the near band edge emission of
the ZnO microrods recorded at 14 K. The inset depicts the ratio between the
DX +FX and 3.31 eV emission intensity as a function of excitation power. (b)
Temperature dependence of the near band edge emission. Reproduced with
permission from J. Rodrigues et al., Sci. Rep. 5, 10783 (2015). Copyright 2015
Author(s), licensed under a Creative Commons Attribution (CC BY) Lincence.

IV. FEEDBACK MECHANISM FOR LASING

The laser has had a tremendous impact on many different areas
of science, including physics, chemistry, astronomy, biology, and med-
icine. Since the first demonstration of the laser in 1960, great progress
in improving the extent of the spatial and temporal coherence of laser
light has been made. Research is ongoing, especially in terms of the
lasers with complex light patterns.'~~'*° In general, three core ele-
ments are necessary for making a laser; that is, gain medium, a
means to excite it, and an optical resonator for optical feedback. In
ZnO-based laser, ZnO itself behaves both as a gain medium and as a
resonator. It should be noted that its dimension and size are highly
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FIG. 8. (a) Log plot of the band edge emission of a single ZnO nanowire as a
function of temperature (pump power ~50 W cm™2). The inset plots the donor
bound (D°X) and first-order free-exciton phonon replica (X-1LO) peaks as a function
of temperature. (b) Zoom in of the 5 and 45K spectra showing the excitonic fine
structure. Reproduced with permission from D. J. Sirbuly et al,, J. Phys. Chem. B
109, 15213 (2005). Copyright 2005 American Chemical Society.

versatile, including nanoparticle, nanowire, nanoribon, and thin film.
Accordingly, two principal feedback mechanisms, ie., random lasing
and microcavity lasing, are observed in ZnO micro/nanostructures
depending on their morphologies.

A. Random lasing

As mentioned above, an optical resonator is one important
element in achieving laser action. An optical resonator or cavity is a
system in which light at certain frequencies is continuously reflected
back and forth without escaping, building up power in the process.'”’

TUTORIAL scitation.org/journall/jap
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FIG. 9. Schematic illustration of two different feedback mechanisms: (a) a con-
ventional Fabry-Pérot resonator, (b) a random laser cavity.

For this purpose, a two-mirror cavity is conventionally employed
[Fig. 9(a)]. In random lasers, however, a completely different feedback
mechanism, i.e., multiple scattering, is used to realize optical feedback
[Fig. 9(b)]. Thus, random lasers, along with recently emerged plasmon
lasers'*® and topological lasers,'””'*" have been considered a paradig-
matic phenomenon of laser systems, opening up a new perspective in
the photonics in disordered media.””*'*""*° During the last several
decades, random lasing action has been demonstrated in a variety of
random media, as described in recent review articles.”’~'* Among
other experiments on random lasers, the results reported by the group
of Cao et al. on ZnO polycrystalline films'*' and nanoparticles™" are
worth mentioning, in that they first observed the narrow and intense
lasing peaks with the linewidth less than 0.3nm under pulsed laser
pumping (Fig. 10). These phenomena give evidence for the light ampli-
fication through a coherent feedback of the interference effects, hence
stimulating further investigations into random lasers and related disor-
dered photonics'®'* in terms, for example, of mode localization and
interaction,"**""** mode-locking,"*”"** and controlling directionality."*’

In discussing the nature of light scattering in a three-
dimensional (3D) system, it is useful to define the following length
scales (Fig. 11):""!
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FIG. 10. Random laser action from a ZnO powder film at different pump power.
[(@) and (c) The measured spectra of emission. [(b) and (d)] The measured
spatial distribution of emission intensity in the film. The incident pump pulse
energy is 5.2nd for (a) and (b) and 12.5nJ for (c) and (d). Reproduced with
permission from H. Cao et al., Phys. Rev. Lett. 84, 5584 (2000). Copyright 2000
the American Physical Society.
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Scattering mean free path (I;)—an average distance that photons
travel between two successive scattering events.

Transport mean free path (l)—an average distance over which the
direction of propagation of waves is randomized by scattering.

Gain length (l;)—a distance over which the intensity optical signal is
amplified by a factor e &~ 2.72 in a gain medium without scattering.

Amplification length (I,)—a root mean square distance between the
beginning and ending point for paths of length I, in a gain
medium with scattering. In the limit without scattering, I,= lg. In
the presence of scattering, I, becomes shorter than [, leading to a
higher effective gain coefficient.

The above length scales are related to each other as follows:

h= 1 — {cosB)’ ®
I,
lu - ?) (9)

where (cosf) is the average cosine of the scattering angle.

TUTORIAL scitation.org/journall/jap

(@) gain medium without scattering
L

(b) gain medium with scattering
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FIG. 11. Light propagation in a three-dimensional gain medium with length of L
(a) without and (b) with scattering. In (a), gain length /; is defined as a distance
that optical signal has to travel to achieve amplification by a factor of e ~ 2.72.
In (b), scattering mean free path /s, transport mean free path I, and amplification
length /, are schematically shown.

Depending on the relative magnitude of these characteristic length
scales, scattering phenomena of light with wavelength A in 3D
medium with size L can be classified into three regimes: (i) the bal-
listic regime, L <1, (ii) the diffusive regime, A <], <L, and (iii) the
localization regime, [ <. Practically, light scattering in the diffu-
sive and localization regimes is a main concern for both experi-
mentalists and theorists.

1. Localization regime

In the localization regime, strong photon localization in con-
fined space can be realized. This is analog to the electronic
Anderson localization proposed by Philip Anderson'” to explain
the metal-insulator transition in condensed matter systems.
Although Anderson-like light localization was once recognized as
one potential mechanism for the narrow laser spikes observed in
random laser systems, no such light localization in the sense of an
Anderson localization has been realized in ZnO nanoparticle-based
random lasers, as will be shown in Subsection IV A 2. Generally,
Anderson-like light localization requires a special design of scatter-
ing media, such as 2D"! or 3D'? photonic crystals, a disordered
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FIG. 12. (a) Schematic diagram of the laser measurement setup for the ZnO nanoneedle arrays. (b) Light-light curves of the samples after various ion irradiation times.
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diated for 60 min under a pump power of 1.6 MW cm™2. Reproduced with permission from S. P. Lau et al., Appl. Phys. Lett. 87, 013104 (2005). Copyright 2005 AIP

Publishing LLC.

photonic-crystal waveguide,'”* a planar nanophotonic network, **
and a randomly spaced air-grooves, *” to satisfy the condition I < \.

2. Diffusive regime

As noted earlier, random lasing spikes were first observed in
ZnO polycrystalline films'*' and nanoparticles™** with particles
sizes of 50-150nm (Fig. 10). The demonstration of the sharp
lasing spikes indicates that the observed lasing behavior arises from
resonant (coherent) feedback.'”">'** These ZnO nanoaggregates are
especially suitable for resonant feedback due to their relatively high
refractive index of ~2.3 in the near band edge region, providing
efficient scattering for coherent random lasing. In addition to ZnO
nanoparticle, ZnO nanoneedle arrays (the diameter of the stem
part is ~100 nm) grown perpendicular to a planar substrate have
been shown to demonstrate sharp lasing spikes due to in-plane
light scattering (Fig. 12)."”° It should be noted that in closely
packed monodisperse ZnO powders with size d of ~140 nm, the
transport mean free path I is estimated to be 1.2um for
A=400nm."”” When d decreased, I, further increased. Thus, the
light scattering responsible for the random lasing spikes in the ZnO

