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Abstract: A detailed study on the optical cavity modes of zinc oxide 
microspheres under the optical excitation is presented. The zinc oxide 
microspheres with diameters ranging from 1.5 to 3.0 µm are prepared using 
hydrothermal growth technique. The photoluminescence measurement of a 
single microsphere shows prominent resonances of whispering gallery 
modes at room temperature. The experimentally observed whispering 
gallery modes in the photoluminescence spectrum are compared with 
theoretical calculations using analytical and finite element methods in order 
to clarify resonance properties of these modes. The comparison between 
theoretical analysis and experiment suggests that the dielectric constant of 
the ZnO microsphere is somewhat different from that for bulk ZnO. The 
sharp resonances of whispering gallery modes in zinc oxide microspheres 
cover the entire visible window. They may be utilized in realizations of 
optical resonators, light emitting devices, and lasers for future chip 
integrations with micro/nano optoelectronic circuits, and developments of 
optical biosensors. 

©2013 Optical Society of America 

OCIS codes: (140.4780) Optical resonators; (140.3945) Microcavities; (250.5230) 
Photoluminescence. 
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1. Introduction 

Zinc oxide (ZnO), a wide bandgap (~3.37eV) semiconductor material, has been studied in 
both forms of thin films and micro/nano structures in the past decades for their potential 
applications in various fields because of its tunable optical and electronic properties [1–5]. 
This material has several superior characteristics in terms of large exciton binding energy (60 
meV), cost effectiveness, and environmental friendliness to those of gallium nitride (GaN) 
and makes itself one of the most prospective materials for applications in optoelectronics, 
energy harvesting, photocatalyst, sensors, and biotechnology applications [6–15]. To produce 
high-quality ZnO micro/nanostructures such as belts, pyramids, cones, hexagonal pancakes, 
rods, plates, needles, tubes, and hollow spheres, several methods including carbothermal 
evaporation, microwave synthesis, electro-deposition process, hydrothermal process, vapor-
phase transport method, oxidation-sublimation process, and solution route [16–24] can be 
utilized, depending on details of fabrications. 

Small micro/nanostructures made of ZnO with a high crystalline quality do show unique 
characteristics in photon emissions and lasing. For example, ZnO micro/nanostructures with 
hexagonal cross sections can show distinct mode confinement routes such as those of Fabry-
Perot (FP) modes and whispering gallery modes (WGMs) and can be utilized as compact 
resonators. Recently, these structures have drawn considerable interest in applications of 
optical resonators such as microcavity lasing due to their unique geometry, high crystallinity, 
and excellent optical properties [20, 21, 25–29]. However, there exists the potential optical 
loss at corners of hexagonal ZnO micro/nanostructures [30], and therefore, an isotropic 
structure like spheres may be a better candidate to achieve efficient light confinements for 
developments of micro/nano optical resonators and lasers. In a recent report [31], Wang et al. 
has shown photoluminescence (PL) properties of sheet-constructed ZnO microspheres with 
broad emission spectra in the near-infrared (IR) regime without clear resonance peaks. For the 
resonator performance, a smooth surface morphology of ZnO microspheres is crucial since a 
high quality factor and low lasing threshold of micro/nanocavities are only achievable without 
large scattering losses from rough surfaces. Only under such circumstances can whispering 
gallery modes, which are waves traveling around the circumference of the resonator due to 
the total internal reflection, exhibit sufficiently sharp resonances in various optical spectra. 

The optical modes in ZnO microspheres are also sensitive to the local surrounding 
medium, and hence the mode strengths can act as remote transducing signal in response to 
local refractive index change upon adhesion of small molecules on spheres. With the radiative 
recombination in ZnO, the microsphere itself can also function as internal light sources [32]. 
Therefore, ZnO microspheres are promising for developments of WGM sensors in visible to 
near-IR spectral ranges in addition to the passive fiber couplers or microspheres doped with 
active centers [33, 34]. 

