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High quality ZnO multilayer hexagonal microplates and microtubes were fabricated via a simple

carbothermal method without any catalysts, carrier gases, or low pressure. The formation of the ZnO

microstructures with different morphologies was discussed in detail, and a possible thermodynamic

viewpointwas proposed. Fabry–P�erot (FP)modes andUV lasingwere directly observed using a spatially

resolved spectroscopic technique. All the resonant modes observed experimentally were identified using

finite-difference-time-domain simulations. Excitation power and temperature dependence of lasing

properties of the ZnO microplate were further studied. Compared with the conventional one-

dimensional nanowire/nanobelt FP cavities, such ZnOmultilayer vertical-FP resonators have much less

optical loss and excellent optical responses and may find potential applications in UV microlasers.
Introduction

Crystalline microstructures of regular shape as optical micro-

cavities have been attracting great interest due to their potential

applications in optical devices.1–3 The microstructure itself

functions as both the gain medium and the optical resonator.

Light propagation can be well confined and modulated in all

three dimensions. This precise control of the light–matter inter-

action is important for both fundamental studies on quantum

electrodynamics and the development of miniature optical

devices. The Fabry–P�erot (FP) microcavities, as one of the most

important types of optical cavities, have been successfully ach-

ieved in many microstructures such as ZnO nanowires/nano-

belts,4,5 GaN nanowires,6 CdS nanowires,7 InP nanowires,8 and

organic nanowires.9 The ends of the one dimensional (1D)

nanowire function as two reflecting mirrors. Despite tremendous

progress that has been made in the last decade, there are two

major drawbacks that cannot be avoided.10 In most of the

previous studies, nanowires or nanobelts need to be removed

from their native growth substrate and transferred onto a clean

silicon or quartz slide by means of ultrasonic or mechanical

techniques, resulting in a non-negligible damage of the cavities
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and hence an increase in optical losses. On the other hand, in

general, the nanowires and nanobelts are in direct contact with

the substrates along their entire length, resulting in high optical

losses as well. Therefore, an interesting and challenging issue is to

develop new and efficient FP microcavities.

Zinc oxide (ZnO), an exceptionally important semiconductor

with a direct wide band gap (3.37 eV) and large exciton binding

energy (60 meV) at room temperature, is one of the most

attractive materials for photonic applications in the visible and

near UV range. A diversity of photonic devices based on ZnO

micro/nanostructures, such as light emitting diodes, lasers,

tunable filters, and optical sensors, have been achieved. Struc-

turally, ZnO has three fast growth directions of [0001],[10�10],and

[2�1�10], which benefits greatly the realization of many types of

novel micro/nanostructures. Moreover, its unique structural

properties also make the crystal growth behaviour of ZnO

greatly sensitive to the growth conditions. This is why ZnO

micro/nanostructures with different morphologies can be easily

formed in the final products under the same preparation

process.11–13 However, the mechanistic reasons why a large

amount of ZnO crystals with different morphologies can be

formed under the same reaction conditions is rarely investigated.

In addition, although numerous ZnO micro/nanostructures with

different morphologies have been fabricated by a variety of

chemical or physical methods, the micro/nanostructures used as

FP microcavities have been realized only in 1D horizontal

nanowires and nanobelts.14,15

In this work, we present the preparation of single crystalline

ZnO multilayer hexagonal microplates (MHMs) and microtubes

via a facile carbothermal reduction approach and show for the

first time that such MHMs can be employed as vertical-FP

microcavities. A thermodynamic effect is proposed to explain the
J. Mater. Chem., 2012, 22, 3069–3074 | 3069
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growth features of the microstructures with different morphol-