particles will not occur in the localized regime (I;<X) but in the
diffusive regime (A<I,<L). In the diffusive regime, the optical
modes are expected to be broad and overlap spectrally and spatially.
The resulting feedback would be nonresonant, and hence the emis-
sion spectrum will narrow continuously toward the center of the
gain spectra with increasing pumping intensity,"”""'>’ generally
resulting in the amplified spontaneous emission (ASE). ASE is a
light emission process in which spontaneously emitted photons are
amplified by stimulated emission as they travel through a gain
medium without coherent feedback.'”® Such incoherent random
lasing was indeed observed in powders of NdAI;(BOs),,
NdSc;(BO3)s, andNd:Sr5(PO,)sF laser crystals159 and LiF'*" and
MgO''~"'%® powders with color centers. Therefore, it has been an
open question as to why narrow coherent lasing spikes are observed
in diffusive ZnO particle systems, and different scenarios have been
proposed for the origin. One is a model based on the formation of
ring-shaped resonators with the index of refraction larger than
average, leading to local cavities (local modes).'**'% Another is a
model based on the formation of open modes where spontaneously
emitted photons accumulate gain along very long trajectories.'**'®’
The resulting “lucky photons” accumulate enough gain to activate a
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FIG. 13. (a) Spatial distribution of the amplitude of a lasing mode in the diffusive regime. (b) Spatial distribution of the field amplitude after the pump has been stopped
and the polarization term has been set to zero. The system consists of 896 circular scatterers contained in a square box of size L =5um and optical index n=1.The
radius r and n of the scatterers are r=60 nm and n = 1.25, respectively, Reproduced with permission from J. Andreasen et al., Adv. Opt. Photonics 3, 88 (2011). Copyright
2011 Optical Society of America.

new lasing mode with a different wavelength after each excitation
shot, giving rise to random spikes in the emission spectrum. Later,
it has been found from a full solution of Maxwell’s equations
including a polarization term due to the atomic population inver-
sion that even in the diffusive and weak scattering regimes, modes
expand over the whole sample and overlap both spatially and spec-
trally (Fig. 13), leading to resonant feedback with spectrally narrow ¢
emission. °®'®” It is, hence, of interest to investigate which mode, :
local or open mode, is responsible for the lasing spikes observed in
diffusive random systems. The answer to this question is not
straightforward and will depend strongly on the experimental
system. As far as the ZnO nanoparticle powders are concerned,
Fallert and co-workers'’” have demonstrated that strongly localized
random lasing modes co-exist with modes of much larger spatial
_ — extension. They'’’ have shown that the extended modes are pri-
(b) [0110] [1010] marily found in the spectral region where the gain is expected to be

.................................... highest, whereas the strongly localized modes are found in regions
where the available gains are lower. This observation is consistent
with the prediction that localized modes have a lower loss rate than
that of extended modes."”* Hence, it is most likely that both
_ extended and localized modes in diffusive random systems can
> o) D contribute to the occurrence of narrow lasing spikes. The relative
dominance of these two modes will be governed by the spatial dis-
tribution of gain and loss in the random system of interest.
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_____________________________________ B. Microcavity lasing

[1070] [0170] . One of the bigg({st advan.tages of Zr.10 is that it can be grown
in the shape of optical cavity, including nanorods, nanowires,
nanoribbons, nanocombs, nanosaws, and nanotetrapods.'”'™'"*
These intriguing ZnOmicro/nanostructures can be prepared by
both gas-phase'”*™'"® and solution-phase'””~'** methods. Among

FIG. 14. Schematic illustration of (a) a Fabry-Pérot nanowire cavity and (b) a
hexagonal whispering gallery mode cavity.
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other techniques, the vapor-liquid-solid (VLS) growth method has with diameters and lengths of ~50 - ~500 nm and ~1 - ~100 um,
achieved the most success in producing optical cavities in relatively respectively, where light is amplified along the two end planes of

large quantities.'”"~'"® As for microcavity lasing, 1D microrod and the nanorod perpendicular to the nanorod axis.'>””'""' The
2D microdisk structures are of particular interest.'”'*>'*>'% In second is whispering gallery mode (WGM) lasing [Fig. 14(b)]
microcavity lasers, the micro/nanostructure itself acts both as an observed in ZnO nanorods and nanodisks with cross-sectional

optical cavity and as a gain medium, providing an ideal experimen-
tal platform for the development of miniature-cavity-based opto-
electronic devices.'”’™'*" Depending on the resonant cavity (a) (b)
structures, microcavity lasing can be classified into two groups. The
first is Fabry—Pérot (F-P) lasing observed in nanorods [Fig. 14(a)]
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FIG. 15. (a) Far-field image and (b) PL spectrum of an individual ZnO nanowire
under unpolarized continuous wave excitation at 325 nm. Inset: UV-stimulated
emission image of the nanowire with pulsed excitation. Reproduced with permis-
sion from C. Johnson et al., J. Phys. Chem. B 107, 8816 (2003). Copyright
2003 American Chemical Society.

indicates the number of counts. (c) Pump intensity dependence of the total
output power (circles) for the same nanowire. The optical power was collected
from the scattered light at one of the nanowire ends. The inset shows the same
data on a log-log scale. Reproduced with permission from M. A. Zimmler et al.,
Appl. Phys. Lett. 93, 051101 (2008). Copyright 2008 AIP Publishing LLC.
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diameters greater than ~1um,'”>”""” where light propagates circu-

larly in the cavity due to the multiple total reflection at the inner
walls of ZnO cross section.

1. Fabry-Pérot (F-P) lasing

In 2001, Huang et al. reported a room-temperature optically
pumped laser from ZnO single-crystalline nanowire arrays.'’ This

(b)

FIG. 17. (a) Semiclassical ray model of a hexagonal dielectric resonator. Thick
line marks a member of the family of long-lived rays; other members are
obtained by shifting the ray along the boundary (not shown). The thin line marks
a ray with slightly different angle of incidence. The arrows indicate emission due
to pseudointegrable dynamics (thin) and boundary waves (dashed). (b) An
example of the calculated near field intensity pattern. Reproduced with permis-
sion from J. Wiersig, Phys. Rev. A 67, 023807 (2003). Copyright 2003 the
American Physical Society.
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is the first experimental demonstration of nanowire lasers without
any fabricated mirror. The advantage of FP microlasers is that by
designing the compositional, geometrical, and structural parame-
ters of the nanostructures, it is possible to control the lasing charac-
teristics, for example, Q factor, lasing threshold, number of modes,
and lasing wavelengths.

In the nanowire cavity, lasing occurs when the round-trip gain
compensates the total cavity losses,'**

1 1
Tg,, > am+a, = ﬁln (R_le) + ap, (10)

where I is the confinement factor, g, is the threshold gain, o, is
the mirror loss, o, is the propagation loss, and R; (i=1,2) is the
effective reflectivity at the ZnO/air boundary of the two end-facets
(R~ 15.5%). I'g,, is commonly referred to as the modal gain,
meaning that the percentage power increase per unit length along
the propagation direction gained by the waveguide mode from the
active region."”' In nanowire lasers, @, is much larger than a, due
to the smaller cavity length and the smaller reflection coefficient.
Hence, it follows that I'g,, as well as Q factor is strongly dependent
on both L and the nanowire diameter D as R is a strong function
not only of the mode type and lasing frequency but also of D.'”"'*®
The exact determination of the modal gain is quite challenging for
microcavities. Richters et al'”’ determined experimentally the
modal gain of single-ZnO nano- and microwires using the
variable-stripe-length (VLS) method and found that it reaches
a maximum value of 5000 cm™" with increasing D up to 1.2 um.

