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ABSTRACT: 

We investigated lasing characteristics of a ZnO hierarchical micro-spherical particles with 

diameters of 1 – 5 μm. The lasing emission consists of a small number of discrete laser peaks 

unlike conventional random lasing from ZnO nanopowder-assembly. Theoretical calculations 

based on a many-body theory revealed that the optical gain is achieved at the observed lowest 

lasing threshold value, 4 mJ ∙ cm−2 ∙ pulse−1, which corresponds to the excited carrier density 

~2.4 × 1025 m−3. Because the carrier density is much higher than the Mott density, the gain origin 

for lasing is electron-hole plasma recombination. The lasing frequency mode shift (~1.2 meV) is 

due to the refractive index change induced by exciting high carrier density up to 6.1 × 1025 m−3. 
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By changing hierarchical structures via controlling growth condition and performing the annealing 

treatment and performing the calculation of scattering efficiency of ZnO particles, we found that 

the hierarchy of the micro-spherical particle plays a crucial role of the lasing feedback: the strong 

light scattering at the interface between outer nanoparticles with the sizes of 100 – 200 nm and 

smaller ones with the sizes of 10 – 60 nm consisting in the micro-spherical particle results in a 

light confinement. Furthermore, it has been confirmed that each discrete lasing mode shows strong 

gain competition with each other probably due to spatial overlap between the modes. These results 

suggest that both random scattering and microcavity modes contribute to the lasing oscillation. 

 

 

1. Introduction 

It is well known that for lasing operation the design of the laser cavity is essential. For example, a 

usual semiconductor laser diode consists of a direct gap semiconductor acting as an optical gain 

active layer and sandwiched between n-type and p-type carrier conducting semiconductor 

layers.[1–3] An optical confinement occurs due to the waveguide effect caused by the difference 

in the refractive index between the active layer and sandwiching layers, resulting in the 

amplification of light emitted from active layer due to positive feedback with particular cavity 

modes.[4] Thus, the precise control of the cavity structure is a key issue for the laser operation. In 

other words, lasing characteristics such as lasing thresholds and modes (e.g., frequency modes and 

spatial modes) of a laser device are determined by cavity structure properties. Random laser is an 

interesting counterpart of conventional lasers because of their distinguish differences in its cavity 

structure shape from the lasers, i.e., it simply consists only of an optical gain medium and light 

scatterers which randomly positioned inside or outside the gain medium.[5] Pumping the gain 
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medium causes non-uniform multiple scattering of the emitted light by the scatterers, various 

cavity modes randomly form and subsequently, optical amplification occurs.[6] Because of 

intrinsic randomness of cavity modes, the frequency modes of the random laser are continuous 

over a wide wavelength range,[7] and thus, random lasing emission usually appears at the peak 

position of the gain spectrum.[8] Because random lasers do not require a precise control of cavity 

structure, they can be easily fabricated, and they are expected to be applied to a low-cost and high-

power laser incoherent illumination source.[9] 

Various configurations of random lasers have been reported, such as dye-based random lasers 

[5,10–17] which consists of organic molecules as an optical gain medium and dielectric and 

semiconductor nanostructures as light scatterers. Titanium dioxide or aluminum oxide which have 

a relatively high refractive index are often used as a scatterer material. There is also another type 

of random laser called a powder laser, where fine particles typically obtained by grinding laser 

glass such as neodymium doped yttrium aluminum garnet which is commonly used in ordinary 

solid-state lasers serve as both optical gain medium and scatterers.[18–20] This type of the lasers 

has significant advantages such as simplicity of the component (i.e., only powder assembly) and 

high durability to environmental changes and degradation due to high pumping. 