In this paper, we present the synthesis of ZnO microspheres with smooth surface and 
study the optical resonances of WGMs from single crystalline ZnO microsphere at room 
temperature using micro-PL (μ-PL) measurements. The observed optical resonances are 
compared with analytically estimated values and are further verified with a modified 
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eigenvalue formalism implemented with the axially symmetric finite-element method (FEM) 
[35, 36]. 

2. Experimental details 

2.1. Synthesis of ZnO microspheres 

ZnO microspheres were prepared through one-pot synthesis scheme using hydrothermal 
growth technique. Briefly, 50mM zinc nitrate hexahydrate [Zn(NO3)2•6H2O] and 
hexamethylenetetramine [HMT] solution were prepared with the same molar ratio in 
ultrapure water and then mixed as well as stirred for 10 minutes until the chemicals were 
completely dissolved in the solvent. Next, the as-prepared 38mM trisodium citrate 
(Na3C6H5O7) in ultrapure water is mixed with the obtained solution with a volume ratio of 1:2 
in a glass bottle. The mixed solution was put in a tightly closed glass bottle and placed inside 
the oven for 90 minutes at a fixed temperature of 90°C. White precipitations on the solution 
surface as well as sediments at the glass bottom were collected by centrifuging and later 
dispersed in the ultrapure water. After then, the prepared solution of ZnO microspheres was 
washed several times with water and then with ethanol to remove the contaminants. Finally, 
ZnO microspheres suspended in the ethanol solution were kept in the refrigerator until used. 
For the sample preparation, a drop of ethanol solution containing ZnO microspheres was 
placed on a pre-cleaned silicon substrate and kept inside the oven until dry. The sample was 
further annealed at 550 °C in the ambient atmosphere for 12 hours to improve crystallinity of 
the sample. The growth mechanism of the ZnO microspheres with similar technique has been 
reported [24, 37]. However, the growth mechanism of our ZnO microspheres is still unclear 
and is currently under investigation. 

2.2. Characterization of samples 

X-ray diffraction (XRD) studies on the annealed samples were performed using 
monochromatic CuKα1 radiation. The morphology and structure studies of the ZnO 
microspheres were carried out using scanning electron microscope (SEM-Nano Nova) with 
an acceleration voltage of 10kV. Energy-dispersive microanalysis (EDX, Oxford instrument) 
was also performed on a single ZnO microsphere. The µ-PL and Raman measurements were 
carried out using a Horiba Jobin Yvon HR-800 UV setup with an excitation source of a He-
Cd laser (325 nm line). For the µ-PL measurement, the excitation laser was focused onto 
single ZnO microspheres using a 40X UV objective (Thorlabs), and a similar objective was 
used to collect the scattered light from the microspheres into the detector. All of the PL data 
were recorded with liquid-nitrogen cooled silicon CCD detector through a grating of 2400 
grooves mm−1 in the backscattering geometry. A 500µm confocal pinhole was used to obtain 
high resolution Raman spectra. All the optical measurements were performed at room 
temperature. 

3. Theoretical analysis 

Theoretical calculations are performed to estimate resonance wavelengths of WGMs in ZnO 
microspheres with various diameters. To simplify the problem, we first solve the 
transcendental equations of cavity modes in a dielectric sphere surrounded by an ambient 
environment [38], assuming that the WGMs of interest are not perturbed much due to the 
broken spherical symmetry from the Si substrate: 

 
(1)

1 2
(1)

d[ ( )] d[ ( )]1 1
0,

( ) d d( )
b l l

l lz nkR z kR

zj z zh z
n

zj z z zzh z
−

= =

− =  (1) 

where R and n are radius and refractive index of the dielectric sphere, respectively; jl(z) and 
hl

(1)(z) represent the spherical Bessel function and Hankel function of the first kind; l is the 
angular momentum mode number; k is the complex propagation constant which includes the 
effect of radiation loss in the ambient environment, and index b indicates whether the mode is 
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radially transverse magnetic (TMr, b = 1) or radially transverse electric (TEr, b = 0). The 
neglect of the subtract effect would be justified by the FEM calculations later. 

