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Low dimensional ZnO-based materials have drawn much attention for the past decades 

due to their unique electronic and optical properties 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 will give a brief overview of temperature-dependent linear excitonic 

absorption and luminescence spectra. Second, we will introduce feedback mechanism for 

lasing in various forms of ZnO, ranging from nanoparticles to nanowires, nanodisks and 
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thin films. As for the feedback mechanism, detailed descriptions are given to random 

lasing, Fabry-Perót lasing, and whispering gallery mode lasing. Third, we discuss possible 

gain mechanisms, i.e., excitonic 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. 

 

 

I. INTRODUCTION 

Since the middle of the last century, ZnO began to attract interest for its interesting 

optical and electronic properties, such as a wide direct bad gap of 3.37 eV at room 

temperature and the native n-type conductivity.1,2 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 non-

linear phenomena under high electronic excitation, resulting in excitonic and electron-

hole plasma (EHP) stimulated recombination processes, especially at cryogenic 

temperatures, as will be shown in detail in later sections. In addition, its relatively high 

exciton binding energy 𝐸𝑋
𝑏 (𝐸𝑋

𝑏 = 60 meV)3,4 allows us to anticipate the possibility of 

excitonic stimulated emission and lasing even at room temperature. 
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In the late 1990s and early 2000s, the progress of nanofabrication technologies 

enables the formation of a variety of ZnO-related micro/nanostructures, including 

epitaxial layers,58 nanoparticles,9 nanowires,10 and quantum wells,11 which allows us to 

observe room-temperature lasing with a narrow spectrum. Accordingly, ZnO has attracted 

renewed and growing interest from the scientific community, leading to remarkable recent 

progress in the field of nanowire photonics,1214 disordered photonics1517 and polaritonic 

devices.1821 

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 organized as follows. Section II 

reviews the basic optical and excitonic properties. Sections III and IV discuss the 

feedback and gain mechanisms for lasing, respectively. Conclusions are given in Sec. V. 

This Tutorial is by no means a comprehensive review on the structural, optical and 

emission properties of ZnO micro/nanostructures, for which the readers are referred to 

existing and recent review articles.1,2229 

 

II. BASIC OPTICAL AND EXCITONIC PROPERTIES 
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Optical and excitonic properties in ZnO have been investigated by various techniques, 

such as optical absorption,30 reflection3,4,31,32 photoluminescence4,33,34 and 

cathodoluminescence spectroscopies.35,36 In this section, we will focus solely on optical 

absorption and photoluminescence properties, both of which are especially useful to 

characterize the band gap and related optical properties of semiconductors. 

 

A. Optical absorption 

Measuring the optical absorption is the most simple but direct method for probing 

the band structure of semiconductors. Since ZnO is a direct band gap semiconductor, the 

spectral dependence of the fundamental absorption coefficient α  can be described as 

follows:37 

 

αℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)1/2 ,    (1) 

 

where h is Planckʼs constant, 𝜈 is the photonʼs frequency, 𝐸𝑔 is the band gap energy, 

and 𝐴  is a proportionality constant. According to Eq. (1), 𝐸𝑔  can be evaluated by 

plotting (αℎ𝜈)2  versus ℎ𝜈 , which is called the Tauc plot. Although the Tauc plot is 

frequently used to evaluate the optical band gap of ZnO and ZnO-based materials,3840 
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this method does not yield the correct band-gap values because of the predominance of a 

free exciton absorption just below the fundamental gap.1 Thus, the 𝐸𝑔 value obtained by 

this method has a significant uncertainty especially at low temperatures.41 

From these arguments, it is useful and necessary to know how the free exciton 

absorption affects the shape of the fundamental absorption edge of ZnO depending on the 

measurement temperature. However, reports on the temperature dependence of the optical 

absorption spectra of ZnO are rather limited,30,4143 and no 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 thickness d of 249 nm, which was grown by a pulsed laser deposition 

(PLD) method (for details see the supplemental material), as shown in Fig. 1(a). The 

absorption spectrum measured at 5 K shows three major peaks at 3.371, 3.444 and 3.52 

eV [see the inset of Fig. 1(a)], in good agreement with those reported previously on single-

crystal ZnO thin platelets grown by the vapor transport method.30 One sees that the peak 

at 3.371 eV is not symmetric, which is most likely due to the overlap of the A and B free 

excitons.22,30 The other high-energy peaks at 3.444 and 3.52 eV are attributed to exciton-

one-phonon and exciton-two-phonon complexes, respectively,30 although the C free 

exciton may also contribute to the lower energy side of the 3.444-eV peak.22,30 The 



6 

 

appearance of the exciton-phonon complexes will ensure the high quality of the present 

PLD grown film. Since the excitonic absorptions are clearly identified in the low-

temperature absorption measurement, the temperature dependent change in the peak 

energy yields information about the temperature dependence of the band gap energy, 

which is located above the A exciton peak by 𝐸𝑋
𝑏

 = 60 meV. Although similar information 

can be obtained from the temperature-dependent reflectance31 and photoluminescence4,33 

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 position of the 3.371-eV 

peak observed at 5 K 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 

previously for the free A-exciton in ZnO single crystals ( FX𝐴
𝑛=1 = 3.37683.3781 

eV).3,4,30,44 Figure 1(b) shows the temperature-dependent variation of the A-exciton peak 

energy shown in Fig. 1(a). Although several equations have been proposed to represent 

the temperature dependence of the bandgap (𝐸𝑔 ) and free-exciton (𝐸FX = 𝐸𝑔 − 𝐸𝑋
𝑏 ) 

energies in semiconductors,45,46 we found that the observed temperature dependence can 

be best fitted to Bose-Einstein model,47 
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𝐸FX(𝑇) = 𝐸FX(0) −
𝑘

exp (
𝜃
𝑇) − 1

 ,    (2) 

 

where k is a constant and  is the parameter related to the average phonon frequency or 

the Einstein characteristic temperature. The fitted values of  and kin Eq. (2) are 349.4 

K and 0.118, respectively, which are comparable to those obtained by 

photoluminescence31 (= 380 K and k=0.177) and photoluminescence excitation48 (240 

K and k=0.09) measurements. From these fitted parameters in Eq. (2) and 𝐸𝑋
𝑏= 60 meV, 

we can estimate the temperature dependence of the band gap 𝐸𝑔(𝑇), as shown in the red 

solid curve in Fig. 1(b). This estimation yields the band gap of 3.377 eV at 300 K, in 

reasonable agreement with the mostly accepted band gap of ~3.37 eV at room 

temperature.22 This allows us to confirm that the measurement of optical absorption 

spectra is useful and effective to obtain the temperature dependence of the band gap in 

ZnO. 