One type of powder laser is a semiconductor random laser composed of direct-gap 

semiconductors such as zinc oxide (ZnO) [21], gallium arsenide [22], gallium nitride [23,24], and 

semiconductor quantum dots [25–33]. Semiconductor random lasers have significant advantages 

for applications, such as the possibility of electrical excitation [34–36]. Various shapes of 

semiconductor nanostructures as a random laser component have been used: the most common 

ones are nanoparticles [37–39] and nanowires (nanorods) [40–44] with the diameters of a few 

hundred nanometers. In this system, multiple light-scattering between nanostructures and 

subsequent optical amplification are contributed to lasing oscillation. Due to their randomness, 
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strongly fluctuated frequency multi-mode structures appear on the emission spectrum, and it is 

difficult to control the number of lasing peaks and the intensity[45]. Furthermore, large 

background spontaneous light emission band was observed because of inevitable scattering loss.  

There is a different type of semiconductor random lasers where a single micro-particle such as 

an aggregate of ZnO nanoparticles[46,47] and an irregular shaped sintered ZnO micro- 

particle[48–50] is only the component.  In contrast to conventional random lasers, quasi-single 

mode lasing spectrum has been overserved with quite low background spontaneous emission. Such 

lasing properties as well as easiness of lasing structure fabrication are promising for realizing 

micro-random laser devices under a low number of frequency mode operation. Such a high-quality 

and low mode lasing emission is attributed to optical confinement in scattered lights inside a micro-

particle. In the case of the irregular shaped micro-particle, light scattering events are considered to 

only occur at the interface between the particle and outside medium (air). For the micro-aggregate, 

because all the nanoparticles consisting in the aggregate scatter emitted lights, the scattering events 

contributing to optical feedback could exist at the whole part of the micro-aggregate. Thus, the 

essential component of the aggregate for the optical confinement inducing the mode-controlled 

lasing is unclear. In this study, we focus on a ZnO micro-spherical particle aggregate consisting of 

nanoparticles with hierarchical size variation from several tenth to hundreds of nanometers in 

diameters. We prepare the micro-spherical particles by our originally developed solvothermal 

process[51–53] and investigate the detailed lasing characteristics of them. By changing the 

hierarchical components to clarify essential scattering centers for optical feedback to lase, we find 

that the strong light scattering by outer nanoparticles with the sizes of 100 – 200 nm covering on 

inner smaller particles results in light confinement and resultant formation of random cavity modes 

inside the micro-spherical particle. 
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2. Experimental 

We prepared spherical ZnO hierarchical micro-spherical particles by a solvothermal growth 

method in ethylene glycol (EG) and water solution added hexamethylenetetramine (HMT). In brief, 

the preparation process is as follows: Zinc acetate anhydride used as a precursor of ZnO particles 

and HMT were dissolved in EG/water solution. The solution was moderately heated at 

temperatures at around ~100oC. Spherical ZnO micro-spherical particles form due to the 

promotion of hydrolysis reactions of zinc acetate and HMT. The variation of the temperatures and 

treatment time allows us to easily control the hierarchical structure. In present work, we prepared 

two samples with the thermal reaction treatments at 95oC and 120oC for 12 h, which clearly 

different morphologies described below. The size range of the prepared micro-spherical particles 

were ~1 – 5 µm. Then, as-prepared ZnO micro-spherical particle samples were annealed at 400°C 

for 2 hours in an ambient atmosphere to further vary the morphology and crystallinity of the 

samples. We confirmed that the crystallite sizes are almost the same value (~30 nm) between the 

as-prepared and annealed micro-spherical particles by using the x-ray diffraction measurements.  

For optical measurements, the prepared ZnO micro-spherical particles were dispersed in 

ethanol and then the solution was spin-coated on a silicon substrate. By adequately controlling the 

concentration of ZnO micro-spherical particles and coating condition, we obtained well mono-

dispersedly deposited ZnO particle samples. For a reference purpose, a conventional ZnO 

nanopowder assembly random laser[38] was prepared by depositing ZnO nanoparticles (Alfa 

Aesar) with the average diameter of ~200 nm on the substrate.  For these samples, 

photoluminescence (PL) and lasing measurements were performed. In PL measurements, 

continuous wave (CW) light at 325 nm from He-Cd laser (KIMMON KOHA, IK3452R-F) was 

used as an optical excitation. In lasing measurments, pulsed pumping laser light source 