We focus on the fundamental TEr WGMs for each l (the least radially oscillatory modes 
confined near the equator for b = 0) since they are more likely to be longer-lived than other 
WGMs. The solutions to Eq. (1) for fundamental TEr WGMs are denoted as kR = xl ≡2πR/λl, 
where λl is a complex wavelength, and its real part Re[λl] represents the resonance 
wavelength. The characteristic values xl are first estimated with the asymptotic expansion of 
Bessel function, which is close to the exact value if the mode number l is sufficiently large 
[39]. These estimations are then used as the initial guesses for iterations of Eq. (1) based on 
Newton-Raphson method. The dispersion is taken into account during iterations of xl through 
Re[λl], from which the wavelength-dependent refractive index n of bulk ZnO is set [40]. The 
procedure leads to a series of resonance wavelengths Re[λl] as a function of mode number l. 

These estimated wavelengths, nevertheless, cannot often match the experimental peak 
wavelengths well. Inaccurate mode spacings, missing resonances, and hence failures of one-
to-one assignments between theory and experiment do occur. The uncertainty of material and 
structure parameters is expected to be the origin of mismatches. To make a sensible 
comparison, we need to (i) choose an indicator function to quantify the deviation, (ii) 
correctly assign mode numbers l to experimental resonances, and (iii) specify the origin of 
deviations. The diameter D of a microsphere is independent of WGM resonances and can be 
accurately obtained from SEM images. Therefore, we adopt this quantity as the indicator. 
Theoretically, the diameter is related to the characteristic value xl as 

 
Re[ ]Re[ ]

2 ,l l l lx x
D R= = ≈λ λ

π π
 (2) 

where we have used the fact that xl and λl are dominated by their real parts. Thus, for a series 
of mode numbers l∈[lmin, lmin + NExp−1], where lmin is the minimum for the assignment, and 
NExp is the number of resonances observed experimentally, we map the corresponding Re[xl] 
to the consecutive experimental resonances labeled by index l′∈[1, NExp] one by one. The 
indicator function D(l, l′) defined as 

 Exp, '
min

Re[ ]
( , ') , ' 1,l lx

D l l l l l≡ = − +
λ

π
     (3) 

where λExp,l′ is the experimental peak wavelength of the resonance l′, shall reveal the deviation 
due to a particular mode assignment parameterized by lmin when compared with the diameters 
from SEM images. Ideally, the function D(l,l′) versus l should be a constant identical to the 
real diameters of microspheres. 

With the indicator function in Eq. (3), we attempt to optimize the mode assignment under 
deviations of specific physical parameters. A simple origin that directly causes the imperfect 
assignment is the refractive index of ZnO. We do expect that the dispersive refractive index 
n(λ) of the ZnO microsphere is different from that nbulk(λ) of bulk [40]. To quantify this 
deviation, we utilize the group index ng(λ)≡∂[n(λ)k]/∂k for estimations. While the group index 
ng,bulk(λ) of bulk ZnO is calculated from the frequency derivative of nbulk(λ), the group index 
ng(λ) of the microsphere can be approximated with the simple WGM resonance condition 2πR 
= lλl/n(λl), which is valid at large l: 

 g g,Exp

1
( (

Δ
) ),l l

l

n n
R k

λ λ≈ ≡  (4) 

where Δkl = kl+1−kl is obtained from experimental mode spacings of WGMs. The 
experimental measurement ng,Exp(λ) is then curve-fitted with ng,bulk(λ) + ∆n by the least square-
root method, where a frequency-independent constant ∆n is introduced as the zeroth-order 
correction. The refractive index n(λ) is accordingly corrected as nbulk(λ) + ∆n. With this 
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modified index n(λ), the indicator function D(l,l′) in Eq. (3) is utilized to find the proper mode 
assignment. As it will be shown later, a frequency-independent correction ∆n is sufficient for 
satisfactory mode assignments in the visible range [41, 42]. Although a frequency-dependent 
correction to ∆n can fit the experimental data better, it would involve using too many 
undetermined parameters, and is unnecessary at this stage. 

