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Zinc oxide hexagonal microdisks with diameters ranging from 3 lm up to 15 lm were fabricated

by thermal chemical vapour deposition. Optical characterisation of ZnO microdisks was

performed using low temperature (80 K) cathodoluminescence (CL) imaging and spectroscopy.

The microdisks exhibited green luminescence locally distributed near the hexagonal boundary of

the ZnO microdisks. High resolution CL spectra of the ZnO microdisks revealed whispering

gallery modes (WGMs) emission. The experimentally observed WGMs were in excellent

agreement with the predicted theoretical positions calculated using a plane wave model. This

work could provide the means for ZnO microdisk devices operating in the green spectral range.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826481]

Wide band gap semiconductor optical resonators are of

great importance in developing paradigms for optoelec-

tronics and light emitting devices (LEDs). Zinc oxide (ZnO)

is a promising wide band gap (�3.4 eV) semiconductor for

the development of optical devices in the visible spectral

range because of its highly efficient optical emission. ZnO

is presently used in a variety of optoelectronic applications,

such as LEDs, transparent semiconductors, piezoelectrics,

and sensors.1–4 In addition, the flexible control over ZnO

growth enables bottom up engineering of ZnO micro- and

nano-structures with various geometrical shapes and sizes

(e.g., tetrapods, tapered nanowires, and mushrooms).5–7 In

particular, there is currently great interest in the bottom up

fabrication of ZnO optical resonators that can confine and

guide light for applications in photonics and quantum infor-

mation processing.

Among other optical resonators, ZnO microdisks are of

a particular interest. Microdisk resonators support propaga-

tion of whispering gallery modes (WGMs), enabling technol-

ogies such as bright LEDs, sensing, and low threshold

lasers.8–11 For the WGMs emission, the light wave propa-

gates circularly around the interface of material/air due to

multiple total internal reflections. As a result, the optical

losses can be significantly reduced so that the WGMs can

provide an attractive means to increase luminescence effi-

ciency in optical resonators. However, fabrication of micro-

disks is non-trivial, as they require undercutting the active

layer to achieve vertical light confinement.

Recently, numerous works on ZnO micro- and nano-

structures with a moderate level of light confinement and

increased luminescence efficiency were reported.12–17 While

some attributed the emission enhancement to the presence of

WGMs, most of previous works showed excitonic WGM is

in the ultraviolet range,15,18–20 which is not suitable for visi-

ble applications. In addition, the ZnO structures were not

well separated from each other, which make it challenging

for realistic applications to WGMs resonators.

In this work, we demonstrate bottom up growth of well

isolated ZnO microdisks on silicon dioxide substrate. Raman

spectroscopy confirms the high quality of the ZnO material.

High resolution cathodoluminescence (CL) studies clearly

reveal that the resonators exhibit green emission and clear

presence of WGMs with quality factors of �60 and �90 in

ZnO microdisks of diameter 5 lm and 9 lm, respectively.

The position of the WGMs is supported using a plane wave

model.

To synthesize the ZnO microdisks, ZnO powder

(200 mg) was mixed with graphite powder (200 mg) with a

weight ratio of 1:1 and put into a small boat as a source mate-

rial. The ZnO microdisks were grown on 1 lm thick ther-

mally grown silicon dioxide on silicon in a horizontal tube

furnace under ambient atmosphere. Catalysts and carrier

gases were not used. Zn vapour was produced through the

carbothermal reduction of ZnO powder by graphite, which

acts as a reducing agent. The Zn vapour was then reoxidised

by oxygen in air to facilitate the formation of ZnO micro-

disks. After heating the source material at 1050 �C for 5 min

with the substrate at the same temperature, the source was im-

mediately removed to limit the vertical growth to less than

10 lm. A large number of ZnO microdisks were formed on

the substrate.

Figures 1(a) and 1(b) show scanning electron micro-

scope (SEM) (Zeiss Supra 55VP) secondary electron images

at 20 kV of the as-grown 5 lm diameter ZnO microdisk. The

density of the microdisks changed across the substrate sur-

face (not shown), but isolated ZnO microdisks were always

observed due to the lack of nucleation sites and source mate-

rials, resulting in the ZnO forming sparsely. Controlled

growth of isolated microdisks is vital for future devices fab-

rication and proper spectroscopy studies. The well-defined

hexagonal symmetry of the top edge facets can be clearly

seen from the microdisk in Figure 1(a). The diameters of the

microdisks were in the range of 3 lm to 15 lm. Figure 1(b)

shows side view of SEM image of an individual ZnO micro-

disk. It can be seen that the top of the microdisk has smooth

edge facets that are likely to support WGMs propagation.a)Email: Igor.aharonovich@uts.edu.au
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Figure 2 shows the Raman spectrum recorded from the

ZnO microdisk using 633 nm line of a Renishaw He-Ne laser.