ogies. Fabry–P�erot modes (FPMs) were directly observed in the

UV and visible spectral range at room temperature by using

a spatially resolved spectroscopic technique. Finite-difference-

time-domain (FDTD) simulations were performed to confirm

that the resonant modes observed in the experiment are indeed

FPMs. Furthermore, strong UV lasing was obtained from the

ZnO MHMs, and the lasing behavior was investigated in detail

by the temperature and excitation power dependence of a pho-

toluminescence (PL) experiment. Compared with the conven-

tional 1D nanowire/nanobelt FP cavities, these MHM vertical-

FP microcavities have much less optical loss and provide efficient

optical modulation, which are useful in the development of novel

optical devices.
Experimental

Preparation

Single crystalline ZnO microstructures were prepared by an

improved carbothermal reduction method. As distinct from the

conventional chemical vapor deposition method, the present

technique needs no catalysts, carrier gases, or vacuum condi-

tions. The experimental setup is depicted in Fig. 1(a). Powders of

ZnO and graphite were well mixed with a weight ratio of 1 : 1 and

loaded into a small quartz boat as source material. A clean Si

(111) substrate (2� 1 cm) was placed on top of the quartz boat to

collect the products. First, a quartz tube was inserted into

a horizontal tube furnace and heated to 1050 �C. Then, the boat
filled with the source material was pushed to the center of the

quartz tube. After heating for about 5 min, the quartz boat was

dragged out from the furnace quickly. A large amount of white

products were formed on the surface of the Si substrate. Inter-

estingly, three types of ZnO microstructures with different

morphologies could be distinguished in three different regions

from zone A to zone C of the Si substrate.
Fig. 1 (a) Schematic depiction of the experimental setup. The magnified

sketch of the quartz boat shows the deposited position in the three zones

A–C on the Si substrate. (b) XRD pattern of the obtained samples with

different morphologies that were deposited on the whole Si substrate.

3070 | J. Mater. Chem., 2012, 22, 3069–3074
Characterization

The structure and morphology of the obtained products were

characterized by scanning electron microscopy (SEM, Hitachi S-

4800), transmission electron microscopy (TEM, JEOL JEM-

2100F), and X-ray diffraction (XRD) (Bruker D8 ADVANCE).

Optical studies of individual ZnO microplate were carried out

using a confocal micro-photoluminescence system (JY LabRAM

HR UV). A He-Cd laser at 325 nm and pulsed Nd:YAG laser at

355 nm were used as the excitation source. The excitation laser

was focused by a microscope objective (40�) onto the microplate

with a spot diameter of �2 mm.
Results and discussion

Fig. 1(b) shows the XRD spectrum of the obtained products. All

diffraction peaks can be assigned to the hexagonal wurtzite-type

ZnO (JCPDS No. 65-3411). The predominant ZnO peak from

(002) planes indicates that the microstructures were grown with

c-axis orientation. No impurity peaks can be detected, which

indicates that the samples are pure ZnO with the wurtzite

structure.

The morphologies of the ZnO microstructures obtained at

different regions from zone A to zone C on Si substrates were

examined using SEM. Fig. 2(a) shows the SEM image of the ZnO

microplates deposited in zone A with a spacing of about 0.5 mm.

It can be seen that hexagonal-shaped microplates with length of

side 3–5 mm were directly grown on the Si substrate. This kind of

microplates was found in widespread existence in the A zone, far

away from the source material. Fig. 2(b) shows the side view of

a single ZnO microplate, revealing that the microplate has

a distinctly layered structure with a flat and smooth top surface.

Products collected from the intermediate zone of B (about 0.2

mm span) showmicrorod structures, and the typical morphology

is shown in the SEM images in Fig. 2(c) and (d). The microrods

have lengths in the range of 10–20 mm and an average diameter of

about 5 mm. The detailed geometrical morphology is shown in

Fig. 2(d), in which the microrod has a clean surface and

a hexagonal cross section. On the side wall of the microrods,

a few apparent growth stripes could be observed, which indicates

that the microrods have a layered structure as well. Fig. 2(e) and

(f) show the SEM images of microtubes with a high yield in zone

C (spanning about 0.6 mm). Zone C is the nearest region to the

source material. The lengths of the microtubes are 40–60 mm and

the diameters are 2–4 mm. The high magnification SEM image of

a single ZnO microtube is shown in Fig. 2(f). It can be clearly

seen that the tube has a hexagonal cross section with regular and

smooth outside surfaces. Based on the above SEM analyses, we

can see that the observed morphologies of the microstructures

depend on their distance with respect to the position of the source

material.