 

B. Photoluminescence  

Photoluminescence (PL) of ZnO is very rich in structure and depend strongly on the 

size, shape, crystallinity, impurity and surface states of the sample of interest. Although 
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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.49,50 

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 but also to bond-exciton states, two 

electron satellite transitions of shallow bound excitons, and donor-acceptor-pair 

recombinations (Fig. 2).4,22,5153 As for ZnO nanostructures, one also finds emissions of 

surface excitons (SX)5456 along with the controversial PL peak at 3.31eV (Fig. 3, for 

details see Refs.5761) Respective UV emission peaks are often accompanied by 

longitudinal optical (LO) phonon replicas with an energy separation of ~72 meV5762 

(Figs. 3 and 4).  

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 > ~200 K) temperatures4,22,61,62 (Figs. 3 and 4). 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 
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one broad PL band due to the line broadening of the FX peak and its nLO-phonon (n = 1, 

2...) replicas.63 Typically at room temperature, the NBE UV peak of ZnO films and 

nanostructures is located in the energy range from 3.15 to 3.30 eV,23,61,62,6470 whereas the 

bulk ZnO single crystal shows NBE PL emission peaking at 3.30-3.31 eV.1,25,6369 These 

NBE PL energies are slightly lower than the free exciton absorption energy from the 

absorption measurement of ZnO at 295 K (3.32 eV),30 as also shown in Fig. 1. This 

confirms that at room temperature, the spectral shape of the FX PL band is substantially 

affected by the presence of LO phonon replicas1 and/or the effect of reabsorption.1,25  

The defect and impurity states in ZnO yield deep level emission bands in the visible 

spectral region, showing blue, green, yellow and orange/red PL bands.22,23 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.7279 It should be noted, however, that the 

existence of deep-level emissions does not have a significant effect on the stimulated 

emission since the ratio of the visible emission to the NBE emission decreases as the 

excitation density increases.67,80 Thus, we do not give details here; the interested reader 

should consult referenecs22,23,34,50 for a review on the deep level emissions in ZnO. 

 

III. FEEDBACK MECHANISM FOR LASING 
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The laser has had a tremendous impact on many different areas of science, including 

physics, chemistry, astronomy, biology and medicine. 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 and still research is ongoing especially in terms of the lasers 

with complex light patterns.8184 In general, three core elements 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 a resonator. 

It should be noted that its dimension and size are highly versatile, including nanoparticle, 

nanowire, nanoribon, and thin film. Accordingly, two principal feedback mechanisms, i.e., 

random lasing and microcavity lasing, are observed depending on its 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.85 For this purpose, a two-mirror cavity is conventionally employed [Fig. 5(a)]. 

In random lasers, however, a completely different feedback mechanism, i.e., multiple 

scattering, is used to realize optical feedback [Fig. 5(b)]. Thus, random lasers, along with 
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recently emerged plasmon lasers86 and topological lasers,87,88 have considered as a 

paradigmatic phenomenon of laser systems, opening up a new perspective in the 

photonics in disordered media.82,8994 During the last several decades, random lasing 

action has been demonstrated in a variety of random media, as described in recent review 

articles.9598 Among other experiments on random lasers, the results reported by the group 

of Cao et al. on ZnO polycrystalline films99 and nanoparticles9,100 are worth mentioning, 

in that they first observed the narrow and intense lasing peaks with the linewidth less than 

0.3 nm under pulsed laser pumping (Fig. 6). These phenomena give evidence for the light 

amplification through a coherent feedback of the interference effects, hence stimulating 

further investigations into random lasers and related disordered photonics16,101 in terms of 

mode localization and interaction,102104 mode-locking,105,106 and controlling 

directionality.107 

In discussing the nature of light scattering in a three-dimensional (3D) system, it is 

useful to define the following length scales (Fig. 7):89  

scattering mean free path (ls) an average distance that photons travel between two 

successive scattering events. 

transport mean free path (lt) an average distance over which the direction of 

propagation of waves is randomized by scattering. 
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gain length (lg) a distance over which the intensity optical signal is amplified by a 

factor e  2.72 in a gain medium without scattering. 

amplification length (la) a root mean square distance between the beginning and 

ending point for paths of length lg. in a gain medium with scattering. In the limit without 

scattering, la = lg. In the presence of scattering, la becomes shorter than lg, leading to higher 

effective gain coefficient.  

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

 

𝑙𝑡 =
𝑙𝑠

1 − 〈cos𝜃〉
 ,    (3) 

 

𝑙𝑎 = √
𝑙𝑡𝑙𝑔

3
 ,   (4) 

 

where 〈cos𝜃〉 is the average cosine of the scattering angle. Depending on the relative 

magnitude of these characteristic length scales, scattering phenomena of light with 

wavelength  in 3D medium with size L can be classified into three regimes: (i) the 

ballistic regime, L < 𝑙𝑡, (ii) the diffusive regime, 𝑙𝑡 L, and the localization regime, 

𝑙𝑠 < . Practically, light scattering in the diffusive and localization regimes is a main 

concern for both experimentalists and theorists. 
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1. Localization regime 

In the localization regime, strong phonon localization in confined space can be 

realized. This is analogue to the electronic Anderson localization,108 which is a theoretical 

basis for 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 the next subsection. Generally, Anderson-like light localization requires 

a special design of scattering media, such as 2D109 or 3D110 photonic crystals, a disordered 

photonic-crystal waveguide,111 a planar nanophotonic network,112 and a randomly spaced 

air-grooves,113 to satisfy the condition 𝑙𝑠 <   

 

2. Diffusive regime 

As noted earlier, random lasing spikes were first observed in ZnO polycrystalline 

films99 and nanoparticles9,100 with particles sizes of 50150 nm (Fig. 6). The 

demonstration of the sharp lasing spikes indicates that the observed lasing behavior arises 

from resonant (coherent) feedback.15,89 These ZnO nanoaggregates are especially suitable 
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for resonant feedback due to their relatively high refractive index n (n  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 ~100nm) 

grown perpendicular to a planar substrate have been shown to demonstrate sharp lasing 

spikes due to in-plane light scattering (Fig. 8).114 It should be noted that in closely packed 

monodisperse ZnO powders with size d of ~140 nm, the transport mean free path lt is 

estimated to be 1.2 m for  = 400 nm.115 When d decreased, lt further increased. Thus, 

the light scattering responsible for the random lasing spikes in the ZnO particles will not 

occur in the localized regime (𝑙𝑠  < but in the diffusive regime (𝑙𝑡  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 emission spectrum 

will narrow continuously towards the center of the gain spectra with increasing pumping 

intensity,89,91 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.116 Such 

incoherent random lasing was indeed observed in powders of laser crystals including 

NdAl3(BO3)4, NdSc3(BO3)4, and Nd:Sr5(PO4)3F (ref. 117) and colored LiF (ref. 118) and 