(Teemphotonics, STV-01E) with the wavelength of 355 nm, a pulse duration of 200 ps and a 
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repetition rate of 2 kHz was employed. The photo-emission from the samples were detected from 

a multichannel charge coupled device (CCD) equipped spectrograph (Roper Scientific, PIXIS 

100B-UV, SP-2150i). During the measurements, the sample position was controlled using a piezo 

motor stage (THK Precision) whose moving resolution is 20 nm in order to evaluate the photo-

emission characteristics of a single micro-spherical particle. The morphologies of the micro-

spherical particles were evaluated using a scanning electron microscope (SEM, HITACHI, 

SU8020). 

3. Results and discussion 

Figure 1(a) shows the typical photo-emission spectra of ZnO nanopowder assembly and a 

hierarchical micro-spherical particle prepared for 9 h and subsequently annealed at 400°C at pulsed 

pumping light irradiation. The inset shows the SEM images of the corresponding samples. Both 

samples show much narrower emission peaks with the width of below ~1 nm at a threshold 

pumping laser fluence than those of spontaneous band-edge PL emission for the nanopowder (~14 

nm) [54] and for the micro-particle (~26 nm) shown in the figure S1 in Supplementary material. 

The sharp peaks for nanopowder assembly can be attributed to lasing oscillation due to random 

multiple light scattering of nanoparticles consisting of assembly[37]. In case of the hierarchical 

microparticle, it can be understood from the figure that the number of lasing peak mode for the 

micro-spherical particle is much smaller than that of the nanopowder assembly. The number of 

lasing modes for micro-spherical particle is confirmed to vary from sample-to-sample and the 

pumping fluence. The laser emissions with similar features are reported in the aggregate micro-

spherical particle [47].  In addition, the spontaneous emission background PL emission seen in 

nanopowder assembly is considerably suppressed in the micro-spherical particle. Similar 

suppression of the spontaneous emission is observed in SiO2 capped ZnO nanorod array with a rod 
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dimeter of ~100 nm [55]. These features indicate that optical confinement occurs in the case of the 

micro-spherical particle lasing oscillation. It should be noted that the discrete mode lasing from 

the different type of hierarchical microparticle, i.e., the urchin-like ZnO nanostructures, is reported 

in literature [50].   The possible origin of such a laser emission is discussed below in detail. 

  

Figure 1. (a) Lasing emission spectra of a ZnO nanopowder-assembly and a single ZnO 

hierarchical micro-spherical particle sample. Insets show the SEM images of corresponding 

samples. The scale bar of the inset is 1 µm.  (b) Integrated intensity of photo-emission from single 

ZnO hierarchical micro-spherical particle samples as a function of pumping laser fluence. Inset 

shows the photo-emission spectra for various pumping laser fluence. 
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Figure 1(b) shows the integrated photo-emission intensity as a function of the pumping laser 

fluence of the ZnO micro-spherical particle annealed at 400°C. The inset shows the corresponding 

spectra. From the figure, a typical threshold behavior is observed, i.e., the emission intensity 

nonlinearly increases at the threshold pumping fluence of 7.6 mJ ∙ cm−2 ∙ pulse−1. From the inset, 

it is confirmed that the lasing peak abruptly appears on the weak spontaneous PL emission 

background at the threshold. This threshold behavior is the clear evidence that lasing oscillation 

occurs in the presently prepared micro-spherical particle. 