All these three types of ZnO microstructures, microrods and

microtubes have been studied as whispering gallery mode

(WGM) microcavities in recent years.16,17 As a new hierarchical

microstructure, the ZnO MHM exhibits a regular hexagonal

shape and smooth edges, which may be used as a good candidate

for an optical microcavity. Therefore, we focus on the investi-

gation of the ZnO MHMs. To get further information about the

microstructure of the ZnO MHMs, TEM analysis was
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 SEM images of the synthesized ZnO microstructures collected from different zones. (a, b) MHMs in zone A; (c, d) microrods in zone B; (e, f)

microtubes in zone C.

Fig. 3 (a) TEM image and the corresponding SAED pattern (inset) of

an individual ZnO multilayer microplate. (b) HRTEM image corre-

sponding to the rectangular region in (a).

Fig. 4 (a–d) Schematic diagrams of the growth processes of the ledge-

flow and the two dimensional nucleation on the terrace modes. (e,f) SEM

images of two typical samples grown by the above two growth modes,

respectively.
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performed. Fig. 3(a) shows the TEM image of one single ZnO

MHM. The corresponding selected area electron diffraction

(SAED) pattern (left inset in Fig. 3(a)) reveals a single diffraction

pattern of the wurtzite ZnO phase. A high resolution TEM image

taken from the rectangular region marked in Fig. 3(a) clearly

displays surface steps and free of impurity.

The morphologies of the ZnO products depend strongly on the

distance between the growth positions of the products and the

source material. In other words, the concentration of the reactant

is a crucial factor for the shape of the ZnO microstructures. In

our system, graphite acts as a reducing agent, facilitating ZnO

powder being reduced to Zn vapor at high temperature. The Zn

atoms will then be oxidized in air, forming ZnOx (x # 1) nano-

crystals. For the reason why different microstructures can be

formed in the same reaction process, the thermodynamic view-

point should be taken into account. Note that ZnO/Zn is

immiscible with Si, implying that the microstructures synthesized

on the Si substrates will be affected by the interface energy. To

minimize the interface energy, the growth preference of the ZnO

nuclei will be altered with the change of the reactant concen-

tration. If the concentration of Zn vapor is very high, excessive

relative to oxygen, microtubes will be formed through an

oxidation–sublimation process (zone C). The detailed formation

mechanism has been discussed in our previous work.16 The

growth of ZnO microrods with obvious stripes and multilayer

microplates suggests the layer-by-layer mode under a relatively

low concentration of ZnO atoms (zone A and zone B). The ledge-

flow and the two dimensional nucleation on the terrace are the

two different modes in the layer-by-layer crystal growth.18 Fig. 4

(a)–(d) show the schematic illustration of these two growth
This journal is ª The Royal Society of Chemistry 2012
modes. The dominant factor that distinguishes the two growth

modes is the relative concentration of ZnO on the growth posi-

tion. In nature, the growth process is a competition between the

horizontal surface diffusion and vertical growth of ZnO atoms to

minimize the interface energy. Since the concentration of ZnO on

the Si substrates was not uniform, ZnO crystals with a layered

structure should be the result of the competition and equilibrium

of these two growth modes. The typical SEM images of the

samples obtained in different reaction regions are shown in Fig. 4

(e) and (f), which present a direct evidence of the two crystalline

growth modes above.