MgO (refs. 119121) crystals. Therefore, it has been an open question as to why narrow 
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coherent lasing spikes are observed in such diffusive systems. Two different scenarios 

have been proposed for the origin. One is a model based on the formation of ring-shaped 

resonators with index of refraction larger than average, leading to local cavities (local 

modes).122,123 Another is a model based on the formation of open modes where 

spontaneously emitted photons accumulate gain along very long trajectories.114,115 The 

resulting “lucky photons” accumulate enough gain to activate a 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 Maxwellʼs equations 

including a polarization term due to the atomic population inversion that even in the 

diffusive and weak scattering regimes, modes expand over the whole sample and overlap 

both spatially and spectrally (Fig. 9), leading to resonant feedback with spectrally narrow 

emission.126,127 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 dependent strongly on the experimental 

system. As far as the ZnO nanoparticle powders are concerned, Fellert and co-workers128 

have demonstrated that strongly localized random lasing modes co-exist with modes of 

much larger spatial extension (Fig. 10). They128 have shown that the extended modes are 

primarily found in the spectral region where the gain is expected to be highest, whereas 
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the strongly localized modes are found in regions where the available gains is lower. This 

observation is consistent with the prediction that localized modes have a lower loss rate 

than that of extended modes.16 Hence, it is most likely that both extended and localized 

modes in diffusive random systems can contribute to the occurrence of narrow lasing 

spikes. The relative dominance of these two modes will be governed by the spatial 

distribution of gain and loss in the random system of interest. 

 

B. Microcavity lasing 

One of the biggest advantages of ZnO is that it can be grown in a shape of optical 

cavity, including nanorods, nanowires, nanoribbons, nanocombs, nanosawsand 

nanotetrapods and so forth.129131 These intriguing ZnO micro/nanostructures can be 

prepared by both gas-phase132136 and solution-phase137142 methods. Among other 

techniques, the vapor-liquid-solid (VLS) growth method has achieved the most success 

in producing optical cavities in relatively large quantities (Fig. 11).132134 As for 

microcavity lasing, 1D microrod and 2D microdisk structures are of particular 

interest.12,62,143,144 In microcavity lasers, the micro/nanostructure itself act both as a 

optical cavity and a gain medium, providing an ideal experimental platform for the 

development of miniature-cavity-based optoelectronic devices.145147 Depending on the 
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resonant cavity structures, microcavity lasing can be classified into two groups. The first 

is Fabry-Perót (F-P) lasing observed in nanorods [Fig. 12(a)] with diameters and lengths 

of ~50~500 nm and ~1100 m, respectively, where light is amplified along the two 

end planes of the nanorod perpendicular to the nanorod axis.13,148,149 The second is 

whispering gallery mode (WGM) lasing [Fig. 12(b)] observed in ZnO nanorods and 

nanodisks with cross-sectional diameters greater than ~1 m,150155 where light 

propagates circularly in the cavity due to the multiple total reflection at the inner walls of 

ZnO cross-section..   

 

1. Fabry-Perót (F-P) lasing 

In 2001, Huang et al.10 reported a room-temperature optically pumped laser from 

ZnO single-crystalline nanowire arrays. This 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 parameters of the nanostructures, 

it is possible to control the lasing characteristics, for example, Q factor, lasing threshold, 

number of modes, and lasing wavelengths. Lasing characteristics of a single ZnO 

nanowire was also subsequently reported (Fig. 13).156,157 

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

cavity losses,146  

 

Γg𝑡ℎ >  𝛼𝑚 + 𝑎𝑝 =
1

2𝐿
ln (

1

𝑅1𝑅2
) + 𝑎𝑝, (5) 
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where Γ is the confinement factor, g𝑡ℎ is the threshold gain,αm is the mirror loss, αp is 

the propagation loss, and Ri (i=1,2) is the effective reflectivity at the ZnO/air boundary of 

the two end-facets (R15.5 %). Γg𝑡ℎ  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.149 In nanowire lasers, 

𝛼𝑚 is much larger than 𝑎𝑝 due to the smaller cavity length and the smaller reflection 

coefficient. Hence, it follows that Γg𝑡ℎ as well as Q factor is strongly dependent both on 

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.149,158 The exact determination of the modal gain is quite 

challenging for microcavities. Richters et al.159 determined experimentally the modal gain 

of single-ZnO nano- and microwires using the variable-stripe-length method (VLS) and 

found that it reaches a maximum value of 5000 cm−1 with increasing D up to 1.2 m (Fig. 

14). For the experimental details of the VLS technique, see references.160,161 

The Q factor and the spacing  between individual laser modes for a F-P cavity are 

described respectively by157,162 

 

Q =
2𝜋𝑛𝐿

𝜆(1 − √𝑅1𝑅2)
, (6) 

 

∆λ =
𝜆2

2𝐿 (𝑛 − 𝜆
𝑑𝑛
𝑑𝜆

)
,    (7) 
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where n is the refractive index, L is the cavity length which is equal to the distance 

between the two opposite side surfaces of the nanowire, and  is the lasing wavelength. 

The Q factor obtained from Eq. (6) is an ideal upper limit value provided that the optical 

absorption and scattering inside the cavity are neglected. For a nanowire with length of 

10 m, Eq. (6) yields the Q factor of ~500 at =350 nm. This estimated Q factor is in 

reasonable agreement with the observed Q factor obtained from the full width at the half 

maximum  (FWHM) of the lasing spike peaking at  (Q=/) in high-quality ZnO 

nanowires.62 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,163 

nanobelts,164 and tetrapods.165 In ZnO nanoribbons, pseudo-rectangular cross-sections 

lead to excellent microcavities with a high Q factor of ~3000.163  

Figure 15 shows a representative x-ray diffraction (XRD) pattern of a ZnO nanowire 

ensemble sample prepared by a VLS growth method along with its scanning electron 

microscope (SEM) and bright-field and high-resolution transmission electron microscope 

(HRTEM) images,149,166 illustrating an excellent crystallinity of an individual nanowire  

(L = 100 m, D =100-400 nm). Figure 16 shows the pump-intensity-dependent PL spectra 

of these ZnO nanowires under excitation with the third harmonic (355 nm) of a 

nanosecond pulsed Nd:YAG laser. For pump intensity Iex 200 kW cm−2, the spectra are 

broad and featureless, centered around 382 nm and with FWHM of 19.3 nm. In this 

regime, light is emitted essentially isotropically along the nanowire [Fig. 16(b)], and the 

output power depends linearly on the excitation intensity [Fig. 16(c)], showing the 

occurrence of spontaneous emission. In the pump intensity region from 200 kWcm−2 to 

300 kWcm−2, the spectra consist of a broad emission with the addition of sharp FWHM 

0.4 nm emission lines. In this regime, population inversion starts building up, leading to 
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ASE along the nanowire at wavelengths 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(d)], which is the expected behavior as the laser 

threshold is approached.167 For Iex > 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 [Fig. 16(a)]. 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 spontaneous emission.167  