The blue shift of lasing peak with increasing pumping energy is observed as shown in the inset 

of figure 1(b). To clarify this behavior, the energy shift of lasing peak, Δ𝐸𝐸l, with respect to the 

lasing peak at the threshold (~7.91 mJ/cm2 ∙ pulse) is plotted in figure 2(a). The maximum value 

of Δ𝐸𝐸l shift is ~1.1 meV in the present pumping region. The similar blue shift increasing the 

pumping energy is reported in a single ZnO nanorod.[56] In that report, the blue shift is attributed 

to a refractive index change due to high density excitation of carriers and resultant formation of 

electron-hole plasma (EHP). Another possibility for the peak shift is that changes in the gain 

spectrum due to high carrier excitation through the lasing frequency pulling effect [57]. To clarify 

the underlying mechanism for the lasing peak shift, we calculated the excited carrier density 

dependence of gain spectra and refractive indexes based on a many-body theory [58]. We used 

essentially the same calculation parameters as our previous work [54] and the excited carrier 

density is estimated from the pumping fluence from the relation, 𝑛𝑛 = 𝐹𝐹/(𝐸𝐸p𝐷𝐷),[59,60] where 𝐹𝐹, 

𝐸𝐸p and 𝐷𝐷 are pumping fluence, photon energy of pumping light (~3.49 eV), and the crystallite size 

(~30 nm), by assuming that an electron-hole pair is generated by an incident photon and all 

absorbed photons generate electron-hole pairs. Although the calculated values through the above 

relation may be overestimated because of neglecting the recombination lifetime of carriers, we can 
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safely understand that the excited carrier linearly depends on the pumping fluence. Note that 

spontaneous emission peak redshift and broadening with increasing the pumping fluence, i.e., the 

increase in the excited carriers, due to electron-hole plasma formation, which is typically observed 

in ZnO [59]. The estimated 𝑛𝑛 is shown in upper horizontal axis of figure 2(a).  The calculated 

refractive index dispersion and gain spectra are shown in the inset of figure 2(a) and figure S1 of 

the Supporting Information, respectively. As shown in the figure, the refractive index at the lasing 

energy (~3.20 eV) decreases due to the high carrier excitation effect. On the other hand, the gain 

peak shifts to higher energy side and its width increases with increasing the excited carrier density, 

arising from the band filling effect[58].  

From the calculated data, we obtained the energy shift of lasing peak by simply assuming the 

frequency pulling effect,[57] Δ𝐸𝐸l = �𝑤𝑤cΔ𝐸𝐸ga + 𝑤𝑤gaΔ𝐸𝐸c�/�𝑤𝑤c + 𝑤𝑤ga� , where 𝑤𝑤c  and 𝑤𝑤ga  are 

cavity and gain damping parameters, and Δ𝐸𝐸c, and Δ𝐸𝐸ga represent the energy shift of gain peak 

and cavity resonance energy, respectively. The values of 𝑤𝑤ga and 𝐸𝐸ga were estimated from the gain 

spectral width and peak energy shown in figure S1. The value of 𝑤𝑤c  is fixed to be 1.8 meV 

estimated from the experimental lasing peak width. We consider that Δ𝐸𝐸c depends on the refractive 

index 𝑛𝑛 of the gain material, and it can be calculated from the relation,[61] Δ𝐸𝐸c/𝐸𝐸c = 𝑆𝑆Δ𝑛𝑛/𝑛𝑛 

where 𝐸𝐸c, Δ𝑛𝑛 and 𝑆𝑆 are the resonance energy of the cavity, refractive index change of gain material, 

and the sensitivity of cavity resonance energy to 𝑛𝑛, which has been used for whispering galley 

mode micro-spherical particle laser. In figure 2(a), we plotted the calculated Δ𝐸𝐸l as a function of 

the excitation fluence as a solid curve. For a comparison purpose, we also plotted the calculated 

energy shift under the constant refractive index as the dashed curve in figure 2(a). The calculated 

results with considering the refractive index changes safely correspond to the experimental data, 

and the calculation with only the gain shift effect does not agree with the experimental data except 
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in a lower pumping fluence region. This strongly supports the conjecture that the energy shift of 

lasing peak is mainly due to high carrier excitation induced refractive index change.  