4. Results and discussion 

4.1. Morphology and crystallinity of the ZnO microspheres 

Figure 1(a) shows SEM images of the annealed ZnO microspheres on the silicon (Si) 
substrate. The ZnO microspheres have very smooth surfaces and their diameters are in the 
range of 1.5 to 3.0 µm (see the inset images). The crystal structure of the ZnO microspheres is 
examined by the X-ray diffraction. Figure 1(b) displays the XRD pattern of the annealed ZnO 
microspheres, in which the strong and sharp peaks indicate the high purity and crystallinity of 
the microstructures. All of the diffraction peaks can be attributed to the hexagonal phase of 

 

Fig. 1. (a) The SEM image of annealed ZnO microspheres on Si Substrate. (b) XRD pattern 
and (c) corresponding EDX spectrum from a single microsphere. (d) The room-temperature 
Raman scattering spectra of the as-prepared ZnO microspheres. 

ZnO structure according to JCPDS card file no. 89-1397. The analysis of elemental 
compositions for these microspheres is performed with energy-dispersive X-ray (EDX) 
spectroscopy at an acceleration voltage of 10KV. Figure 1(c) shows the EDX spectrum from 
a single ZnO microsphere (see the inset). The data analysis indicates that typical microspheres 
are mostly composed of elements Zn and O. The signal of Si originates from the substrates 
due to the deep penetration of highly energetic electron beams through the microsphere. 

The Raman spectroscopy is further employed to investigate the phase purity and 
crystallinity of wurtzite ZnO with the hexagonal structure. Figure 1(d) shows the Raman 
spectra of the as-prepared ZnO microspheres over the spectral range from 2000 to 2500 cm−1 
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excited by the 325 nm line of a He-Cd laser. All the peaks in the spectra can be assigned to 
lattice vibrations of wurtzite ZnO [43]. The multiphonon process, E2 (high)-E2 (low) at 322 
cm−1, E2 (high) mode at 436 cm−1, longitudinal optical mode with A1 symmetry, A11LO at 
563 cm−1, combination of longitudinal acoustic and transverse optical modes, A1(LA + TO) 
at 784 cm−1 and resonant peaks of multiple LO phonons up to the third order, are all clearly 
resolved in as-prepared ZnO microspheres. The other two peaks appearing at 1555 and 2331 
cm−1 originate from the Si substrate. Before annealing, the Raman peak positions are slightly 
shifted toward the low energy side. In addition, the Raman intensity of the E2 (high) mode is 
often weaker than that after annealing, indicating that the as-prepared ZnO microspheres have 
a wurtzite lattice with poor crystallinity. After annealing at high temperature (550 °C), the 
crystallinity of the microspheres usually shows significant improvements, as reflected on the 
sharp peaks in the XRD pattern in Fig. 1(b). 

4.2. Luminescence properties of isolated ZnO microspheres 

The room temperature PL spectra of annealed ZnO microspheres taken at an excitation 
wavelength of 325 nm indicate clear resonances of WGMs over the entire visible and partial 
near-IR window. Experiments were performed with a normally incident laser beam toward 

 

Fig. 2. PL spectra of a single ZnO microsphere placed on the Si substrate with diameters (a) 
2.7 µm, (b) 2.5 µm, (c) 1.87 µm, and (d) 1.52 µm respectively. 
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Fig. 3. The indicator function D(l,l′) versus mode number l for the ZnO microsphere with D = 
2.7 μm. Function values under assignments parameterized by different lmin are shown for (a) 
∆n = 0 and (b) ∆n = −0.1852. 

the substrate, and the unpolarized emission spectra are taken. In the absence of the substrate 
effect, the TEr and TMr modes of the microsphere are degenerate. 