Recently, it has been shown that through the coupling between metal surface plasmon 

modes and FP modes of ZnO, surface plasmonic lasers are realized.168,169 In comparison 

to the conventional photonic laser, the plasmonic cavities exhibit ultrasmall modal 

volume Vm ∼  λ3/10 – λ3/1000, which enables the control of the strong light-matter 

interaction and the generation of extremely intense optical fields. Sidiropoulos et al.168 

observed the emission pulses shorter than 800 fs from hybrid plasmonic zinc oxide (ZnO) 

nanowire (5 < L < 20 m, 100 < D < 300 nm.) lasers (Fig. 17). In such plasmonic lasers, 

the atomic smoothness of the metallic film is crucial for reducing the modal volume and 

plasmonic losses.170 Graphene/ZnO hybrid microcavity has also been shown to be useful 

to realize plasmon coupled F-P lasing, resulting in the lowered lasing threshold and the 

remarkably enhanced lasing intensity.171 Chou et al.172 recently investigated ZnO 

plasmonic nanolasers on a pseudowedge surface plasmon polariton 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 electrically pumped 

nanolasers are rather few. This is mainly due to the fact that stable and reproducible 
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production of p-type ZnO nanostructures are still challenging for ZnO 

micro/nanostructures with a p-n homojunction. Note, however, that Chu et al.173 

successfully demonstrated electrically driven FP lasing from n-type ZnO nanowires 

combined with p-type Sb-doped ZnO nanowires (Fig. 18). An attempt to design and 

fabricate electrically pumped ZnO nanolasers with p-n heterojunctions174 as well as those 

on other II-VI or III-V semiconductors175177 has also been reported.  

 

2. Whispering gallery mode (WGM) lasing 

The FP lasing mentioned in the previous subsection 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. 

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.178 Figure 19(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 shown in the simulated light-field 

distribution [Fig. 19(b)]. This phenomenon is referred to as the pseudointegrable leakage. 

In addition, corner diffraction179 and boundary-wave leakage associated with the presence 

of evanescent waves178 are also responsible for partial leakage of light from the hexagonal 
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cavity. Consequently, the lasing intensity would be distributed with a period angle of /3, 

which was confirmed experimentally by Dai et al.180 using a ZnO hexagonal microrod 

with D of 6.67 m (Fig. 20). The escape rate of the light due to the pseudointegrable 

leakage in a hexagonal cavity is expected to be nearly inversely proportional to the cavity 

size D.180 Therefore, the lasing threshold of the hexagonal ZnO cavity were found to show 

an approximately linear dependence on 1/D [Fig. 21(a)].143,180 A typical lasing threshold 

for the hexagonal ZnO cavity with D > 10 m is 100-200 kW/cm2. 143,180,181 It is also 

interesting to mention the Q factor of ZnO WGM microcavities since it is a useful 

measure of determining the feedback in the resonant cavity. Similar to the case of lasing 

threshold, the Q factor shows a strong dependence on D [Fig. 21(b)]. For a sufficiently 

large (D ~12.6 m) high-quality hexagonal ZnO microdisk, a Q factor as high as 3300 

has been reported.181 This value is much larger than that observed commonly in ZnO F-P 

cavities (Q~500),62 demonstrating that the feedback performance of WGM microcavities 

is better than that of the F-P ones. 

In addition to the hexagonal WGM microcavities, lasing from dodecagonal WGM 

cavities has also been reported (Fig. 22).182 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 (011̅0) and (2̅110) surface evenly, resulting in the dodecagonal microrods with D < 

~10 m [Fig. 22(b)]. Compared to the case of hexagonal cavities with similar sizes, a 

lower lasing threshold (180 kW/cm2) and a higher Q factor (Q~2600) are obtained from 

the dodecagonal ZnO microrod (D = 6.35 m), as shown in Fig. 23. This is because the 

WGM optical length in a dodecagonal cavity is longer than that in a hexagonal one with 
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the same cross-sectional diameter. 

There have been a few reports on electrically driven ZnO WGM lasers.183185 

Recently, Zhou et al.185 reported electrically driven lasing from a system consisting of Ga 

doped ZnO hexagonal micorowire (ZnO:Ga) with D = 15 m covered partially with 

platinum nanoparticles and a p-type GaN substrate (Fig. 24). 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. 24(d)]. The WGM lasing characteristics 

was confirmed from the optical microscopic CCD image as well as the angle-dependent 

variation of the laser emission intensity (Fig. 25). 

 

 

VI. 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 np reaches the Mott density nM, the 

transition from an insulating exciton gas to a metal-like state of an EHP occurs,186 as 

shown schematically in Fig. 26.187 This indicates that 𝐸𝑋
𝑏 decreases with n and becomes 

zero as n reaches nM,188 

 

𝐸𝑋
𝑏(𝑛𝑀) = 0.  (8) 

 

The Mott density can be calculated within various approximations. At zeroth 

approximation, nM can be regarded as the carrier density at which average exciton-exciton 
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distance becomes approximately equal to Bohr radius 𝑎Bohr, which is given by 

 

𝑛𝑀 ≈
1

𝑎Bohr
3 .    (9) 

 

However, this model tends to overestimate the critical density (𝑛𝑀 = 1.7 × 1020 cm3 

for 𝑎Bohr
𝑍nO = 1.8 nm22). Several more refined and experimentally checked models taking 

into account the electrostatic screening and the many body effect have been 

proposed.188193  However, the estimated value of nM in ZnO at room temperature shows 

a variation in the range from 3×1017 to 6×1018 cm3.188192 Its exact determination is of 

great importance but is still an open question, as will be discussed later (see sec. IV. B). 

 

A. Excitonic lasing 

Historically, exciton-related spontaneous and stimulated emission processes in ZnO 

as well as in other II-IV and III-V direct gap compounds were extensively investigated 

both experimentally and theoretically in 1970/80s using high-quality bulk single 

crystals.194200 From these investigations, it has been revealed that in ZnO, stimulated 

emissions with excitonic gain occur when the second particle (exciton, electon, 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 

(ii) exciton-electron (X-el) recombination 
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(iii) exciton-mLO phonon (X-mLO, m=1,2...) recombination 

 

We will explain the reason why the above excitonic processes show stimulated emission, 

or population inversion, by considering the optical emission and absorption processes of 

the X-X scattering.196  

If the momentum of the photon is neglected, the recombination energy ℏω due to 

the inelastic interaction between two excitons can be described as196,197  

 

ℏω = (𝐸𝑔 − 𝐸𝑋
𝑏) − 𝐸𝑋

𝑏 (1 −
1

𝑛2
) −

ℏ2

𝑀
𝑲1 ∙ 𝑲2,   𝑛 = 2,3, …  (10) 

 

where 𝑲1 and 𝑲2 are wave vectors of the initial two excitons, n is the quantum number 

of the scattered exciton, and 𝑀 is the exciton mass. When considering the maximum 

value of ℏω, we can replace the last term in Eq. (10) by the mean kinetic energy.197 Hence, 

we get 

 

ℏ𝜔max
X−X = (𝐸𝑔 − 𝐸𝑋

𝑏) − 𝐸𝑋
𝑏 (1 −

1

𝑛2
) −

3

2
𝑘B𝑇,   𝑛 = 2,3, …  (11) 

