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We have succeeded in growing the ZnO spherical microcrystals by a simple laser ablation in air, 
and we have obtained ultraviolet (UV) whispering-gallery-mode (WGM) lasing from the sphere un-
der pulsed laser excitation. In this growth technique, a solid ZnO target is rapidly heated by laser-
induced plasma, and melted target is splashed from the irradiated spot as droplets. Then, the droplets 
are crystallized into spherical shapes by the surface tension during the dropping process. This rapid 
melting and solidifying process may be effective for doping impurities into ZnO. In this study, we 
fabricated P-, Sb-, and Mg-doped ZnO microspheres, and investigated their structures and optical 
properties. A blue-shift of UV WGM lasing from Mg-doped ZnO microsphere was obtained, indi-
cating that the band-gap engineering of ZnO microsphere grown by the simple ablation technique 
was achieved.  
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1. Introduction 
Wide band-gap semiconductor materials have received 

much attention for their applications in short wavelength 
photonic devices. Among the materials, zinc oxide (ZnO) 
has been extensively studied because of its intrinsic proper-
ties such as a direct wide band-gap of 3.37 eV and a large 
exciton binding energy of 60 meV, which is much larger 
than that of gallium nitride (28 meV) and the thermal ener-
gy at room temperature (26 meV). Therefore, ZnO is an 
excellent candidate material for ultraviolet (UV) emitting 
devices such as UV light emitting diodes and UV lasers. In 
addition, ZnO nano/microstructures have attracted consid-
erable attention because of their high crystalline quality and 
unique structures such as nanowire [1,2], nanowall [3,4], 
nanorods [5,6], and microdisk [7]. Furthermore, microcavi-
ty lasing from these nano/microstructures have been 
demonstrated [2,4-7]. The lasing action can be classified as 
random [4,6], Fabry-Perot [2], and whispering-gallery-
mode (WGM) [5,7]. In the case of WGM, circular structure 
such as a sphere or a circular disk is an ideal candidate to 
achieve much higher light confinement for development of 
microsized lasers. In our previous study, we have succeed-
ed in synthesizing ZnO spherical microcrystals by a simple 
atmospheric laser ablation method, and demonstrated UV 
WGM lasing from the spheres [8,9]. In addition, room-
temperature electroluminescence (EL) from the ZnO mi-
crosphere/p-GaN heterojunction under forward bias has 
been observed [10]. In this fabricating method, a solid ZnO 
target is rapidly heated by laser-induced plasma, and melt-
ed target is emitted from the irradiated spot as droplets. 
Then, the droplets are crystallized into spherical shapes by 
the surface tension during the dropping process. This rapid 
melting and solidifying process may be effective for doping 
impurities into ZnO [11]. In this study, we fabricated doped 

ZnO spherical crystals using ZnO targets containing dopant, 
which is Sb, P, or Mg. Sb [12-14] and P [15-17] are candi-
date acceptors to realize p-type ZnO. On the other hand, 
Mg-doped ZnO has been investigated for band-gap engi-
neering [18-20]. While most of these researches have been 
focused on a film structure [21,22], studies on doped ZnO 
nano/microstructures have been recently increased [23-26]. 
However, there are few reports on microcavity lasing from 
the doped ZnO micro/nanostructures [27]. When the accep-
tor-doping and band-gap engineering of ZnO microspheres 
are realized by the laser ablation method, electrical pump-
ing and tuning the lasing wavelength can be expected for a 
ZnO sphere-based microcavity laser. In this paper, we re-
port structural and emission characteristics of doped ZnO 
microspheres.  

 
2. Experimental and results 

2.1 Fabrication of ZnO microspheres 
ZnO microspheres were fabricated by a quite simple la-

ser ablation method using a Nd:YAG laser (λ = 1064 nm, 
10 Hz) [8,9]. The laser beam was focused on a ZnO sin-
tered target through a focusing lens (f=300 mm) in air with 
a pulse energy of 30 mJ and the spot size of approximately 
200 µm. ZnO sintered targets containing dopant, which is 
Sb2O3, P2O5, or MgO were prepared for the growth of 
doped ZnO microspheres. Droplets produced from the abla-
tion spot of the target surface were crystallized into spheri-
cal shapes by the surface tension during the dropping pro-
cess. The fabricated ZnO microspheres were collected on a 
proper substrate which was located at approximately 5 mm 
away from the focal point on the target. A small volume of 
water was dropped on the substrate before laser ablation in 
order to increase particle collection efficiency and prevent 
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Fig. 1  SEM images of (a) non-doped, (b) P-doped, 
(c) Sb-doped, and (d) Mg-doped ZnO microspheres. 
A large number of microspheres with various diame-

ters were synthesized for 2 minutes laser ablation. 
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Fig. 3  Raman spectra of non-doped and doped ZnO 

microspheres. All microspheres have typical ZnO 
wurtzite structure peaks such as E2(low) and E2(high). 