For the experimental details of the VLS technique, see Refs. 200
and 201.
The Q factor of a nanowire with the cavity length L is
described by’
2rn'L
Q= (11)

(1= VRiR)

where 7’ is the real part of the refractive index and A is the lasing
wavelength. The Q factor obtained from Eq. (11) is an ideal upper
limit value provided that the optical absorption and scattering
inside the cavity are neglected. For a nanowire with a length of
10 um, Eq. (11) yields the Q factor of ~500 at A = 350 nm. This esti-
mated Q factor is in reasonable agreement with the observed value
obtained from the full width at the half maximum 8\ (FWHM) of
the lasing spike peaking at A (Q =A/8}) in high-quality ZnO nano-
wires.'”” Since the report on the ZnO nanowire lasers, optically
excited laser action has been demonstrated for a variety of ZnO
micro/nanostructures, such as nanoribons,””’ nanobelts,””* and tet-
rapods.””” In ZnO nanoribbons, pseudo-rectangular cross sections
lead to excellent microcavities with a high Q factor of ~3000.*"

For the confined modes in a rectangular nanowire with
dimensions L,, L,, L. and perfect conducting surfaces, the disper-
sion relation between the photon energy /i and the wave vector
components, k; (i = x, y, z), is expressed by13

ho =

hc
—— = k4R 2,
n’(w, ”p) x + y + z

(12)
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certain carrier density. This calculation was indeed carried out by

[ T (13) Versteegh et al.”’’° based on quantum many-body theory, which
rE P Ly’ has been useful to understand the origin of the optical gain in ZnO
nanowires, as will be discussed in Sec. V. For real ZnO nanowires,
it can safely be assumed that the allowed quantum number for
m,(my) is 1 or 2, whereas much larger quantum numbers are pos-

sible for m,. If we plot the dispersion curve as a function of k,, the

where 7, is the density of the free electron-hole pairs, m,(m,) and
m; are the quantum numbers in the lateral and long directions,

spectively. We should note that when the dielectric function
respectivey. ve sho ot mhal whell The dlelestric uncto resulting energy levels become discrete for L, less than ~200 um,"”

£,(w), which is equal to the square of 7/, is reduced to the back- . . ) X )
ground dielectric constant £, a purely photonic (or linear) disper- wherea.s th?!, wr11£1hform a ?uastl}-lcontlngum il;: ¢ éor sufﬁc1.en(t11.y.1£)n§
sion relation is obtained. On the other hand, if the frequency- and NAnOowIres. e wavelength spacing etween individu

. . . . . 02,207,208
density-dependence of #'(, n,) is calculated theoretically, one can modes for a F-P cavity with the cavity length L is given by’
predict the dispersion curve for a given wire dimension with a

/12
2L —A—
(n A 7 /1)
 (a) ' (b) .
/ In analyzing the F-P modes using Eq. (14), it is often
- L n assumed that ‘;’i is constant in the observed wavelength region,

showing a linear relationship between a series of A\ and 1/L."”'

L However, such a linear behavior does not necessarily hold when
the dispersion effect of ‘2—’1" cannot be neglected. Zalamai et al.”"’
- observed the cavity mode spectra for ZnO microcavities with a
length of 12um, and they obtained the first-order dispersion A%

from the position of lasing modes using the data of »n’ at different

255kW/em’ N wavelengths.
i .F As for Zn-based nanowire lasers, it is possible to observe

- 320kW/cm’

Intensity(a.u.)
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95.5kW/em'’ F g lasing characteristics of a single ZnO nanowire (Fig. 15).”7"?%*"?
MWW ) ) ) . Figure 16 shows the pump-intensity-dependent PL spectra of these S
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I <200 kW cm ™2, the spectra are broad and featureless, centered %
around 382 nm and with an FWHM of 19.3 nm [Fig. 16(a)]. In this §
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FIG. 18. (a) Emission spectra of the ZnO microrod (D = 6.67 um) excited by a 1/D(1/pm) D/pm

Nd:YAG laser with different excitation power density. The inset is the far-field
image of the lasing ZnO microrod taken by a digital camera. (b) The relationship

between output lasing. (c) The far-field lasing intensity distribution around the
c-axis of the hexagonal ZnO microrod with the diagonal of 6.67 um.
Reproduced with permission from J. Dai et al., Appl. Phys. Lett. 95, 241110
(2009). Copyright 2009 AIP Publishing LLC.

FIG. 19. The dependence of (a) the lasing threshold and (b) the Q factor on
the diagonal of the hexagonal ZnO microrods. Reproduced with permission from
J. Dai et al., Appl. Phys. Lett. 95, 241110 (2009). Copyright 2009 AIP Publishing
LLC.
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FIG. 20. (a) SEM image of the size view of ZnO dodecagonal microrods (the
substrate is 60° tilted to the sample platform), the scale bar is 200 um. (b) The
enlarged SEM image of the microrods with higher magpnification, the scale bar
is 5um. (c) XRD pattern for the bulk of ZnO dodecagonal microrods. (d) 12
crystal facets for dodecagonal microrods. Reproduced with permission from
J. Dai et al., Appl. Phys. Lett. 97, 011101 (2010). Copyright 2010 AIP Publishing
LLC.

[Fig. 16(b)], and the output power depends linearly on the excita-
tion intensity [Fig. 16(c)], showing the occurrence of spontaneous
emission. In the pump intensity region from 200 to 300 kW cm ™2,
the spectra consist of a broad emission with the addition of sharp
(FWHM ~ 0.4 nm) emission lines. In this regime, population inver-
sion starts building up, leading to ASE along the nanowire at wave-
lengths corresponding to the enhanced emission from the
nanowire ends [Fig. 16(b)]. Furthermore, the output power exhibits
a superlinear increase with pump intensity [Fig. 16(c)], which is
the expected behavior as the laser threshold is approached.”’' For
Ix > 300 kW cm ™2, the spectra are dominated by sharp emission
lines with intensity that is orders of magnitude greater than the
spontaneous emission background. Thus, in general, the threshold
in semiconductor lasers is “softer” than that in other lasers due to
the small cavity volume and to the relatively high levels of sponta-
neous emission.”''

Recently, it has been shown that through the coupling
between metal surface plasmon modes and FP modes of ZnO,
surface plasmonic lasers are realized.”’>*'” In comparison to the
conventional photonic laser, the plasmonic cavities exhibit ultra-
small modal volume V,,~2A*10-1%/1000, which enables the
control of the strong light-matter interaction in a variety of linear
and nonlinear optical process, and the generation of extremely
intense optical fields. Sidiropoulos et al.”'* observed the emission
pulses shorter than 800 fs from hybrid plasmonic zinc oxide (ZnO)
nanowire (5<L<20um, 100<D<300nm) lasers. In such plas-
monic lasers, the atomic smoothness of the metallic film is crucial
for reducing the modal volume and plasmonic losses.”"* Graphene/
ZnO hybrid microcavity has also been shown to be useful to realize
plasmon coupled F-P lasing, resulting in the lowered lasing

TUTORIAL scitation.org/journall/jap

threshold and the remarkably enhanced lasing intensity.”'> Chou
et al.”' recently investigated ZnO plasmonic nanolasers on a pseu-
dowedge surface plasmon waveguide formed on a high-quality Ag
crystal carved with a subwavelength metallic grating, which allows
them to shorten the effective cavity length and to realize single
longitudinal-mode lasing,