 

where 𝑘B  is the Boltzmann constant. The resulting emission band is conventionally 

referred to as the P(n) band.196,197 As photons and excitons are bosons, the rate of their 

generation is not only proportional to their numbers but is also increased by unity.201 The 

total rate of photon emission we in the X-X scattering process is given by  

 

𝑟𝑒 = 𝐴𝑁1,𝐾1
𝑁1,𝐾2

(1 + 𝑁𝑛,𝐾1+𝐾2
)(1 + 𝑁𝑤),   (12) 
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where 𝑁𝑤  is the density of photons, 𝑁1,𝐾1
 (𝑁1,𝐾2

 ) is the density of the initial state of 

excitons with a wave vector 𝑲1 (𝑲2), 𝑁𝑛,𝐾1+𝐾2
is the density of the final n state for the 

scattered exciton, and A=A(n,K1,K2,) 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(𝑁1,𝐾1
+ 1)(𝑁1,𝐾2

+ 1)𝑁𝑛,𝐾1+𝐾2
𝑁𝑤.   (13) 

 

If we neglect the losses caused by the escape of photons from the system, the net emission 

rate is given by subtracting Eq. (13) from Eq. (12),  

 

𝑟e,net = 𝐴𝑁1,𝐾1
𝑁1,𝐾2

(𝑁𝑛,𝐾1+𝐾2
+ 1)

+ 𝐴 (𝑁1,𝐾1
𝑁1,𝐾2

− 𝑁𝑛,𝐾1+𝐾2
((𝑁1,𝐾1

+ 𝑁1,𝐾2
+ 1)) 𝑁𝑤 .  (14) 

 

The first and second terms in Eq (14) represent the rates of spontaneous emission we,spont, 

and stimulated emission we,stim, respectively. It is clear that re,stim is increased as the 

population of the final n state for the scattered excitons 𝑁𝑛,𝐾1+𝐾2
  is decreased. It is 

probable that the n=∞ state is empty even in high excitation conditions, meaning that 

the condition of a population inversion (optical gain) is realized preferentially for n=∞. 

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(∞) line, which is 

preceded by the transition from a spontaneous P(2) to a P(∞) process.195-197,202 From Eq. 
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(11), one sees that the stimulated P(∞ ) line shows a red shift with respect to the 

recombination energy of the free exciton by the exciton binding energy (𝐸𝑋
𝑏 = 60 meV) 

at low temperatures (kBT ~0). The gain mechanism of the X-el and X-mLO processes can 

be also 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-el and X-mLO (m=1,2) processes is 

described by197 

 

ℏ𝜔max
X−el = (𝐸𝑔 − 𝐸𝑋

𝑏) − 𝛾𝑘B𝑇,   (15) 

ℏ𝜔max
X−𝑚LO = (𝐸𝑔 − 𝐸𝑋

𝑏) − 𝑚ℏ𝜔LO + (
5

2
− 𝑚)𝑘B𝑇,   (16) 

 

where 𝛾 is a constant related to the ratio of exciton effective mass over electron effective 

mass and ℏ𝜔LO  quantum energy of the LO phonon (ℏ𝜔LO = 72  meV). It has been 

demonstrated that 𝛾  reaches values as high as 7 in the case of the X-el stimulated 

emission.197 The X-mLO process is observed preferentially when large volume with low 

losses are excited, for example, by two-photon absorption because of its relatively low 

gain.197  

Although the stimulated emission due to the X-X process was well documented in 

bulk ZnO single crystals195197 and epitaxial layers202 at temperatures below ~70 K, the 

claim of its occurrence at room temperature from ZnO thin films58 has been debated.1,188 

This is because the n ≥ 2 excitonic states become thermally populated with increasing 

temperature, leading to thermal ionization of excitons as well as an increase of the 

threshold of the X-X stimulated emission process. It is hence expected that the transition 
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from the X-X to X-el occurs at temperatures above 100 K.1 This expectation was indeed 

confirmed by Uchino and coworkers203,204 by measuring the temperature-dependent 

random laser emission with incoherent feedback in micrometer-thick ZnO and MgxZn1x 

films (Fig. 27), whose lasing spectra represent the ASE or the maximum of the net gain 

of the medium (see sec. III.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 threshold 

easily reaches the regime of nM to yield an EHP emission, as will be shown in the next 

subsection. That is, in order to realize excitonic lasing, the sample size must be 

comparable to or larger than the diffusion length of the excited carriers (~3m186) to 

suppress the formation of the high-density photoexcited carrier region that exceeds nM.203 

The effect of size on the gain mechanism is also recognized in WGM lasing. Hexagonal 

or dodecagonal ZnO microrods with a diameter D ≥ ~8 m shows a feature of excitonic 

WGM lasing, whose peak positions depend hardly on the excitation density.180182 On the 

other hand, the lasing spectra from those with D  ~3 m exhibit a substantial red-shift 

and broadening with increasing excitation intensity, which is a typical characteristic of an 

EHP emission182 (for details, see the next subsection). 

 

B. Electron-hole plasma (EHP) lasing 

First, we revisit what happens when the density of free excitons nx increases during 

photoexcitation. For an isolated free exciton, the attractive Coulomb potential is given by 
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𝑈(r) =  −
𝑒2

4𝜋𝜀𝑟𝜀0𝑟
,    (17) 

 

where r is the distance between electron and hole, and 𝜀0  and 𝜀𝑟  are the dielectric 

constants of vacuum and the relative dielectric constant, respectively. As the temperature 

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 screening 

of the Coulomb interaction,201 

 

𝑈𝑠(r) =  −
𝑒2

4𝜋𝜀𝑟𝜀0𝑟
exp (−

𝑟

𝜆𝑠
),    (18) 

 

wheres the screening length. That is, s is infinite for an isolated free exciton, whereas 

s becomes shorter with increasing np. When s reaches 𝑎Bohr (𝑎Bohr
𝑍nO = 1.8 nm22), the 

attractive interaction between a single electron and a hole is screened, i.e., 𝐸𝑋
𝑏 = 0, 

eventually leading to the transition of the exciton gas to an EHP. If we have knowledge 

of s as a function of np and T, we can estimate nM at any temperature. However, it is 

rather a difficult task to get exact knowledge of s(np, T), causing a wide range of reported 

values of nM, as noted earlier. Versteegh et al.189 numerically calculated s(np, T) using 

the following formula, 

𝜆𝑠,𝑖 = √
𝜀𝑟𝜀0

𝑒2

𝜕𝐹𝑖

𝜕𝑛𝑝
,   (19) 
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𝜆𝑠
−2 = ∑ 𝜆𝑠,𝑖

−2,   (20)

𝑖

 

𝑛𝑝 = 𝑛𝑖 =
1

2𝜋2
(
2𝑚𝑖

ℏ2
)3/2 ∫ 𝑑𝜀√𝜀

1

exp [(𝜀 − 𝐹𝑖 ) /𝑘B𝑇] + 1
,   (21)

∞

0

 

 

where i stands for e (electron) or h (hole), 𝐹𝑖  is the quasi-Fermi levels (chemical 

potentials) measured from the corresponding band extremes. Thus, in this case, one has 

to define two separate quasi-Fermi levels for electrons in the conduction band (𝜇e
 , 𝐹e) 

and for holes (𝜇h
  , 𝐹h ) in the valence band (see Fig. 28). The resulting relationship 

between s and np at 300 K are given in Fig. 29, demonstrated that nM = 1.5×1018 cm3. 