On the other hand, Sb-doped and P-doped micro-
spheres additionally have 238 cm-1 and 478 cm-1 

peaks, respectively. 

coating of the microspheres by undesired nanoparticles, 
which are simultaneously generated by laser ablation. Fig-
ure 1 shows the scanning electron microscope (SEM, 
KEYENCE VE-7800) images of the ZnO microspheres 
produced from ZnO target and Sb2O3, P2O5, and MgO con-
taining targets with 5 wt%.  Various sized microspheres 
with a few micrometers in diameter were successfully fab-
ricated from each target for only 2 minutes laser ablation, 
and here shows the typical ones. The surface roughness of 
the doped microspheres was slightly roughened due to in-
corporation of dopants having different melting points. 

2.2 Structural characteristics of ZnO microspheres 
We have confirmed that the fabricated ZnO micro-

spheres have wurtzite-structured ZnO crystal from the X-
ray diffraction [8], and we recently found that one of the 

submicron spheres has a single crystalline structure by 
transmission electron microscope (TEM) analysis [28].  In 
this experiment, cathodeluminescence (CL) from ZnO mi-
crospheres was measured. Figure 2 (a) and (b) shows the 
SEM and CL images of a non-doped ZnO microsphere with 
a diameter of 9.2 µm. The SEM image shows that it had a 
spherical shape with smooth surface though undesired na-
noparticles coated it due to without water. In the CL image, 
on the other hand, a dark line was observed at the same 
microsphere. The line probably shows the crystalline 
boundary, indicating that the ZnO microsphere consists of 
polycrystalline structure. Similar result was observed from 
other microsphere as shown in Fig. 2 (c) and (d), hence we 
conclude that many of microsized ZnO spheres have a 
poly-crystalline structure and some of submicron spheres 
consist of a single crystal even though they have spherical 
shape. 

Figure 3 shows the micro-Raman (Horiba, LabRAM 
ARAMIS) spectra of non-doped and doped ZnO micro-
spheres. These measurements were performed at room 
temperature. All microspheres showed dominant peaks at 
101 and 437 cm-1, which are attributed to the low- and 
high-E2 mode of nonpolar optical phonons in the wurtzite 
structure ZnO [29,30]. In addition, a peak around 238 cm-1 
was observed only Sb-doped ZnO microspheres. This peak 
is reported as the local vibrational mode related to Sb in Zn 
site of the ZnO host lattice [14], indicating Sb atoms were 
successfully incorporated into the ZnO crystal. According 
to the first principle calculations, the most stable acceptor 
complex (SbZn+2VZn) is formed in Sb:ZnO system, when 
Sb occupied Zn antisite (SbZn) and is accompanied with 
two Zn vacancies (VZn) [31]. For the spectra of P-doped 
ZnO microsphere, an additional anomalous mode around 
478 cm-1 emerged, which is a local vibrational mode for the 
P-O [17]. W.-J. Lee et al. reported that a PZn-2VZn complex 
acts as an acceptor [32]. These additional peaks on Raman 
spectra from Sb- and P-doped ZnO microsphere suggest 
that the doped microspheres became p-type by the defect 
complex. The electrical characteristic of the doped micro-
spheres was recently reported [28].  

(a)

(c)

5 µm5 µm

3 µm3 µm

(b)

(d)

 
Fig. 2  (a) SEM image and (b) CL image of non-

doped ZnO microsphere, and (c) SEM image  and (d) 
CL image of another one. A dark line in the CL imag-
es probably shows the crystalline boundary, indicating 
that the ZnO microspheres consists of polycrystalline 
structure. The ZnO microspheres are coated by unde-

sired nanoparticles produced during laser ablation.  
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Fig. 5  Emission spectra from non-doped and Mg-

doped ZnO microspheres. Further blue shift was ob-
served from that of high Mg content. 

 
We measured the chemical composition of the doped 

ZnO microspheres by energy dispersive X-ray spectrome-
try (EDX). Table 1 shows the average contents in the doped 
microspheres obtained by measuring three to ten micro-
spheres of various sizes. The values in round bracket are 
the standard deviations. The dopant contents were roughly 
corresponded to that of the targets, and the coefficient of 
variation, (standard deviation)/(average), was about 20 %. 
The Mg content in microsphere was larger than of the tar-
gets. It is attributed to the fact that the vapor pressure of 
ZnO and Zn is much higher than that of MgO and Mg [18]. 
Figure 4 shows the SEM image of a Sb-doped microsphere 
(5 wt%) and EDX mapping of Zn and Sb. The dopant was 
uniformly distributed, and the concentration of the dopants 
was independent of the sphere size. 