Figure 2(a) shows the PL spectrum of a single ZnO microsphere with a diameter D = 
2.7µm. The observed UV luminescence of these microspheres is attributed to room-
temperature free-excitons near the band-edge of ZnO. However, the peak is shifted toward the 
low energy side from the typical value around 382 nm. This redshift could be due to excitons 
bound to some shallow impurities or intrinsic defects which arise during the growth. Further 
experimental and theoretical investigations are ongoing to clarify the origins of these shallow 
traps, which is not the current focus of study. In addition to the broad emission spectrum, the 
visible and near-IR luminescence is modulated by many sharp peaks of WGMs. The 
luminescence is generally believed to originate from different intrinsic deep-level defects in 
ZnO such as oxygen vacancy, zinc vacancy, and interstitial zinc [44, 45]. It is noted that the 
significant absorption above the band edge broadens the WGM resonances and makes them 
unobservable on the high-energy side of free-exciton emissions [32]. The number of modes 
and coupling strengths with the emitted photons also depend on diameters of microspheres. 
As observed from Fig. 2(b) to 2(d), the microsphere with a diameter D = 1.52 µm exhibits 
weak WGM resonances, and contrast ratios of these resonances improve gradually as the 
diameter of ZnO microsphere increases. 

4.3. Theoretical comparison with experiments 

Figures 3(a) shows the indicator D(l,l′) as a function of mode number l under different lmin for 
the microsphere with D = 2.7 µm, whose PL spectrum is shown in Fig. 2(a). The refractive 
index of bulk ZnO [40] is adopted in calculations of characteristic values xl. In this case, the 
indicator function D(l,l′) is either off the diameter from the SEM image on average, or shows 
a significant variation with respect to the mode number l. For example, at lmin = 19, although 
D(l,l′) of different mode numbers l only give rise to a standard deviation of 8.27 nm, their 
average of 2.57 μm is quite different from the experimental value of 2.7 μm. Disagreements 
between D(l,l′) and the experimental values for all lmin indicate that some parameters used in 
theoretical estimations may be inadequate. 

As addressed earlier, we speculate that the refractive index n of bulk ZnO which closely 
affects the spectral properties of modes is the origin of the discrepancy. The change in this 
quantity could be affected by several factors such as the annealing temperature and strain 
introduced to the crystal planes during the annealing process [46, 47]. Therefore, we add a 
frequency-independent correction ∆n to the refractive index of bulk ZnO to account for the 
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Table 1. Comparisons between the experimental resonance wavelengths and those 
obtained from analytical estimations and FEM calculations for the fundamental TEr-like 

WGMs of the microsphere with D = 2.7 μm. 

Mode Index 20 21 22 23 24 25 26 27 28 29 30 

λExp. 
(D = 2.7μm) 

623 599 577 558 540 523 508 494 481 469 458 

λAna (TEr) 
(D = 2.7μm) 

622.9 599.1 577.5 557.7 539.7 523.1 507.9 493.9 481.0 469.1 458.1 

λFEM 
(D = 2.7μm) 

622.9 599.0 577.3 557.5 539.4 522.8 507.6 493.6 480.6 468.7 457.7 

aforementioned effects on the refractive index. With Eq. (4) and related procedures, we set 
this correction to −0.1852 and show the corresponding indicator functions D(l,l′) under 
different lmin in Fig. 3(b). For lmin = 18, the function D(l,l′) is quite flat with a standard 
deviation of 3.59 nm. In addition, an average of 2.70 μm is consistent with that from the SEM 
image. The comparison indicates that the refractive index of ZnO microsphere is lower than 
that of bulk ZnO in the spectral range of the experiment. With the corrected refractive index 
of ZnO microsphere, the resonance wavelengths Re[λl] of the fundamental TEr WGMs at D = 
2.7 μm are recalculated and listed in Table 1. We noticed very small differences in mode 
wavelengths (<0.4nm) between the analytic results and the FEM results, which are due to the 
substrate effect included in the FEM calculation. 

The result now agrees well with the resonance peaks in experiment. In addition, the 
observation of sharp resonance peaks is indicative of decently clean and smooth surfaces of 
ZnO microspheres. Further increasing the optical pumping strength may turn the 
microspheres into a light emitting device above the band edge of ZnO. Similar analytical 
calculations were done for ZnO microsphere with D = 2.5 µm and corresponding results are 
shown in Fig. 4 and their values are listed in Table 2. 