This procedure reported by Versteegh et al.189 probably yields the most reliable and 

reasonable value for nM, in consistent with the experimentally estimated upper limit of nM 

(nM < 23×1018 cm3).191  

The increase in np also leads to a reduction of the bandgap energy or a band gap 

renormalization (BGR), which does not affect s at a certain carrier density.189 The 

resulting reduced band gap is often described as 𝐸g
  (see Fig. 28) to distinguish it from 

the bandgap without renormalization 𝐸g .186 The BGR results from many-body effects 

including exchange and correlation effects.186 In uni-polar plasma of electrons in highly 

chemically doped ZnO,205207 the expected band-gap narrowing is not actually observed 

in the optical gap of ZnO as it is largely compensated by band filling of the conduction 

band (Burstein-Moss effect).208,209 Furthermore, even in an EHP there still exists the 

Coulomb interaction between the photogenerated conduction-band electron and valence-

band hole.186 This leads to an enhancement of the optical absorption and luminescence 

near the Fermi edge coined as Femi edge singularity and Mahan exciton,210 which is still 
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a topic of intense research in the field of highly doped and highly excited 

semiconductors.192,211215 

Next, we turn to the condition of the optical gain in an EHP. The Femi-Dirac 

distribution function f(E) for electrons with energy E1 in the valence band and for those 

with energy E2 in the conduction band can be written by 

 

𝑓v(𝐸1) =
1

exp (
𝐸1 − 𝜇h



𝑘B𝑇
) + 1

,   (22) 

𝑓c(𝐸2) =
1

exp (
𝐸2 − 𝜇e



𝑘B𝑇
) + 1

,   (23) 

 

As for the interband processes, the rates of stimulated emission rstim and absorption rabs 

for light with a spectral distribution u() are given by201 

 

𝑟stim(ℎ𝜈) = 𝐵21𝑢(𝜈)𝜌(𝜈)𝑓𝑒(𝜈),   (24) 

𝑟abs(ℎ𝜈) = 𝐵12𝑢(𝜈)𝜌(𝜈)𝑓𝑎(𝜈),   (25) 

 

where 𝐵21 and 𝐵12 are the Einstein coefficients of stimulated emission and absorption, 

respectively, 𝜌(𝜈)  is the joint density of electron and hole states in the bands, and 

𝑓𝑒(𝜈) = 𝑓c(𝐸2)[1 − 𝑓v(𝐸1)]  and 𝑓𝑎(𝜈) = 𝑓v(𝐸1)[1 − 𝑓c(𝐸2)]  are the probabilities of 

photon emission and absorption, respectively. Considering the equality 𝐵12 = 𝐵21 = 𝐵, 

we obtain the resulting rate of observable stimulated emission: 
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𝑅stim(ℎ𝜈) = 𝑟stim(ℎ𝜈) − 𝑟abs(ℎ𝜈) = 𝐵𝑢(𝜈)𝜌(𝜈)[𝑓c(𝐸2) − 𝑓v(𝐸1)].  (26) 

 

Hence, the sign of 𝑅stim(ℎ𝜈) is determined by the sign of the term 𝑓c(𝐸2) − 𝑓v(𝐸1). 

From Fig. 28, one sees that  

 

𝐸2 = 𝐸1 + ℎ𝜈,   (27) 

𝜇e
 = 𝜇h

 + 𝐸g
 + 𝐹h + 𝐹e.  (28) 

 

By using Eqs. (22), (23), (27) and (28), one finds that sign of the term 𝑓c(𝐸2) − 𝑓v(𝐸1) 

is eventually controlled by the following numerator term:201  

 

1 − exp (
ℎ𝜈 − 𝐸g

 − 𝐹h − 𝐹e

𝑘B𝑇
).   (29) 

 

It thus follows that 𝑅stim(ℎ𝜈) becomes positive when ℎ𝜈 < 𝐸g
 + 𝐹h + 𝐹e, which limits 

the high-energy end of the gain. One also notices from Fig. 28 that the lowest photon 

energy amplified in the quasi-equilibrium state is ℎ𝜈 = 𝐸g
  . Consequently, the optical 

gain in an EHP is expected to occur in the following energy range: 

  

𝐸g
 <  ℎ𝜈 < 𝐸g

 + 𝐹h + 𝐹e = 𝜇e
 − 𝜇h

 .   (30) 

 

The term 𝜇e
 − 𝜇h

  is referred to as the chemical potential of an EHP system.186 In the 

EHP regime, the observed emission spectra show a substantial red-shift and spectral 
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broadening with increasing excitation intensity due to the reduction of 𝐸g
 .186,201  

Then the EHP lasing occurs in ZnO when an appropriate feedback mechanism is 

provided. Theoretical calculations based on quantum many-body theory have 

demonstrated that the F-P laser modes in ZnO nanowires190 and the random laser modes 

in ZnO nanopowders216 result mostly from the EHP lasing because of their relatively high 

threshold carrier density 𝑛p
th ≥ ~1020 cm3 > nM. In ZnO nanostructures, however, the 

gain mechanism depends strongly on their shape, size and optical quality, as already 

mentioned in sec. IV.A. Indeed, highly faceted ZnO rods with a lower threshold show a 

transition in the gain mechanism from excitonic to EHP recombination with increasing 

excitation intensity,65,217 which can be identified by the excitation intensity-dependent 

change in the PL spectra and their decay dynamics. Figure 30 show examples of highly 

faceted ZnO rods and their time-resolved PL spectra at 300 K.65 A broad spontaneous 

emission with time constant with several hundreds of picoseconds is seen at ~380 nm 

(3.26 eV) under low pump intensity. The threshold for excitonic lasing was observed to 

occur at ~45 J/cm2, showing narrow F-P lasing modes with line width ~0.4 nm and rise 

and decay times in the range 4-5 ps. The delay in the onset of the excitonic lasing could 

be due to the relatively long (> 5 ps) time necessary for the relatively weak excitonic 

interaction to produce sufficient scattering events required for optical gain.217 Optical 

pump-THz measurements also supported such slow evolution of free carriers to excitons 

in the 10 to 100 ps following photo-excitation.191 As the pump intensity increases to ~90 

J/cm2, the spectrum becomes broad and red-shifted, accompanied by substantial 

shortening of rise (~1ps) and decay (23 ps) times. This can be interpreted in term of a 

very fast (<100 fs) cooling of the hot carriers to a quasi-thermal equilibrium.191,217 We 
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should also note that the reverse transition, i.e., from EHP to excitonic lasing, is observed 

during the decay process of the EHP emission from ZnO nanostructures with low 

excitonic threshold (~40 J/cm2).218 Fig. 31. shows the time-resolved PL from these ZnO 

nanostructures in the EHP regime created under high (~126 J/cm2) excitation fluence. 