Compared with optically pumped lasing, reports on the elec-
trically pumped nanolasers are rather few. This is mainly due to
the fact that stable and reproducible production of p-type ZnO
nanostructures is still challenging for ZnO micro/nanostructures
with a p-n homojunction. Note, however, that Chu et al”'’ success-
fully demonstrated electrically driven FP lasing from n-type ZnO
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FIG. 21. (a) Exciton lasing emission spectra of the ZnO microwire
(D=6.35um) excited by a Nd:YAG laser with different excitation power density.
The inset shows the SEM image of the selected dodecagonal microrod. (b) The
relationship between output lasing intensity and excitation power density. The
inset shows the WGM optical path in the dodecagonal cavity. Reproduced with
permission from J. Dai et al., Appl. Phys. Lett. 97, 011101 (2010). Copyright
2010 AIP Publishing LLC.
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FIG. 22. (a) Schematic illustrating the cross section of the laser device architecture based on the n-PtNPs@Zn0O:Ga MW/Pt/MgO/p-GaN heterojunction. In the device con-
figuration, ITO and Ni/Au working as electrodes are responsible for the current injection. (b) -V curve of the fabricated single MW heterojunction emission device. Inset:
the -V curves of Ni/Au electrode contacted to the p-type GaN film, and a single PtNPs@Zn0O:Ga MW, respectively. (c) Variations of the integrated EL intensity and spectral
FWHM as a function of injection current, showing a lasing threshold of 11.12 mA. (d) EL spectrum via Lorentz fitting at the input current of 21.05 mA, providing the FWHM
of the lasing peak &1 ~ 0.18 nm, and the corresponding Q-factor value is calculated to about 2169. Reproduced with permission from X. Zhou et al., Light: Sci. Appl. 11,
198 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY) License.

nanowires combined with p-type Sb-doped ZnO nanowires. An
attempt to design and fabricate electrically pumped ZnO nanolas-
ers with p-n heterojunctions”'® as well as those on other II-VI or
II-V semiconductors”'*~**" have also been reported.

2. Whispering gallery mode (WGM) lasing

The FP lasing mentioned in Subsection IV B 1 is historically
important in view of nanowire photonics. However, a high level of
confinement cannot be in principle obtained in FP lasing due to
the low reflectivity (R ~ 15.5%) at the ZnO/air interfaces for the FP

cavity. This drawback can be improved by using another kind of
resonator mode: WGM. In WGM lasing, the resonance is generated
through total internal reflection (TIR) at the cavity boundary. This
results in WGM being ideally free from mirror losses as perfect
TIR provides a 100% reflection. Even when perfect TIR occurs in
hexagonal microcavities, the light can escape at the corners of the
cavity.”” Figure 17(a) shows a ray with slightly different initial
angle of incidence caused by the incident angular fluctuation. The
ray is slowly diverging from the central one, eventually reaching the
corner on its other side at almost normal incidence. Consequently,
it then escapes refractively with probability close to 1, as also
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FIG. 23. (a) Optical microscopic CCD image of the emission from the fabricated device. (b) Finite-element simulations showing the standing-wave electric-field pattern of
a bare ZnO:Ga wire with hexagon-shaped cross section under an optical resonant mode. Inset: SEM observation of a bare ZnO:Ga wire that showing the hexagon-shaped
cross section (scale bar: 15 um). (c) The simulated resonant standing-wave electric-field pattern within the cross section of the fabricated n-PtNPs@Zn0:Ga MW/Pt/MgO/
p-GaN emission device structure. (d) Normalized EL emission spectra of the fabricated device for two injection currents below (0.75 Py) and above (1.20 Py,) the laser
threshold, respectively. (e) Polarization properties of the laser emission for an operating current above the threshold (~1.20 Py,). The experiment EL data are symbolized
by the red dots and the red solid line is the fitting result. Reproduced with permission from X. Zhou et al., Light: Sci. Appl. 11, 198 (2022). Copyright 2022 Author(s),

licensed under a Creative Commons Attribution (CC BY) License.

shown in the simulated light-field distribution [Fig. 17(b)]. This
phenomenon is referred to as the pseudointegrable leakage. In
addition, corner diffraction”*” and boundary-wave leakage associ-
ated with the presence of evanescent waves "~ are also responsible
for partial leakage of light from the hexagonal cavity.
Consequently, the lasing intensity would be distributed with a
period angle of m/3, which was confirmed experimentally by Dai
et al”** using a ZnO hexagonal microrod with D of 6.67um
(Fig. 18). The escape rate of the light due to the pseudointegrable
leakage in a hexagonal cavity is expected to be nearly inversely pro-
portional to the cavity size D.”** Therefore, the lasing threshold of
the hexagonal ZnO cavity was found to show an approximately
linear dependence on 1/D [Fig. 19(a)].'™*** A typical lasing
threshold for the hexagonal ZnO cavity with D>10um is 100-
200 kW/cm?.'#>****" It is also interesting to mention the Q factor
of ZnO WGM microcavities since it is a useful measure of deter-
mining the feedback in the resonant cavity. Similar to the case of

lasing threshold, the Q factor shows a strong dependence on D
[Fig. 19(b)]. For a sufficiently large (D ~ 12.6 um) high-quality hex-
agonal ZnO microdisk, a Q factor as high as 3300 has been
reported.””” This value is much larger than that observed com-
monly in ZnO F-P cavities (Q ~500),'”” demonstrating that the
feedback performance of WGM microcavities is better than that of
the F-P ones. Such a high value of Q even allows one to realize
one-dimensional multimode polariton systems, as will be shown in
Sec. VI.

In addition to the hexagonal WGM microcavities, lasing from
dodecagonal WGM cavities has also been reported (Fig. 20).*°
During the growth of ZnO microrods by a vapor phase transport
method, the deposition area was kept at a very high temperature
(~1000°C) so that the evaporated Zn and O atoms have enough
energy to bind and diffuse on (0110) and (2110) surface evenly,
resulting in the dodecagonal microrods with D<~10um
[Fig. 20(b)]. Compared to the case of hexagonal cavities with
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FIG. 24. Schematic illustrations of exciton gas and electron-hole (e-h) plasma states in photoexcited semiconductors for increasing density of electron-hole pairs np,.
Principal stimulated emission processes including exciton—-exciton (X-X) scattering, exciton—electron (X-e) scattering, and e-h plasma emission processes are shown. ny,
Eé, and ugnp are the Mott density, the reduced bandgap, and the chemical potential of the e-h system, respectively (see also Fig. 27).

similar sizes, a lower lasing threshold (180 kW/cm?®) and a higher
Q factor (Q~2600) are obtained from the dodecagonal ZnO
microrod (D =6.35um), as shown in Fig. 21. This is because the
WGM optical length in a dodecagonal cavity is longer than that in
a hexagonal one with the same cross-sectional diameter.

There have been a few reports on electrically driven ZnO
WGM lasers.””’ >’ Recently, Zhou et al”* reported electrically
driven lasing from a system consisting of Ga doped ZnO hexagonal
microwire (ZnO:Ga) with D=15um covered partially with plati-
num nanoparticles and a p-type GaN substrate (Fig. 22). This ZnO:
Ga/GaN heterojunction exhibits electrically driven single-mode
lasing with a linewidth of ~0.18 nm, corresponding to the Q factor
of ~2169 [Fig. 22(d)]. The WGM lasing characteristics was con-
firmed from the optical microscopic CCD image as well as the
angle-dependent variation of the laser emission intensity (Fig. 23).

V. GAIN MECHANISM FOR LASING

Two principal gain mechanisms have been believed to be
responsible for lasing in ZnO bulk and nanostructures: excitonic
and electron-hole plasma (EHP) recombination processes. When
the density of electron-hole pairs 7, reaches the Mott density 7y,
the transition from an insulating exciton gas to a metal-like state of
an EHP occurs,” as shown schematically in Fig. 24. This indicates
that Ei’( becomes zero as 1y reaches nyg,””"

E%(ny, T) = 0. (15)

The Mott density can be calculated within various approxima-
tions. At zeroth approximation, ny; can be regarded as the carrier
density at which average exciton-exciton distance becomes

approximately equal to aZ"2, which is given by

1

(agn0)®

ny ~ (16)

However, this model tends to overestimate the critical density
[ny =17 x 102°cm® for aZ"® ~ 1.8nm,"” see also Eq. (5)].
Several more refined and experimentally checked models taking
into account the electrostatic screening and the many-body effect
have been proposed.””'™**> However, the estimated value of 1 in
ZnO at room temperature shows a variation in the range from
3x10"7 to 6x 10" cm™.7*'7" Its exact determination is of great

importance but is still an open question, as will be discussed later.