 

 

Figure 2. (a) Lasing peak shift ∆𝐸𝐸l as a function of the pumping fluence for the ZnO hierarchical 

micro-spherical particle. The solid and dashed curves represent the calculated ∆𝐸𝐸l  with and 

without taking the excited carrier dependent refractive index changes into consideration, 

respectively.  Inset shows excited carrier density dependent refractive index dispersion calculated 

by many-body theory.[54,58] (b) Lasing threshold histogram of pumping laser fluence for the 
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annealed ZnO hierarchical micro-spherical particle samples. Upper and lower horizontal axes are 

threshold excited carrier density and pumping fluence. 

 

To further investigate the lasing characteristics of the hierarchical micro-spherical particle, we 

measured lasing thresholds for various micro-spherical particles and constructed the histogram as 

shown in figure 2(b). The threshold values are varied from 4 to 30 mJ ∙ cm−2 ∙ pulse−1, and the 

average and standard deviation of the threshold fluence are 15 and 5.7 mJ ∙ cm−2 ∙ pulse−1 , 

respectively. We also estimated the threshold excited carrier densities to attain lasing by using the 

above-mentioned relation. The results are shown in the upper horizontal axis of figure 2(b). By 

comparing the theoretical calculated gain spectra shown in figure S1, sufficient optical gain is 

attained even at the lowest threshold carrier density, ~2.4 × 1025 m-3. Furthermore, the threshold 

densities are clearly larger than the Mott density (~1.8 × 1024 m-3). indicating that the origin of 

the lasing emission from the present micro-spherical particle is EHP recombination, as similar to 

other types of random lasers.[54] 
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Figure 3. (a) Integrated intensity of photo-emission from as-prepared and annealed single ZnO 

hierarchical micro-spherical particle samples as a function of pumping laser light fluence. Inset 

shows corresponding emission spectra of the corresponding samples. SEM images of (b), (c) as-

prepared and (d), (e) annealed ZnO hierarchical micro-spherical particle samples for different 

magnifications. The scale bar of (b) and (d) is 1 µm, and that of (c) and (e) is 200 nm.   

 

Figure 3 and its inset shows the pumping fluence dependence of the emission intensity and 

typical emission spectra for as-prepared and annealed hierarchical micro-spherical particles at 
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400oC. From these data, the lasing threshold behavior and lasing peak cannot be observed for the 

as-prepared sample in our pumping fluence region. One reason for this is insufficient net optical 

gain for lasing due to poor crystalline quality for the sample without annealing. In fact, as shown 

in figure S1 in the Supplementary Material, PL (spontaneous) emission intensity increases by 

annealing treatment due to the improvement of the crystallinity of ZnO [62]. The effects of 

crystalline quality on random lasing characteristics have been reported in literature [38,63]. To 

further examine the effect of annealing on scattering properties of the micro-spherical particle, the 

SEM images of the as-prepared and annealed samples are shown in figure 3(b)-3(e). It can be 

confirmed that the surface convexity increases by annealing from the comparison of the expanded 

SEM images between figure 3(c) and 3(e), indicating that the sizes of the nanoparticles consisting 

in the micro-spherical particle become larger by annealing. The larger sizes of the nanoparticle 

may induce the enhancement of light scattering, resulting in assisting the optical feedback for 

lasing. The role of size dependent scattering properties for the nanoparticles will be discussed in 

detail below.  
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Figure 4. SEM images of (a), (b) a laser ablated ZnO hierarchical micro-spherical particle for 

solvothermal process for 9 h by irradiation of intense pumping laser light, and (c), (d) a ZnO 

hierarchical micro-spherical particle without outer larger plate-like nanoparticle prepared for 

solvothermal process for 12 h. The scale bar of (a) and (c) is 1 µm, and that of (b) and (d) is 200 

nm.  (e) Lasing emission spectra of a ZnO micro-spherical particle with and without larger plate-

like nanoparticles. Insets show the schematic illustrations of the microparticle structures.  
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The light scattering efficiency is known to strongly depend on the size of scatterers. The micro-

spherical particle prepared by solvothermal process for 9 h has a hierarchical structure consisting 

of outer large plate-like nanoparticles with a dimeter of tens of nanometers as shown in figure 3(c) 

and inner small nanoparticles with a diameter of several hundred nanometers.[52] Figure 4(a) and 