The peaks at 302 cm�1, 520 cm�1, and 618 cm�1 are associ-

ated with the silicon substrate. The intense Raman peak at

437 cm�1 is a typical Raman active branch of bulk wurtzite

ZnO associated with the optical phonon E2
high mode. In addi-

tion, other two peaks for the ZnO microdisk at 333 cm�1 and

379 cm�1 are visible and assigned to the E2
high - E2

low (mul-

ti-phonon process) and A1 (longitudinal optical phonon)

modes, respectively.21 The full width half maximum

(FWHM) of the E2
high mode at 437 cm�1 is �7 cm�1, nar-

rower than the typical reported values for ZnO structures

(�12 cm�1).22 Thus, the narrow and strong E2
high mode com-

bined with a very weak A1 mode confirm that the fabricated

ZnO microdisks have predominantly wurtzite crystal

structure.

To characterise the optical properties of the ZnO micro-

disks, CL measurement of the samples is carried out at 80 K

with an accelerating voltage of 15 kV inside a SEM (FEI

Quanta). The monochromatic CL image of the vertically

grown and isolated hexagonal ZnO microdisk at 530 nm is

shown in Figure 3(a). As can be seen in the image, the green

luminescence is not distributed uniformly across the micro-

disk, but is locally concentrated at the hexagonal boundary

of the microdisk. Figure 3(b) shows a CL spectrum of the

side and centre regions, respectively. The beam positions are

marked as red and blue circles. The excitonic emission peak

at 378 nm is almost equal in intensity at the boundary and

centre of the microdisk. The stronger peak at the green spec-

tral range, centred at around 530 nm, is the green emission

from the ZnO. The chemical origin of this green emission is

still not well understood, even though green luminescence is

attributed to intrinsic defects such as oxygen vacancies and

zinc vacancies and complexes or extrinsic impurities, such

as Cu.23,24 As can be seen in Figure 3(b), the luminescence

intensity of the green emission is significantly stronger near

the boundary of the microdisk, likely to be enhanced by the

total internal reflection of light within the microdisk. Such

an enhancement is often associated with the presence of

WGMs, as discussed below. CASINO Monte Carlo modeling

of the electron interaction volume at 15 kV shows that the

lateral spread of the electron beam in ZnO is <500 nm (rep-

resented by a circle in the inset of Figure 3(a)) indicating

that the increase in green luminescence towards the periph-

ery of the ZnO microdisk is not related to excitation artifacts

due to forward scattered electrons.25

To investigate the green luminescence in more detail,

high resolution CL spectra (0.05 nm/pixel, Hamamatsu CCD

detector) from the periphery of the ZnO microdisks were

recorded. The typical CL spectra of a 5 lm and a 9 lm

microdisks are shown in Figures 4(a) and 4(b), respectively.

Each CL spectrum clearly shows the evolution of the

WGMs. As expected, the disk with larger diameter exhibits

narrower spacing between the observed resonator modes.

The size dependence of the structured green CL spacing con-

firms that the enhanced edge emission in the ZnO microdisks

is clearly unrelated to increased surface emission widely

reported in ZnO nanowires due to surface band bending

effects or an increased concentration of surface defects.26,27

The energy spacing between the emission peaks from the

5 lm and 9 lm microdisks is in the range of 23–24 meV and

34–40 meV, respectively. These spacing values are signifi-

cantly smaller than the longitudinal optical (LO) phonon

energy of 72 meV, indicating they are not related to the

vibronic states as reported previously by Reynolds et al.28

FIG. 1. (a) Top and (b) side-view SEM secondary electron images of ZnO

microdisk at an operating voltage of 20 kV. A well-defined hexagonal shape

is clearly visible.

FIG. 2. Raman spectrum of the ZnO microdisk confirming a high quality

wurtzite structure. The Raman peak at 437 cm�1 is associated with the hex-

agonal wurtzite ZnO optical phonon E2
high mode. The strong peak at

520 cm1 is associated with the silicon substrate. Inset is the Raman spectrum

of a bare silicon substrate.

FIG. 3. (a) Monochromatic CL image of the ZnO microdisk at 530 nm at

15 kV. (b) Representative CL spectra recorded from the side region and the

centre region of the ZnO microdisk. The local excitation spots are indicated

by red and blue circles in (a). Inset of Figure 3(a) is the lateral spread of the

interaction volume of the electron beam at 15 kV. There is a significant dif-

ference of green emission between the side and the centre regions.
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The spectra were fitted to a sum of multi-peaks using

the Lorentzian deconvolution method centred at each reso-

nant wavelength as shown in Figures 4(a) and 4(b) (fitted red

curve). Five and eight Lorentzian distributions reproduced

the CL spectra reasonably well. The dashed lines in Figures

4(a) and 4(b) represent predicted 5 and 8 discrete optical

mode numbers of WGMs located at each resonant peak for

small and large microdisks.