A. Excitonic lasing

Historically, exciton-related spontaneous and stimulated emis-
sion processes in ZnO as well as in other II-IV and III-V direct
gap compounds were extensively investigated both experimentally
and theoretically in 1970/1980s using high-quality bulk single
crystals.”’*™*** From these investigations, it has been revealed that
in ZnO, stimulated emissions with excitonic gain occur when the
second particle (exciton, electron, phonon) is involved in the
recombination process. Among other processes, the following three
emission processes are especially of interest:

(i)  Exciton-exciton (X-X) recombination,
(i)  Exciton-electron (X-e) recombination,
(ifi) Exciton-mLO phonon (X-mLO, m =1, 2, ...) recombination.

Schematic drawings of the above recombination processes are
given in Fig. 25. We will explain the reason why, unlike the case of
the simple recombination of a free exciton, the above excitonic pro-
cesses show stimulated emission, or population inversion, by
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FIG. 25. Schematic representations of (a) exciton—electron, (b) exciton—exciton,
and (c) exciton-mLO phonon recombination processes.

considering the optical emission and absorption processes, for
example, of the X-X scattering,”*®

If the momentum of the photon is neglected, the recombina-
tion energy fim due to the inelastic interaction between two excitons
can be described as™®**’

ho = (Eg—Ej’()—Eﬁ’((l - = )

n=23, ...

where M is the exciton mass, K; and K, are wave vectors of the
initial two excitons, and # is the quantum number of the scattered
exciton [see Fig. 25(b)]. When considering the maximum value of
hw, we can replace the last term in Eq. (17) by the mean kinetic
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9
energy.””” Hence, we get

1\ 3
hwﬁgx":(Eg—Eg)—Eg(l—;> —SkeT, n=2,3,... (18)

where kg is the Boltzmann constant. The resulting emission band
is conventionally referred to as the P(n) band.”***** As photons
and excitons are bosons, the rate of their generation is not only
proportional to their numbers but is also increased by unity.”*’
The total rate of photon emission w, in the X-X scattering process
is given by

Te = ANI,KlNI,Kz(l + Nn,KH—KZ)(l + Nw)> (19)
where N,, is the density of photons, Ny, (Nyk,) is the density of
the initial state of excitons with a wave vector K;(K3), Ny, +k, 1S
the density of the final n state for the scattered exciton, and A=A
(n,K1,Kp,0) is the rate constant containing the optical matrix
element and the scattering matrix element. The rate of photo
absorption due to an inverse process is given by

ra = A(N1x, + D)(Nig, + DNy, 41, No- (20)

If we neglect the losses caused by the escape of photons from

the system, the net emission rate is given by subtracting Eq. (20)
from Eq. (19),

Te,net = ANy g Nik, (Nuk,+x, + 1)

+ AN g, N1k, — Nugi+k (N1k, + Nig, + DN, (21)

The first and second terms in Eq. (21) represent the rates of

spontaneous emission Wegspon» and stimulated emission e gtim»
respectively. It is clear that 7.y, is increased as the population of

the final n state for the scattered excitons N, k, 1k, is decreased. It is
probable that the n = oo state is empty even in high excitation con-
ditions, meaning that the condition of a population inversion
(optical gain) is realized preferentially for n = co. Hence, in high-
quality ZnO crystals with low optical losses, moderate/high optical
excitation leads to stimulated emission in the energy region of the
P(00) line, which is preceded by the transition from a spontaneous
P(2) to a P(o0) process.””’~**>*** From Eq. (18), one sees that the
stimulated P(o0) line shows a redshift with respect to the recombi-
nation energy of the free exciton by the exciton binding energy
(Eé’( = 60meV) at low temperatures (kgT ~0). The gain mecha-
nism of the X-e and X-mLO processes can also be explained in a
similar manner. For example, the population inversion occurs in
the X-mLO process provided that there is one exciton and no LO
phonon. The temperature dependence of the emission maximum
for the X-e and X-mLO (m = 1,2) processes is described byBg

hols = (Eg — Ey) — vksT, (22)

hwﬁ;xmLo = (Eg — Eﬁ’() — mhoro + G — m) ks T, (23)

where y is a constant related to the ratio of exciton effective mass
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over electron effective mass and fiw,  is the quantum energy of the
LO phonon (fwro = 72 meV)."” It has been demonstrated that y
reaches values as high as 7 in the case of the X-e stimulated emis-
sion.”” The X-mLO process is observed preferentially when a large
volume with low losses is excited, for example, by two-photon
absorption because of its relatively low gain.”””

Although the stimulated emission due to the X-X process was
well documented in bulk ZnO single crystals”’~*" and epitaxial
layers™* at temperatures below ~70 K, the claim of its occurrence
at room temperature from ZnO thin films’™® has been debated.”*’
This is because the n>2 excitonic states become thermally popu-
lated with increasing temperature, leading to thermal ionization of
excitons as well as an increase of the threshold of the X-X stimu-
lated emission process. It is, hence, expected that the transition
from the X-X to X-e occurs at temperatures above 100 K.>**" This
expectation was indeed confirmed by Uchino and coworkers™****°
by measuring the temperature-dependent random laser emission
with incoherent feedback in micrometer-thick ZnO and Mg,Zn,_,
films (Fig. 26), whose lasing spectra represent the ASE or the
maximum of the net gain of the medium (see Sec. IV A 2).

It should be noted that room-temperature excitonic lasing is
not normally observed in nanometer-sized ZnO crystals, such as
nanopowders (random laser) and nanowires (F-P cavity), because
in these nanocrystals, the optical excitation near the lasing thresh-
old easily reaches the regime of ny to yield an EHP emission, as

Temperature (K)

will be shown in Subsection V B. That is, in order to realize exci- ¢

tonic lasing, the sample size must be comparable to or larger than
the diffusion length of the excited carriers (~3 um”") to suppress
the formation of the high-density photoexcited carrier region that
exceeds ny.”*” The effect of size on the gain mechanism is also rec-
ognized in WGM lasing. Hexagonal or dodecagonal ZnO micro-
rods with a diameter of D>~ 8um show a feature of excitonic
WGM lasing, whose peak positions depend hardly on the excitation
density.””***° On the other hand, the lasing spectra from those
with D <~ 3 um exhibit a substantial redshift and broadening with
increasing excitation intensity, which is a typical characteristic of
an EHP emission””® (for details, see Subsection V B).

B. Electron-hole plasma (EHP) lasing

Nonlinear optics and the Mott transitions leading to the for-
mation of an EHP in highly excited semiconductors have attracted
considerable interest for many years. Several theoretical approaches
have been given to describe the Mott transition and the spectral
features of correlated excitons and EHP.”*»***** The generation of
correlated states results from many-body effects, which should be
treated using the many-body Hamiltonian taking into account the
full Coulomb interaction.”* In this Tutorial, however, we concen-
trate our interest on the estimation of ny; and the condition of the
optical gain for an inverted EHP.
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FIG. 27. Schematic representation of the conduction band (CB) and valence band (VB) near the high-symmetry I" point with bandgap energy E4 and the corresponding
Fermi-Dirac distribution function f(E). The blue shaded areas indicate the states occupied largely by electrons. (a) Before photoexcitation, (b) under weak photoexcitation
condition, and (c) under high photoexcitation condition, in which the condition of optical gain given in Eq. (37) is realized. Eg represents the reduced bandgap, and x, and
1y, are the quasi-Fermi levels for electrons in CB and for holes in VB, respectively. F, and Fy, also represent the quasi-Fermi levels measured from the corresponding band

extremes. hv is the photon energy of the electron-hole recombination process indicated.