4(b) show the SEM images of micro-spherical particle samples damaged at a high laser fluence 

irradiation. The surface plate-like nanoparticles are partly peeled off due to laser ablation effect 

and the inner nanostructures are appeared. The sizes of the inner nanoparticles are around 10~50 

nm which is smaller than those of plate-like nanoparticles of 100~200 nm. To roughly examine 

the light scattering properties of these nanoparticles, we calculated the scattering efficiency 𝑄𝑄𝑠𝑠 of 

a single ZnO spherical particle based on Lorentz-Mie theory.[64] In the calculation, the refractive 

index dispersion of ZnO used is the values reported in the literature.[65] The calculation results 

are shown in figure S2(a) and S2(b) in the Supporting Information. At around lasing wavelength 

(~387 nm), the 𝑄𝑄𝑠𝑠 steeply increases for the sphere with the diameter of 100 nm, and it is peaked 

for 160 nm. Furthermore, as shown in the figure S2(b), the 𝑄𝑄𝑠𝑠 of the sphere with the diameter of 

160 nm which corresponds to a typical outer plate-like nanoparticle size in the hierarchical micro-

spherical particle exhibits a resonance peak at lasing wavelength region (385–395 nm). In addition, 

its values are much larger than that of the sphere with 30 nm in diameter corresponding to an inner 

nanoparticle size.  

From the calculation results, we consider that the present hierarchical micro-spherical particle 

has two clear contrasting nanoparticle components as a point of view of light scattering, i.e., larger 

outer plate-like nanoparticles which are strong scatterers and smaller inner nanoparticle assembly 

which is regarded as a transparent layer for emitting light because of its weak scattering efficiency 

because of much smaller size than the emitted light wavelength. Thus, we can expect that lasing 

oscillation arises from the light scattering of outer plate-like nanoparticles. To confirm this 
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conjecture, we prepared a micro-spherical particle consisting of only ZnO nanoparticles with the 

diameter of several tens of nanometers by solvothermal process for 12 h as shown in the SEM 

images of figure 4(c) and 4(d) and evaluated the photo-emission properties at a higher pumping 

fluence. The typical photo-emission spectrum of the sample is presented in figure 4(e). We cannot 

observe the lasing emission from the micro-spherical particle without outer larger nanoparticles, 

despite sufficient light pumping. Therefore, we can understand that lasing oscillation of the 

hierarchical micro-spherical particle is due to the strong light scattering at the interface between 

inner smaller nanoparticle layer and outer larger nanoparticle layer, and resultant optical 

confinement in the micro-spherical particle. On the other hand, the nanoparticles of a few tens of 

nanometers in diameter do not provide sufficient light scattering to occur light confinement and 

the positive feedback, and the light emission of gain material (ZnO) is dissipated to the outside of 

the micro-spherical particle, resulting in high loss.  
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Figure 5. (a) Emission intensity vs. pumping fluence curves for the lasing peaks at 386.1 (P1) and 

3787.2 nm (P2). Inset shows the corresponding spectra.  (b) Shot-to-shot lasing emission spectra 

for a fixed pumping fluence. Insets show the correlations of the normalized lasing intensity 

between the peak at 383.7 (P3) and 386.8 nm (P4), and between 383.7 (P3) and 389.7 nm (P5), 

respectively. 

 

The contribution of the outer nanoparticle scattering mentioned above possibly indicates that 

lasing oscillation is attributed to random multiple scattering feedback, i.e., random lasing. 