The PL peak first shift to the red at 1 ps, and then start shrinking back to the 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 

band gap recovery, leading to the excitonic lasing.218 These results indicate that excitons 

can be formed as a result of the thermalization and cooling of the hot EHP gas.. 

 

V. CONCLUSIONS 

In this Tutorial, we have attempted to create a picture of creation, 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 recombination in ZnO are very 

versatile and rich in the resulting 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, 

including 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 of 60 meV, which is larger than kBT at room temperature 

(~26 meV) and hence tempts us to ascribe stimulated emission at room temperature to 

excitonic processes. It should be noted, however, that for np larger than nM, the excitonic 

gain does not occur, but EHP related gain begins to settle in. Thus, the exact estimation 
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of np is crucial to determine which gain process operates in the ZnO micro and 

nanostructures of interest. Roughly speaking, room-temperature lasing observed in ZnO 

nanowires and nanoparticles is mostly ascribed to EHP lasing due to their relatively high 

threshold carrier density. Of course, it would be possible to observe excitonic lasing from 

ZnO nanostructures if one can reduce the threshold carrier density below nM, for example, 

by controlling their size and shape, as in the case of WGM excitonic lasing, or by using 

surface plasmon modes. Thus, ZnO is still an interesting and challenging wide band gap 

semiconductor in terms of lasing and related photoelectronic phenomena. 
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FIG. 1. (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 300 K, 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 band gap 

Eg expected from Eq. (2) and 𝐸𝑋
𝑏 = 60 meV 
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FIG. 2. (a) Schematic drawing of the energy ranges of various optical transitions 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 (D0X), acceptor bound excitons (A0X), 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 3.35 eV. The strongest peaks are the Y0 and the Y1 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. 

  



62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIG. 3. (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 D0X + 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 Springer Nature. 
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FIG. 4. (a) Log plot of the band edge emission of a single ZnO nanowire as a function of 

temperature (pump power ∼50 Wcm2). The inset plots the donor bound (D0X) and first-

order free-exciton phonon replica (X-1LO) peaks as a function of temperature. (b) Zoom in 

of the 5 and 45 K spectra showing the excitonic fine structure. Reproduced with permission 

from D. J. Sirbuly et al., J. Phys. Chem. B 109, 32, 15213 (2005). Copyright 2005 American 

Chemical Society. 
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FIG. 5. Schematic illustration of two different feedback mechanisms: (a) a conventional Fabry-

Perot resonator, (b) a random laser cavity. 
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FIG. 6. Random laser action from a ZnO powder film at different pump power. (a), (c) the 

measured spectra of emission. (b), (d) the measured spatial distribution of emission intensity 

in the film. The incident pump pulse energy is 5.2 nJ for (a) and (b), and 12.5 nJ 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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FIG. 7. Light propagation in a three-dimensional gain medium with length of L (a) without and 

(b) with scattering. In (a), gain length lg 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 ls, transport mean 

free path lt, and amplification length la are schematically shown. 
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FIG. 8. (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. The inset shows the 

maximum emission intensity of the TE mode as a function of polarization angles. (c) Emission 

spectrum of the as-grown ZnO thin film under pump power of 1.6 MWcm2. (d) Evolution of 

emission spectra of the 30-min irradiated sample under different pump intensities. (e) Emission 

spectrum of the sample irradiated for 60min under pump power of 1.6 MWcm2. Reproduced 

with permission from S. P. Lau et al., Appl. Phys. Lett. 87, 013104 (2005). Copyright 2005 AIP 

Publishing. 
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FIG. 9. (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=5 m 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. 
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FIG. 10. (a),(c) SEM images of two structured fields of ZnO nanoparticles with a mean particle 

size of 260 nm. (b),(d) Spatially resolved total photoluminescence of the respective fields at room 

temperature and an excitation density of 2.5 MW cm−2. (e),(f) The spectrally resolved 

photoluminescence taken from a vertically extended and horizontally limited (to 3.5 µm) spatial 

region. The area between the white lines in (a) and (c) indicates the area from which the 

photoluminescence of panels (e) and (f) is taken. Reproduced with permission from J. Fallert et 

al., Nat. Photon. 3, 279 (2009). Copyright 2009 Springer Nature. 
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FIG. 11. A schematic diagram of the experimental apparatus for growth of oxides nanostructures 

by the vapor-liquid-solid (VLS) growth method. Reproduced with permission from Z. L. Wang, 

J. Phys.: Condens. Matter 16, R829 (2004). Copyright 2004 IOP Publishing. 
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FIG. 12. Schematic illustration of (a) a Fabry-Perot nanowire cavity and (b) a hexagonal 

whispering gallery mode cavity. 
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FIG. 13. (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 permission from C. Johnson et al., J. Phys. 

Chem. B 107, 34, 8816 (2003). Copyright 2003 American Chemical Society. 
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FIG. 14. (a) Schematic plot of the experimental setup. 266 nm fs laser pulses are used to excite 

the nanowire. A mask is used to define the excited length of the nanowire (details in the inset). 

(b) Maximum values of the modal gain in dependence on the nanowire diameter at an excitation 

density of 69–88 μJcm−2. Reproduced with permission from J. P. Richters et al., Semicond. Sci. 

Technol. 27, 015005 (2012). Copyright 2012 IOP Publishing. 
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FIG. 15. (a) Representative X-diffraction pattern of an as-grown ZnO nanowire ensemble sample. 

Inset (left): SEM micrograph of the as-grown ensemble of ZnO nanowires on the growth substrate. 

The scale bar is 10 μm. Inset (right): SEM micrograph of a single ZnO nanowire. The scale bar is 

500 nm. (b) Bright-field and (c) high-resolution TEM micrographs of an individual ZnO nanowire. 

Inset: FFT analysis of (c). Reproduced with permission from M. A Zimmler et al., Semicond. Sci. 

Technol. 25, 02400 (2010). Copyright 2010 IOP Publishing. 
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FIG. 16. Laser oscillation in ZnO nanowires. (a) Output spectra versus pump intensity of a 12.2 

μm long 250 nm diameter ZnO nanowire. (b) SEM image and CCD images, under different 

pump intensities, for the same nanowire as in (a). The labels indicate the pump intensity in units 

of MW cm−2. The color scale 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. (d) The same data and fit on a log–log scale. The 

open circles correspond to the spectra shown in (a). Reproduced with permission from M. A 

Zimmler et al., Semicond. Sci. Technol. 25, 02400 (2010). Copyright 2010 IOP Publishing. 
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FIG. 17. (a) Schematic of the geometry and the emission of a ZnO nanowire optically excited 

with two time-delayed (τ) pump pulses. The inset shows a picture of a lasing plasmonic 

nanowire. (b) Calculated dispersion relation for various metallic interfaces plotted as photon 

energy versus normalized momentum (k/k0). The different curves are for a silver–air interface 

(black dotted line), silver–ZnO interface (black dashed line), a 150 nm diameter ZnO wire on 

SiO2 (pink dash-dotted line) without cutoff k/k0 < 1.5, and a 130 nm diameter ZnO wire close 

to a silver surface (pink solid line). The three ZnO exciton lines are labelled with XA, XB, XC 

and the overlapping shaded areas indicate the electron–hole plasma gain region (light grey) and 

plasmonic laser emission region (dark grey). (c),(d) Calculated nanowire modes for a 130 nm 

diameter ZnO wire on a Ag/LiF (100/10 nm) interface and a 150 nm diameter ZnO wire on a 

SiO2 substrate, respectively. Reproduced with permission from T. P. H. Sidiropoulos et al., Nat. 