First, we consider what happens when the density of free exci-
tons increases during photoexcitation. For an isolated free exciton,
the attractive force from the Coulomb potential is given by

62

Ur)= —

> 24
4re, ggr (24)

where r is the distance between electron and hole. As the tempera-
ture of the system increases, some of the excitons are assumed to
be ionized, resulting in a certain number of free electron-hole pairs
np,. Accordingly, the interaction potential should be replaced by the
following Yukawa potential to include the effect of effective screen-
ing of the Coulomb interaction,”*’

é r
- exp| —=— |,
e, gyr P As

1 232

Us(r) =

(25)

where A is the screening length. Versteegh et a used the value
of 6.56 for &, (see Sec. III A) and demonstrated that the Yukawa
potential can be used as long as 1, < 2.8 x 10’ cm™ where the
approximation of static screening almost holds. For an isolated free
exciton, A, is infinite, whereas A; becomes shorter with increasing
np. When A reaches aﬁ;‘fr, the attractive interaction between a
single electron and a hole is screened, ie., E} =0, eventually
leading to the transition of the exciton gas to an EHP. If we have
knowledge of A, as a function of n, and T, we can estimate n; at
any temperature. However, it is rather a difficult task to get exact
knowledge of Aq(n,, T), accounting for a wide range of reported
values of ny, as noted earlier. Versteegh et al.>? numerically

calculated Aq(n,, T) using the following formula:
£,&y OF,
/’Lsi = —1, 2
’ V e On, (26)
A7t = ZA;?, (27)
1 2m; 3/2 1
—=— , @
=T On ( K ) ldg\/gexp[(e — F)/kgT] +1 (28)

where i stands for e (electron) or /i (hole) and F; is the quasi-Fermi
levels (chemical potentials) measured from the corresponding band
extremes (see Fig. 27). Thus, in this case, one has to define two sep-
arate quasi-Fermi levels for electrons in the conduction band (u.
or F.) and for holes (i or F) in the valence band. The resulting
relationship between A and n;, at 300 K is given in Fig. 28, demon-
strated that ny=15x10"®cm™. This procedure reported by
Versteegh et al.”’* probably yields the most reliable and reasonable
value for ny, in consistent with the experimentally estimated upper
limit of ny (1p < 2—3 x 10" cm ™). >

The increase in n, also leads to a reduction of the bandgap
energy or a bandgap renormalization (BGR), which does not affect
As at a certain carrier density.””* The resulting reduced bandgap is
often described as Ey (see Fig. 27) to distinguish it from the
bandgap without renormalization E,.””’ In highly photoexcited
semiconductors, the exchange energy increases the average distance
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FIG. 28. Screening length at 300 K obtained from Eq. (26) vs carrier density.
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shown as an arrow. Reproduced with permission from M. A. M. Versteegh et al.,
Phys. Rev. B 84, 035207 (2011). Copyright 2011 the American Physical Society.
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should be noted, however, that even in an EHP there still exists the
Coulomb interaction between photogenerated conduction-band
electron and a rather localized valence-band hole.”” This can lead
to an enhancement of the optical absorption and luminescence
near the Fermi edge coined as Femi edge singularity and Mahan
exciton,” which is still a topic of intense research in the field of
highly doped and highly excited semiconductors.”**~**°

Next, we turn to the condition of the optical gain in an EHP.
The Femi-Dirac distribution function f(E) for electrons with energy
E; in the valence band and for those with energy E, in the conduc-
tion band can be written by

(29)

J(B2) = (30)

As for the interband processes, the rates of stimulated emis-
sion 7y, and absorption r,s for light with a spectral distribution
u(v) are given by243

between electrons with parallel spin. This has the effect to reduce Tstim (hV) = Baru(v)p(v)fe(v), (31)
their total repulsive Coulomb energy and hence lowers the total
energy of the electron system, accounting for the BGR.”*" Also, Fabs (1Y) = Brou(Wp(Wf,(v), (32)
recent DFT calculations have demonstrated that the nonparabolic 2
nature of the host conduction band is also responsible for the where By (Bj;) is the Einstein coefficient of stimulated 3
BGR.* In uni-polar plasma of electrons in highly chemically emission (absorption), p(v) is the joint density of electron and g
doped Zn0,”°"*** the expected bandgap narrowing is not actually hole states in the bands, and f.(v) = fu(E)[1 — f,(E1)] and §
observed in the optical gap of ZnO as it is largely compensated by f,(v) = f,(E1)[1 — f.(E,)] are the probabilities of photon emission &
band filling of the conduction band (Burstein-Moss effect).””>* It and absorption, respectively. Considering the equality
(a) (b)
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FIG. 29. Results of many-body calculations for ZnO at T=300K for polarization E_Lc. Electron-hole densities are indicated in cm™2. (a) Absorption spectra at four elec-

tron-hole pair densities, showing that gain starts at 2 x 10'® cm=. (b) Dispersion relations for light inside a ZnO nanowire with dimensions L, = L, =200 nm for several
densities. Squares indicate measured Fabry-Pérot modes reported in Ref. 178. Reproduced with permission from M. A. M. Versteegh et al., Phys. Rev. Lett. 108, 157402
(2012). Copyright 2012 the American Physical Society.
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very high intensity emission in the EHP regime, the other two spectra have lines) at larger momentum. When one mode is tuned to the energy of an elec-
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curves for three different emission regimes. The inset shows the enlarged to new hybrid modes (black), known as polaritons. Reproduced with permission
region in the range from —1 to 30 ps. Reproduced with permission from W. M. from D. W. Snoke and J. Keeling, Phys. Today 70, 54 (2017). Copyright 2017
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FIG. 33. Schematic illustrations of exciton transition channels in a strong coupled ZnO microcavity (MC). (a) Excitonic-related lasing mechanisms in the strongly coupled
ZnO MC. Different states in a strongly coupled ZnO MC including photons (red), ground-state excitons (navy blue), higher state excitons (green), exciton—polaritons (blue-
violet) and exciton—exciton (X-X, or P-band) recombinations (sky blue) are represented by different colors. (b) Schematic of scattering efficiency trade-off between P-band
and polaritons vs the negative detuning and LPB-offset of cavity. The X-X scattering is independent of the detuning parameter but increases with the exciton density, while
the polariton scattering decreases with the detuning parameter. (c) Schematic of the dispersions of a small negatively detuned MC (left side) and a large negatively
detuned MC (right side). The SCR, WCR, and BR indicate the strong coupling region, weak coupling region, and bottleneck region, respectively. Reproduced with permis-
sion from Y.-Y. Lai et al., Sci. Rep. 6, 20581 (2016). Copyright 2016 Author(s), licensed under a Creative Commons Attribution (CC BY) License.