2.3 Emission characteristic of doped ZnO micro-
spheres under pulsed laser excitation 

Emission characteristic of doped ZnO microsphere was 
investigated by a microscopic spectroscopy system [8,9]. 
The microsphere on the substrate was excited by the third 
harmonics of a Q-switched Nd:YAG laser (355 nm, 5 ns) 
and the emission from single microsphere was measured by 
the spectrometer trough an optical fiber. We have observed 
UV WGM lasing from non-doped ZnO microsphere, and 
more recently WGM lasing from Sb- and P-doped ZnO 
microsphers [28,33]. The lasing threshold of the micro-
spheres was estimated to be 300-650 kW/cm2, which is 
relatively higher than that of non-doped one (100 kW/cm2). 
This is probably due to decrease of radiative transitions and 
the roughened surface by doping impurities. On the other 
hand, Mg-doped ZnO microsphere showed almost the same 
lasing threshold as non-doped one. Figure 5 shows the 
emission spectra from the Mg-doped and non-doped ZnO 

microspheres with a diameter of 7.1 μm. Modal peaks in 
UV region were observed at more than the threshold power 
density. The mode spacing of the lasing spectra from the 
microspheres was 1.3 nm, which shows good agreement 
with the WGM-theoretical mode spacing Δλ [8]. In addi-
tion, Mg-doped ZnO microspheres showed a blue-shift 
compared with non-doped one. The value of the blue-shift 

was increased with increasing Mg concentration. Figure 6 
shows the maximum peak energy of the WGM from Mg-
doped ZnO microsphere as a function of Mg content. The 
result of Mg-doped ZnO film [18] is also shown in Fig. 5. 
The peak energy of WGM was smaller than that of the film. 
This difference can be attributed to the fact that the WGM 
lasing is ascribed to the P-band emission [7], which is the 
exciton-exciton scattering emission of ZnO. The slope of 
the blue-shift of WGM peak corresponds to that of the lu-
minescence of the Mg doped ZnO film, indicating that the 
band-gap engineering of ZnO microsphere is achieved. In 
other word, lasing wavelength of ZnO microsphere can be 
tuned by Mg concentration. However, no lasing behavior 
was observed from microspheres fabricated from a target 
containing MgO 10 wt% due to low UV emission intensity. 

Table. 1  Chemical composition of doped ZnO 
microspheres measured by EDX. The values in 

round bracket are the standard deviations. 

Containing rate
in Target [wt%] 1 2 3 5 10

Concentration of 
dopant in ZnO
microsphere [wt%]

P 1.0
(0.27)

1.2
(0.43) - 4.1

(1.23) -

Sb 1.2
(0.47)

2.3
(0.48)

2.9
(0.40)

4.7
(1.0) -

Mg 6.4
(-) - - 11.5

(2.6)
16.3
(2.9)
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Fig. 4  SEM image of Sb-doped ZnO microsphere and 
EDX mapping of Zn and Sb elements. 
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Fig. 6  The maximum peak energy of  WGM of Mg-
doped ZnO microsphere as a function of Mg content. 
That of Mg-doped ZnO film (Ref. 18) is shown for 

comparison. 
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Basically, the stoichiometry control of doped ZnO film 
using laser ablation is realized by preparation of different 
composition targets and fabrication under optimized 
growth conditions such as substrate temperature, gas pres-
sure and laser intensity [18]. On the other hand, one laser 
intensity condition was performed in the present study. The 
laser ablation conditions such as laser intensity and laser 
spot size will affect heating temperature and heating rate of 
the target, which may influence the doping behavior such 
as dopant concentration. Thus, a further investigation of the 
dependence of different laser conditions will be essential in 
the stoichiometry control of doped ZnO microspheres. 
  
3. Conclusion 

We succeeded in fabricating doped ZnO microspheres 
by the simple atmospheric ablation method. It was con-
firmed that the fabricated microspheres had wurtzite struc-
ture and contained the dopant by micro-Raman and energy 
dispersive X-ray spectrometry analysis. The each dopant 
content was corresponded to that of the targets. The addi-
tional Raman peaks from Sb- and P-doped ZnO micro-
sphere suggested that acceptor complexes (SbZn+2VZn and 
PZn-2VZn) were formed in ZnO crystal. The ultraviolet 
whispering-gallery-mode lasing action was observed from 
doped ZnO microsphere because of high light-confinement 
property resulted from the spherical microcavity effect. 
Experimental results were in good agreement with WGM 
theory in terms of mode spacing. Furthermore, a blue-shift 
was observed from the Mg-doped ZnO microsphere, and 
the value of blue-shift could be tuned by changing Mg con-
centration. 
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