However, the present hierarchical micro-spherical particles show discrete mode lasing peaks 



 18 

similar to the ordinary microcavity laser such as whispering galley mode (WGM) lasers [66], 

where the lasing oscillation occurs due to internal total refection at the boundary with definitely 

distinct modes. Then, to further clarify the lasing origin in the present system, we investigate the 

characteristics of each laser mode peaks of the hierarchical microparticle. Figure 5(a) and its inset 

show the pumping fluence versus emission intensity curves for different lasing peaks and the 

corresponding emission spectrum. From the inset, the spectral spacing between each lasing mode 

(vertical arrows) is irregular, i.e., the mode spacing is varied from 0.2~1.5 nm, while in the case 

of WGM laser, the lasing mode spacing is a nearly constant [67]. This irregular frequency mode 

feature is typically observed in the random laser, where the mode spacing is reported to be 

statistically fluctuated [68]. Furthermore, two kinks (vertical dashed lines) in the curves at 8.3 and 

9.0 mJ/cm2/pulse for the laser modes at 387.5 (P1) and 387.7 nm (P2) are clearly seen as shown in 

figure 5. This indicates that the lasing peak modes P1 and P2 compete with each other for acquiring 

limited optical gain in the ZnO micro-particle because of spatial overlap between the modes. Such 

a gain competition is also observed in the random laser system [68]. Moreover, we confirmed that 

the synchronized changes in the lasing peak intensity randomly occurs in the present micro-particle 

laser. Figure 5(b) shows various lasing spectra at a fixed laser fluence. As shown in the figure, the 

peak intensity at 386.9 nm (P4) changes with synchronizing those of the lasing peaks at 383.8 (P3) 

or 389.7 nm (P5). Insets of figure 5(b) show the correlations of normalized intensity between the 

peaks. The sign of correlation coefficient between P3 and P4 is negative (−0.84), indicating that 

the opposite intensity changes occur between them. On the other hand, the sign of that between P3 

and P5 is positive (0.97), probably resulting from usual intensity fluctuations due to pumping 

fluence. These results suggest that the modes P3 (or P5) and P4 randomly exchange the optical 

energy with each other, indicating that the optical paths of the cavity modes for the feedback 

randomly changes. Such a mode interaction is typically reported in the random laser system [69].  
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Therefore, the origin of the lasing oscillation is random scattering feedback as well as the 

microcavity induced optical confinement, since the present microparticle has hybrid features 

between usual microcavity lasers and random lasers. Further analysis based on theoretical 

approaches such as a finite difference time domain method may be needed to clarify detailed lasing 

feedback mechanism in the present system. 

 

4. Conclusion 

In conclusion, we investigated the lasing characteristics of a hierarchical micro-spherical particle 

with diameters of 1 – 5 μm and discussed its lasing feedback mechanisms. The discrete sharp 

lasing emissions were observed for the micro-spherical particle. Theoretical calculations based on 

a many-body theory revealed that the clear optical gain is reached at the observed lowest lasing 

threshold value, 4 mJ ∙ cm−2 ∙ pulse−1 , corresponding to the excited carrier density ~2.4 ×

1025  m−3. The threshold carrier density is higher than the reported Mott density, indicating that 

the lasing origin is EHP recombination. Furthermore, the lasing frequency mode shift (~1.2 meV) 

is due to the refractive index changes induced by increasing carrier density up to 6.1 × 1025  m−3. 

By performing theoretical calculations of the size dependent scattering efficiency of a ZnO sphere 

based on Mie theory, it is found that the efficiency is optimum at the diameter of ~160 nm , which 

falls into the size range of outer nanoparticles (100~200 nm) consisting in the hierarchal micro-

sphere. These results suggest that the strong light scattering and resultant light confinement inside 

the micro-spherical particle contributing to the lasing oscillation occur at the interface between 

inner transparent layer consisting of small nanoparticles (10-60 nm) and the outer strong light 

scattered nanoparticle layer consisting of the hierarchical micro-spherical particle. We also 

observed the strong lasing mode interaction effects. The features of the present microparticle 

system indicate random lasing oscillation accompanying microcavity confinement effect occurs.  
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To further control the size distribution of the nanoparticles and hierarchy of the structure, we could 

tune the resonance frequency of random cavities and attain a lower lasing threshold. The present 

findings would be beneficial for optimization of the micro-spherical particle based random laser 

for future concise and low-cost micro-laser devices. 
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