 
Fig. 4. The indicator function D(l,l′) versus mode number l for the ZnO microsphere with D = 
2.5 μm. Function values under assignments parameterized by different lmin are shown for (a) 
∆n = 0 and (b) ∆n = −0.1964. 

Table 2. Comparisons between the experimental resonance wavelengths and those 
obtained from analytical estimations for the fundamental TEr-like WGMs of the 

microsphere with D = 2.5 μm. 

Mode Index 18 19 20 21 22 23 24 25 26 27 28 

λExp. 
(D = 2.5μm) 

628 601 578 557 537 519 503 488 475 463 451 

λAna (TEr) 
(D = 2.5μm) 

628.3 601.9 578.1 556.5 537.0 519.2 503.0 488.3 474.7 462.3 451.0 
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Fig. 5. (a) The schematic of a single ZnO microsphere on the Si substrate. (b) The top view of 
the WGM field profile near 522.83nm (l = 25) on the equatorial plane of the microsphere (z = 
R). (c) The side view on the vertical cross section (y = 0). 

Numerical calculations based on the formalism of a modified eigenvalue formalism 
implemented with the axially symmetric FEM are also carried out to justify the previous 
analytical estimations without the substrate, confirm the resonance wavelengths, and obtain 
the field profiles [35]. The procedure has been conducted on a GaN nanoring cavity with 
satisfactory agreements [36]. In these calculations, the corrected refractive index of the ZnO 
microsphere obtained earlier is also adopted. With the schematic of a single ZnO microsphere 
on the Si substrate shown in Fig. 5(a), the field profiles of the WGM near the wavelength of 
522.83 nm (l = 25) at D = 2.7 μm are numerically calculated and depicted in Fig. 5(b) for the 
top view on the equatorial plane, and in 5(c) for the side view on the vertical cross section. 
The mode number l is now half the number of bright spots along the azimuthal direction in 
Fig. 5(b). These field profiles confirm that the WGM is indeed confined near the equator and 
therefore less affected by the substrate. Due to the presence of the substrate which breaks the 
spherical symmetry, the modes in this micro-resonator cannot be rigorously classified as TEr 
or TMr modes. However, the WGMs with vertical field profiles close to that in Fig. 5(c) are 
expected to be similar to the true TEr fundamental WGMs of the microsphere since the 
substrate effect is negligible for them. We therefore denote these modes as TEr-like WGMs. 
On the other hand, if the diameter of the microsphere is close to or smaller than the 
wavelength (D<1 μm), these modes may be affected by the substrate and show quite low Q 
factors due to the significant radiative loss [48]. 

The resonance spectra obtained by FEM calculations for various TEr-like WGMs are 
shown in Fig. 6(a). These sharp spectra indicate very high quality factors for these WGMs, 
which are not experimentally observed because ZnO may not be free from absorption, and the 

 

Fig. 6. (a) Resonances obtained from FEM calculations for different mode numbers l. The 
spectra are aimed at the TEr-like fundamental modes of the ZnO microsphere with D = 2.7 
µm. (b) The mode assignments to the corresponding resonances on the PL spectrum. 
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microsphere is not perfectly smooth after all. On the other hand, the resonance wavelengths 
from FEM calculations agree well with the experimental data in Fig. 6(b), in which the mode 
numbers l are also assigned to the corresponding resonances. The values of resonance 
wavelengths obtained from FEM calculations are also listed in Table 1 for comparison. 

5. Conclusions 

In summary, we have presented a study on the cavity modes of single ZnO microspheres with 
smooth surfaces. ZnO microspheres prepared with the presented technique show good 
crystalline quality after annealing at high temperature. Prominent WGM resonances in 
microspheres can be observed in μ-PL measurements over the entire visible and partial near-
IR windows. The comparison between the measured cavity resonances and theoretical 
calculations indicate the refractive index of ZnO microsphere is lower than that of bulk ZnO. 
The clear and narrow resonance peaks of these ZnO microspheres make them a promising 
candidate in the applications of future optoelectronic devices and developments of WGM-
based biosensors. 
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