Bi; = By; = B, we obtain the resulting rate of observable stimu-
lated emission,

Rstim(hv) = rstim(hv) - rabs(hv)

= Bu(V)p(W)[ fe(E2) — fo(E1)]. (33)
Hence, the sign of Ryim(hv) is determined by the sign of the term
fe(Ez) — fo(Ey). From Fig. 27, one sees that

E; =Ei +hv, (34)

ﬂe/ = /lh’ + Eg' =+ Fh =+ FE' (35)
By using Egs. (29), (30), (34), and (35), one finds that sign of the
term f.(E;) — f,(E1) is eventually controlled by the following
numerator term:”*’

hv —Ey — F, — F,
l—exp(vg’TTh)

(36)

It, thus, follows that Ryim(hv) becomes positive when
hv < Ey + F, + F., which limits the high-energy end of the gain.
One also notices from Fig. 27 that the lowest photon energy ampli-
fied in the quasi-equilibrium state is hv = Ey. Consequently, the

optical gain in an EHP is expected to occur in the following energy
range, which is known as the Bernard-Duraffourg condition for
net optical gain in semiconductors™®’ [see Fig. 27(c)],
Ey < hy < Ey + Fy +Fe = g — - (37)
The term p, — pyy is referred to as the chemical potential of
an EHP system (upmp).”" In the EHP regime, the observed emis-
sion spectra show a substantial redshift and spectral broadening
with increasing excitation intensity due to the reduction of
Ey.”"*" According to the quantum many-body theory developed
by Versteegh et al.””” it is possible to calculate an optical gain spec-
trum g(o) for a certain 7, at a particular temperature of interest
using the complex susceptibility () as follows:

g(w) = — 270) Imy/1 + y (@),

where c¢ is the vacuum speed of light. As shown in Fig. 29(a), the the-
oretical gain spectra at 300 K satisfactorily reproduce the changes in
the EHP spectra for increasing electron-hole pair densities.””” One
also sees from Fig. 29(a) that an optical gain or a negative absorption
coefficient is observed for the spectrum of n, =2 x 10" cm™3,
which is about one order of magnitude higher than
ny=1.5x 10 em™3, indicating the occurrence of an inverted EHP

(38)

3
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FIG. 34. (a) Schematic diagram of the hybrid ZnO microcavity (MC9). (b) Atomic force microscopy (AFM) image of the ZnO cavity. (c) Cross-sectional scanning electron
microscopy image of the ZnO MC. (d) Schematic diagrams of the one-to-one correspondence between the internal polaritons and the external photons during the
angle-resolved photoluminescence (ARPL) measurements. Color maps of the ARPL measurements for the different positions on the ZnO hybrid MC sample with three dif-
ferent detunings: (€) 8=—105meV, (f) 8=—66meV, and (g) & =— 25meV at 200 K. Reproduced with permission from Y.--Y. Lai et al., Light: Sci. Appl. 2, e76 (2013).
Copyright 2013 Author(s), licensed under a Creative Commons Attribution (CC BY) License.

for n, > my at 300 K. This is consistent with the estimation given by nanowire with dimensions L, =L, =200nm calculated for

Klingshirn et al”® who showed that the condition of population several carrier densities using Eq. (12) where n'(w, n,) is com-
inversion given in Eq. (37) is achieved for n, ~ 5 x 10" cm™ at puted in the many-body theory.”’° The measured F-P laser
300 K. modes reported in Ref. 178 are also given in Fig. 29(b). A very
Then, the room-temperature EHP lasing is expected to good fit is obtained for n, =2 x 10" cm™, giving the evidence
occur for n, >~ 10" cm™ when an appropriate feedback mech- of EHP lasing at room temperature.
anism is provided. Indeed, the F-P laser modes in ZnO nano- Lasing characteristics of EHP can be investigated in more
wires’”® and the random laser modes in ZnO nanopowders,”®’ detail when measured at low temperatures or by using highly
both of which result most likely from EHP lasing,”’**" are faced ZnO microcrystals. Fallert et al.”** reported changes in the
observed for n, >~ 10" cm™ at room temperature. Figure 29(b) EHP lasing modes at 15K for a F-P ZnO nanorod depending on
shows the theoretical dispersion relation for light inside a ZnO the excitation fluence. It has been demonstrated that every
J. Appl. Phys. 133, 221101 (2023); doi: 10.1063/5.0142719 133, 221101-24
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FIG. 35. (a) Microwire coordinate system: The xy plane coincides with the
cross section plane, and the wire axis coincides with the z axis. Angles are
defined accordingly. (b) PL image of a ZnO microwire recorded at cryogenic
temperature. Respective ZnO-related transitions are labeled: free (X), donor-
bound (D° X), and defect-bound (DBX) excitons. The white dotted lines indicate
modeled dispersion curves for TE-polarized polaritons. Reproduced with permis-
sion from C. P. Dietrich et al., Phys. Rev. B 91, 041202(R) (2015). Copyright
2015 the American Physical Society.

individual mode shifts to higher energies with increasing excita-
tion fluence, demonstrating a decrease of n'(w, np) with increasing
n, in EHP. Fallert et al.”*" also reported that each individual
mode shows a redshift by several meV during its decay, suggesting
the recovery of the refractive index due to recombination of the
carriers. It is also interesting to note that highly faceted ZnO rods
with a lower threshold show a transition in the gain mechanism
from excitonic to EHP recombination with increasing excitation
intensity,'">*®> which can be identified by the excitation
intensity-dependent change in the PL spectra and their decay
dynamics. Figure 30 shows examples of highly faceted ZnO rods
and their time-resolved PL spectra at 300 K.'°° A broad spontane-
ous emission with time constant with several hundreds of pico-
seconds is seen at ~380 nm (3.26 eV) under low pump intensity.
The threshold for excitonic lasing was observed to occur at
~45 uJ/cm?, showing narrow F-P lasing modes with a line width
of ~0.4nm and rise and decay times in the range 4-5ps. The
delay in the onset of the excitonic lasing could be due to the rela-
tively long (>5 ps) time necessary for the relatively weak excitonic
interaction to produce sufficient scattering events required for
optical gain.”®> Optical pump-THz measurements also supported
such slow evolution of free carriers to excitons in the range 10-
100 ps following photoexcitation.””> As the pump intensity
increases to ~90 ,u]/cmz, the spectrum becomes broad and red-
shifted, accompanied by substantial shortening of rise (~1 ps)
and decay (2-3 ps) times. This can be interpreted in terms of the
formation of EHP and a very fast (<100 fs) cooling of the hot car-
riers to a quasi-thermal equilibrium.”*>**> We should note that
the reverse transition, i.e., from EHP to excitonic lasing, can also

TUTORIAL scitation.org/journall/jap

be observed during the decay process of the EHP emission from
ZnO nanostructures with a low excitonic threshold at room tem-
perature (~40 uJ/cm?). 2 Figure 31 shows the time-resolved PL
from these ZnO nanostructures in the EHP regime created under
high (~126 uJ/cm?) excitation fluence. The PL peak first shift to
the red at 1ps, and then start shrinking back to the blue from
2 ps, resulting in a structured emission observed in the excitonic
lasing regime at 10 ps. This temporal change in the PL spectra
results from the faster decay (2-3 ps) of the EHP emission and
the subsequent decrease in the free carrier concentration and a
consequential bandgap recovery, leading to the excitonic
lasing.”®® These results indicate that excitons are formed as a
result of the thermalization and cooling of the hot EHP gas,
ending up with excitonic stimulated emissions.

VI. EXCITON-POLARITON LASER

The excitonic and EHP lasers mentioned in Secs. V A and
V B are based on a conventional concept of laser, i.e., the combina-
tion of gain medium, optical cavity, and population inversion.
However, in a polariton laser, which results from the strong cou-
pling between excitons and photons confined, for example, in a dis-
tributed Bragg reflector microcavity as will be shown later, there is
no explicit requirement for electronic population inversion; but
rather amplification is possible when the exciton-phonon system is
inverted, i.e.,””’
flexc(k) = Ppn(k), (39)
where 7iexc (k) and 71, (k) are the population of exciton and phonon,
respectively. This condition indicates that for all modes that are
contributing to ground-state exciton-phonon scattering, the

exciton reservoir occupancy has to exceed that of the phonons. ¢

Qualitatively speaking, polariton lasing occurs when the total scat-
tering rate to the ground state overcomes the polariton decay rate,
which is usually dominated by mirror loss.'” In ZnO, relaxation
pathways to the ground state are assisted via acoustic phonons, LO
phonons, and exciton-exciton scattering. The condition for polari-
ton lasing can be fulfilled at carrier densities much lower than ny,.
Note, however, that at higher carrier densities beyond ny;, the
exciton binding energy is screened by the carriers (see Sec. V B),
and accordingly a polariton laser is expected to continuously trans-
form into a conventional EHP laser.”® Hence, both polariton and
standard lasers can be, in principle, achieved with the same cavity;
that is, polariton (standard) lasing occurs in the regime of strong
(weak) light-matter coupling, at pump intensities two or three
orders of magnitude smaller (larger) than the threshold for stan-
dard (polariton) lasing.”*”