Phys. 10, 870 (2014). Copyright 2014 Springer Nature. 
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FIG. 18. (a) Schematic of the laser device, which consists of an n-type ZnO thin film on a c-

sapphire substrate, p-type vertically aligned ZnO nanowires, ITO contact and Au/Ti contact. (b) 

Photo-image of the device. (c) Side-view SEM image of the device structure showing the ZnO 

thin film and nanowires. Scale bar, 1 µm. (d) Electroluminescence spectra of the laser device 

operated between 20 mA and 70 mA. Above 50 mA, lasing characteristics are clearly observed. 

Arrows in the 70 mA spectrum represent quasi-equidistant peaks. (e) Side-view optical 

microscope images of the lasing device, corresponding to the electroluminescence spectra in (d) 

The first image was taken with lamp illumination and without current injection. Reproduced with 

permission from S. Chu et al., Nat. Nanotechnol. 6, 506 (2011). Copyright 2011 Springer Nature. 
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FIG. 19. (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. 

Arrows indicate emission due to pseudointegrable dynamics (thin) and boundary waves (dashed). 

(b) An example of calculated near field intensity pattern. Reproduced with permission from J. 

Wiersig, Phys. Rev. A 67, 023807 (2003). Copyright 2003 the American Physical Society. 
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FIG. 20. (a) Emission spectra of the ZnO microrod (𝐷=6.67 𝜇m) excited by a 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 𝜇m. Reproduced with permission from J. Dai et al., Appl. Phys. Lett. 95, 241110 (2009). 

Copyright 2009 AIP Publishing. 
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FIG. 21. 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. 
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FIG. 22. (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 𝜇m. (b) The enlarged SEM image of the 

microrods with higher magnification, the scale bar is 5 𝜇m. (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. 
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FIG. 23. (a) Exciton lasing mission spectra of the ZnO microwire (𝐷=6.35 𝜇m) 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. 
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FIG. 24. (a) Schematic illustrating the cross-section of the laser device architecture based on 

the n-PtNPs@ZnO:Ga MW/Pt/MgO/p-GaN heterojunction. In the device configuration, ITO 

and Ni/Au working as electrodes are responsible for the current injection. (b) I–V curve of the 

fabricated single MW heterojunction emission device. Inset: the I–V curves of Ni/Au electrode 

contacted to the p-type GaN film, and a single PtNPs@ZnO: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 δλ ~ 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 Springer Nature. 
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FIG. 25. (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 μm). (c) The simulated 

resonant standing-wave electric-field pattern within the cross-section of the fabricated n-

PtNPs@ZnO: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 Pth), and above (1.20 Pth) the 

laser threshold, respectively. (e) Polarization properties of the laser emission for an operating 

current above the threshold (~1.20 Pth). 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 Springer Nature. 
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FIG. 26. Schematic phase diagram of electron-hole (e-h) systems in photo excited 

semiconductors. The theoretically anticipated quantum degenerate phases, i.e., exciton Bose 

Einstein condensation (BEC) and the e-h BCS state are also shown. Reproduced with permission 

from F. Sekiguchi et al., Phys. Rev. Lett. 118, 067401(2017). Copyright 2017 the American 

Physical Society. 
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FIG. 27. Temperature dependence of the lasing spectra observed for the micrometer-sized ZnO 

film.(a) Changes in the lasing spectra with increasing temperature from 3 to 300K measured under 

a constant excitation fluence of 10.4 mJ/cm2. The peak intensities are normalized among all 

spectra, which are displaced vertically for clarity. (b) The peak energy ℏ𝜔max
obs  as a function of 

temperature. The free-exciton transition energy Eex=𝐸𝑔 − 𝐸𝑋
𝑏 is also shown as a solid line. (c) The 

energy difference between Eex and ℏ𝜔max
obs  as a function of temperature. The solid line shows a 

least-squares fit of the data in the temperature region from 160 to 300K to Eq. (15), which 

represents the temperature dependence of the emission maximum for the X-el process. The energy 

differences between Eex and ℏ𝜔max
X−X for n=2 and calculated from Eq. (10) are also shown as red 

dashed lines. One sees that the emission process changes from the X-X process to the X-el process 

with increasing temperature. Reproduced with permission from R. Matsuzaki et al., Phys. Rev. B 

96, 125306 (2017). Copyright 2017 the American Physical Society. 
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FIG. 28. Schematic representation of the conduction band (CB) and valence band (VB) 

symmetries near the high-symmetry  point with band-gap energy Eg and the corresponding 

Fermi-Dirac distribution function f(E). The blue shaded areas indicate the states occupied 

largely by electrons. (a) Before photo-excitation, (b) under weak photo-excitation condition, 

and (c) under high photo-excitation condition. 𝐸g
  represents the reduced band gap, and 𝜇e

  

and 𝜇h
  are the quasi-Fermi levels for electrons in CB and for holes in VB, respectively. Fe 

and Fh also represent the quasi-Fermi levels measured from the corresponding band 

extremes. h is the photon energy of the electron-hole recombination process indicated. 
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FIG. 29. Screening length at 300 K vs carrier density reported in [189]. The horizontal line 

indicates the exciton Bohr radius. The Mott density nM is 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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FIG. 30. (a) A representative SEM image of ZnO columns grown on Si substrates. (b) Time-

resolved PL spectra for spontaneous emission (shown at 4 ps), stimulated emission due to 

exciton–exciton scattering (shown at 8 ps due to longer delay time), and stimulated emission due 

to EHP (shown at 4 ps). Due to very high intensity emission in EHP regime, the other two spectra 

have been multiplied by a factor 10 to improve clarity of presentation. (c) Decay curves for three 

different emission regimes. The inset shows enlarged region in the range from −1 to 30 ps. 

Reproduced with permission from W. M. Kwok et al., Chem. Phys. Lett. 412, 141 (2005). 

Copyright 2005 Elsevier. 
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FIG. 31. Time-resolved photoluminescence from ZnO tetrapod nanowires, showing the 

transition from EHP to excitonic lasing regime. Reproduced with permission from A. B. 

Djurišić, et al., J. Phys. Chem. B 109, 41, 19228 (2005). Copyright 2005 American 

Chemical Socieity. 
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