Optical study of the ZnO MHMs is carried out under

a confocal microphotoluminescence spectrometer, as schemati-

cally illustrated in Fig. 5(a). A 325 nm He-Cd laser was focused

to a spot size �2 mm through a microscope objective (40�) on

a single MHM. A variable optical attenuator for the high power

laser beam was used to adjust the excitation intensity. The PL
J. Mater. Chem., 2012, 22, 3069–3074 | 3071
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Fig. 5 (a) Schematic setup for the microphotoluminescence experiments

of the microplates. (b–c) SEM images of the selected ZnO microplate

used for the spectroscopic measurements, top-view and side-view (20�

tilt), respectively. The focused laser spot is marked by a red cross. (d) PL

spectrum from the individual ZnOmicroplate (Fig. 5(b)) shows a series of

resonant cavity modes. The left inset of Fig. 5(d) is the side-view of

a schematic microplate ZnO vertical-FP microcavity. The right insets

show the diagrams of the four optical cavities: (I) WGM, (II) horizontal-

FPM, (III) quasi-WGM, and (IV) vertical-FPM.
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signal was collected by the same objective and recorded by

a silicon CCD detector. In our experiments, a single ZnO MHM

with regular hexagonal shape was selected for the investigation of

the optical behavior. The top-view and side-view SEM images of

this MHM are shown in Fig. 5(b) and (c), respectively. By

focusing the laser spot at the center of the top facet of the selected

microplate marked by a red cross as shown in Fig. 5(b), we

observed a broad PL signal in the range of 360–700 nm, with

clear modulations as shown in Fig. 5(d). These modulations

correspond to the resonance of the optical modes. From the

point of view of geometrical optics, four kinds of resonant cavity

modes, WGMs (I), horizontal-FPMs (II), quasi-whispering

gallery modes (quasi-WGMs), and vertical-FPMs, could be

formed in such MHMs as shown in the right inset of Fig. 5(d). A

light wave can travel around the cavity in a hexagonal closed

path and in a triangular closed path due to the multiple total

internal reflections at the interface between microplate and air,

hence forming WGM and quasi-WGM, respectively. In the case

of horizontal-FPM, light can travel back and forth between the

two opposite edges of the microplates. In addition, vertical-

FPMs can also be formed between the top and bottom parallel
3072 | J. Mater. Chem., 2012, 22, 3069–3074
facets of the MHMs. In any of these resonant modes, the mode

spacing Dl is given by10

Dl¼ l2

L

�
n� l

dn

dl

� (1)

where L is the path length of a round trip, n is the refractive index

of the ZnO medium, and dn/dl is the dispersion relation. The

mode spacing between two adjacent cavity modes (l1 ¼ 523.3

nm, l2 ¼ 529.6 nm) is 6.3 nm according to the measured PL

spectrum (Fig. 5(a)). Using the dispersion of ZnO,15 the corre-

sponding refractive index is n¼ 2.04, and ldn/dl is about�0.593

at the wavelength of �523.3 nm. The path length of a round trip

is calculated to be about 16.56 mm. The side length R of the

MHM used for the PL measurement is about 5.26 mm as deter-

mined by the SEM image. If the resonant modes were WGMs,

the deduced L ¼ 3
ffiffiffi
3

p
R is about 27.33 mm. If the resonant modes

originated from the horizontal-FP cavity, the deduced

L ¼ 2
ffiffiffi
3

p
R is about 18.22 mm. If the resonant modes were quasi-

WGMs, it can be deduced that the path length L ¼ 4.5R is about

23.67 mm. Obviously, the above calculated path lengths are all

much larger than the observed value in our experiment, which

indicates that the resonant modes are not from the WGM,

horizontal-FPM or quasi-WGM cavity. For the vertical-FPMs,

L is two times as long as the height of the MHM. From Fig. 5(c),

we can determine the L0 is about 2.82 mm, and the tilted angle of

the microplate is 20�. The height of the selected MHM can be

calculated as�8.25 mm, which is consistent with the height of the

MHM (8.28 mm) obtained in the above theoretical analysis

basing on the measured resonant modes. Thus, one can attribute

the measured resonant modes to the effect of the vertical-FPM

type cavity. Such MHM vertical-FP cavities need not to be

removed from their growth substrate, which preserved their

structure and geometric configuration. This not only avoids the

adverse effects faced by the conventional 1D horizontal FP

microcavities but also is conducive to obtain the accurately

unperturbed nature of ZnO optical interferences. This will have

potential applications in the development of novel optical

devices.