The strong interaction between exciton and photon within an
optical cavity gives rise to two new sets of states, i.e., upper and
lower polariton branches (UPG and LPB, respectively, see Fig. 32).
The resulting hybrid states have properties derived both from
exciton and photon, yielding an energy minimum at k=0.
Although the concept of polariton has been common for decades
in the field of semiconductor optics,””" especially in ZnQ,**"**"
strong exciton-photon coupling and related lasing phenomena in
ZnO-based microcavities have not been realized until
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FIG. 36. (a) Schematic illustration of a single nanorod polariton laser on an SiO, substrate. The inset shows the shell structure, consisting of five pairs of ZnygMgo 10/Zn0O
quantum well (QW) layers. (b) Excitonic (blue line) and waveguided (red line) PL spectra from the body center and end of a QW nanorod (diameter, 640 nm; length,
2.75 um), respectively. The end emission exhibits multiple resonance peaks, which correspond to the eigenmodes of the exciton polaritons in the quantum heterostructure
nanocavity. The dashed green lines represent the fitted Lorentzian line shapes used to determine the resonance energies in the lower polariton branch. The overall fitting
line is displayed by the green line. (c) Dispersion relation of the exciton polaritons along the long axis of the QW nanorod. The data points represent measured resonance
energies with equidistant momenta at integer values of m/L,, where L, is the length of the nanorod. The orange solid line represents the fit to the theoretical model for the
exciton polariton HE22-guided mode, indicating an estimated Rabi splitting energy of ~370 meV. The horizontal red dashed line represents the QW exciton energy. The
inset shows the calculated electric field intensity (|Ey|2) profile in the radial cross-sectional plane for the HE22-guided mode at an energy of 3.20 eV, where white lines indi-
cate the QW region. (d) Optical images showing a transition from spontaneous to coherent emission with increasing pump fluence. The interference patterns associated
with longitudinal Fabry-Pérot cavity modes are observed. Reproduced with permission from J.-W. Kang et al., Sci. Adv. 5, eaau9338 (2019). Copyright 2019 Author(s),

licensed under a Creative Commons Attribution (CC BY) License.
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recently. ZnO is beneficial for exciton—polariton lasers from
two standpoints: one is a stable excitonic state up to room tempera-
ture and the other is a larger oscillator strength and, thus, the
larger coupling coefficient, called the Rabi splitting energy
Q~ /fIV,,'”" where f is the oscillator strength of the excitons
and V,, is the mode volume of the cavities.”* In Zn-based micro-
cavities, the Rabi splitting energy can exceed ~100meV,'**"°
which is larger than the exciton binding energy of 60 meV, hence
allowing the energy overlap between the UPB and the scattering
states. It should be noted that the large exciton binding energy in
ZnO is beneficial for exciton lasing as well (see Sec. V A). Hence,
one can observe a crossover from polariton lasing to exciton lasing
in strongly coupled ZnO microcavities depending on the degree of
cavity detuning & = E, — E,,”*" where E, is the cavity photon
energy and E, is the exciton energy, as depicted in Fig. 33.°%*
When 3 is close to zero, the polariton lifetime is long enough to
exhibit a more efficient stimulated scattering event than that of the
exciton—-exciton scattering event mentioned in Sec. V A. As the

cavity is more negatively detuned, the polariton lifetime becomes
shorter and shorter. When the value of negative detuning draws
near to the Rabi splitting energy, the poor polariton scattering
leads to the so-called “bottleneck effect” in which polariton accu-
mulates at high energy/momentum state, as illustrated in Fig. 33(c).

Microcavities with strong coupling can be obtained by sand-
wiching an appropriate ZnO active layer (typically 5A/4- or 3A/
2-thick) between two distributed Bragg reflectors (DBRs), which
act as the two cavity mirrors.””’~>*" DBRs consist of alternating
layers of semiconductors having different refractive indices. If each
layer is a quarter of a wavelength thick, it follows that the reflec-
tions from each interface interfere constructively. The total reflec-
tivity approaches unity as the number of layers increases. An
example of the DBR microcavity and the results of angle-resolved
PL measurements for the different portions on the microcavity
with three different detunings reported by Lai et al.””” are shown in
Fig. 34. The effect of detuning mentioned earlier can be clearly rec-
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(8 = —105meV), which is comparable to the Rabi splitting of this
system (112 meV), demonstrating the polariton accumulation at
35° due to the bottleneck effect. For a smaller detuning case, a
more efficient polariton relaxation occurs, and accordingly polari-
tons tend to become thermalized to the lower k state, as shown in
Figs. 34(f) and 34(g).

It should be worth mentioning that in ZnO, the strong cou-
pling condition can also be achieved without using DBRs but by
exploiting high-quality (Q > ~1000) hexagonal-cavity WGMs.””*~*"°
Figure 35(a) shows a coordinate system for a hexagonal microwire,
and Fig. 35(b) demonstrates a typical angle-resolved PL image
observed for a ZnO microwire with the inner radii of ~4um at
10 K.”° Besides the angle-independent emissions of A-free excitons,
donor-bound excitons (D°X), and defect-bound excitons (DBX), the
observed image clearly shows dispersion behaviors of confined
modes evidenced by the increase in the mode energy with the emis-
sion angle, or equivalently the wave vector.

Kang et al.”** have reported room temperature polariton lasing
from quantum well (QW) heterostructure nanocavities, each com-
posed of a hexagonal ZnO nanorod core enclosed by a radial QW
shell [see Fig. 36(a)]. The radial QW structure allows strong cou-
pling of excitons with photons confined in a small-mode-volume
(0.1um®) nanocavity, leading to a Rabi splitting energy of
~370 meV. Exciton-polariton dispersion [Figs. 36(b) and 36(c)] and
lasing features [Fig. 36(d)] have been reported from the QW
nanorod at room temperature. Room-temperature exciton polari-
tons, along with related possible lasing, have also been reported to
occur in other ZnO-based microcavities.””>>”*?”%?55-287 However,
the realization of room-temperature polariton lasing relies strongly
on the design and fabrications of microcavities with specific dimen-
sionalities and geometries, playing a vital role in enhancing coupling
between excitons and photons. The search for stable room-
temperature polariton laser and related polaritonic devices using
ZnO-based microcavities is still ongong'®*** and will require
further investigations.

VIl. SUMMARY

In this Tutorial, we have attempted to create a picture of crea-
tion, recombination, and screening of excitons in ZnO thin films
and micro/nanostructures in view of excitonic and EHP lasing. It
has been shown that photoexcitation and the resulting recombina-
tion in ZnO are very versatile and rich not only in spontaneous
excitonic emissions, but also in stimulated emission processes. This
versatility stems partly from their diverse morphologies from one-
dimensional to three-dimensional structures in the nanometer to
micrometer range, which enables various kinds of feedback, includ-
ing random lasing in an aggregation of nanoparticles, F-P lasing in
a nanowire, and WGM lasing in a hexagonal plate. The other
factor of versatility derives from its relatively large exciton binding
energy. This leads to various types of excitonic and EHP stimulated
emissions below and above ny, respectively, along with polariton
lasing. Thus, ZnO is a very unique and interesting wide bandgap
semiconductor in terms not only of excitonic processes but also of
the Mott transition physics although it still suffers from the doping
asymmetry problem, i.e., the difficulty in the fabrication of stable
and reproducible p-type ZnO.
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SUPPLEMENTARY MATERIAL

See supplementary material for the details of the preparation
and optical absorption measurement procedures of the ZnO thin
film shown in Fig. 5.
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