For optical resonators, it is important to analyse the

observed resonance to understand the nature of the light con-

finement. Below, we analyse the mode spacing and the mode

resonances to show that the ZnO microdisks support the

propagation of WGMs. We first analyse the mode spacing

using a classical plane wave model. For possible resonant

modes, the mode spacing dks is defined as

Dks ¼
k2

L n� k
dn

dk

� � ; (1)

where k is the resonant wavelength, L is the cavity path

length, n is the refractive index of ZnO, and the dn/dk is the

Sellmeier’s first-order dispersion relation. The wavelength-

dependent refractive indices of the ZnO microdisk described

by the Sellmeier’s dispersion function were used to investigate

which polarisation mode was formed in the microdisks for

transverse electric (TE) and magnetic (TM) modes (see sup-

plementary material for a refractive index simulation29). For

all of the calculations, two different sizes of the ZnO micro-

disks were chosen (5 lm and 9 lm) to establish which modes

were formed to the microdisks. For WGMs, the calculated

spacing is 9.6 nm and 5.3 nm for small and large microdisks,

respectively, which is in an excellent agreement with the

experimentally observed mode spacing shown in Figure 4. If

the modes were Fabry-P�erot modes, the calculated mode spac-

ing at 533 nm would have been 14.4 nm and 8.0 nm, respec-

tively, almost twice as larger than the experimental values.

We now analyse the spectral resonances of the observed

modes. For hexagonal cavities, the constructive interference

condition over multiple circulations is given by

kWGM ¼
3
ffiffiffi
3
p

nR

N þ 6

p
arctanðb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3n2 � 4
p

Þ
; (2)

where N is the interference order, R is the side length of a

hexagonal cavity, and n is the refractive index, b¼ n�1 for

TM or b¼ n for TE polarisation.15,30 Resonant wavelength

of WGMs model with TE mode satisfies the experimentally

observed peak positions with error<1 nm. The dashed lines

in Figures 4(a) and 4(b) represent calculated 5 and 8 discrete

optical mode numbers located at each resonant peak for

small and large microdisks for WGMs for TE polarisation

modes. The constructive interference at the green emission

band is formed with the resonant wavelength of 533 nm

when the integer N is 46 and 85 for small and large micro-

disks, respectively. Thus, the improved green CL intensity

along its propagation path and its enhancement towards the

edge of the hexagonal boundary of the ZnO microdisks is

attributed to the WGMs enhanced emission. The WGMs

observed from our ZnO microdisks were mostly TE polar-

ised since typically TM polarised emission is much weaker

and broader than TE modes.14 The excellent agreement

between the experimental results and the calculations of the

mode spacing and the mode resonances confirms that the

observed modes are WGMs that propagate laterally at the

top surface of the microdisk.

The Q factor of the microdisk is given by Q¼ k =Dk,

where k and Dk are the peak wavelength and its FWHM,

respectively. Therefore, the corresponding Q factors are �60

and 90 for smaller and larger microdisks, respectively. The

relatively low Q factor is mostly due to the poor vertical con-

finement of light and contribution from losses such as defect

absorption. Further improvement of the device is possible by

limiting the vertical growth of the microdisk; therefore, cre-

ating a properly undercut structure.

In summary, ZnO microdisk resonators were grown

vertically and sparsely on silicon dioxide substrates without

catalysts, templates, and carrier gases. The Raman data

show that the material is predominantly hexagonal ZnO.

Monochromatic CL images and spectra of the ZnO micro-

disks showed that green luminescence is dramatically

enhanced at the hexagonal boundary of the ZnO microdisks.

High spectral resolution CL measurements revealed WGMs

presence with moderate quality factors. Theoretical analysis

of the wave propagation inside the resonator confirms that

the observed resonances are WGMs. Further studies to real-

ise ZnO resonators with higher quality factors by isolating

the top layer through undercut will be of a great importance

to improve the ZnO devices. Our results indicate that the

ZnO microdisks may be a prime candidate for the advance

of microdisk green LEDs and other applications in pho-

tonics and quantum information.
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FIG. 4. (a), (b) High resolution CL spectra from the peripheral area of the

ZnO microdisk shows a series of peaks corresponding to WGMs with a

green emission band using Lorentzian deconvolution method. The integers

are the mode numbers for respective resonant mode peaks: (a) 5 lm and (b)

9 lm of the microdisks.
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