To identify the nature of the resonant modes observed

experimentally, we employed the FDTD method19 to study the

optical modes in such ZnO MHM cavities. From the point of

view of FP resonant mechanism, our MHM microcavity is

equivalent to the hexagonal microrod microcavity, with the top

and bottom parallel facets acting as reflecting mirrors. Limited

by the computation resources, in our FDTD simulations, we

studied a single ZnO hexagonal microcavity (Fig. 6(d)) with

radius 2.5 mm smaller than that of the real sample. The height of

the ZnO microcavity was fixed as 8.28 mm, consistent with the

experimental data. In our simulations, we shined a plane wave

normally on the top surface of the microcavity, and calculated

the scattering spectra. To ensure a fast convergence in the

calculations, we added a tiny loss to the permittivity of ZnO. As

the resonant modes formed within the UV frequency region are

too dense to resolve, we focused on those appearing in the visible

frequency region. From the calculated backward reflection

spectrum depicted in Fig. 6(b), we found a series of resonance

peaks whose positions match perfectly with the experimental
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 (a) Measured photoluminescence spectrum from an individual

ZnO microplate microcavity in the visible frequency region. Backward

reflection spectra for a single ZnO hexagonal microcavity (b) and a slab

model (c) calculated by FDTD simulations under a normal illumination

of plane wave. (d) Schematic diagram of the simulated ZnO hexagonal

microcavity. Simulated electric field intensity distribution of the simu-

lated hexagonal microcavity at l ¼ 626 nm along different symmetric

planes (e), (f) and (g).

Fig. 7 Modulated PL spectra collected at the center of the top facet of

three ZnO MHMs with different heights.

Fig. 8 The emission spectra of one single ZnO microplate: (a) excitation

power-dependent PL spectra measured at 10 K, (b) temperature-depen-

dent PL spectra in the range of 10–190 K under a fixed excitation power

of �3.2 mW.
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results (Fig. 6(a)). Such an excellent agreement is the direct proof

that the experimentally observed optical modes are indeed the

vertical-FPMs. Although the simulated structure has a smaller

lateral size than the experimental sample, such a difference will

not affect the final conclusions since the vertical-FPMs do not

depend on the lateral size of the microcavity. To gain a better

understanding on the simulation results, we performed another

simulation with the microcavity replaced by a flat dielectric slab

with refractive index and height being the same as those of the

ZnO microcavity. The calculated results are depicted in Fig. 6(c).

The slab model yields a series of resonant modes, which also

match well with the experimental results. Such agreement further

confirms that the observed resonance modes in the complicated

structure must be the FP modes since the slab model cannot

support any other types of optical mode. As an illustration, we

depicted in Fig. 6(e)–(g) the electric field distributions inside the

measured microcavity, calculated at the wavelength 626 nm

(corresponding to one resonant peak). Fig. 6(e) shows that the

optical energy is mainly confined in the centre of the microplate

as FP resonators. The mode profiles along the ZnO hexagonal

microcavity (Fig. 6(f) and (g)) clearly show a standing wave

formed between the top and bottom facets of the multilayer

microplate, being the features of a typical FP-type resonance.

The PL spectra of ZnO MHMs with different heights (h ¼
3.38, 7.97, 9.86 mm) were measured to investigate the relationship

between the vertical-FP-type resonance modes and the sizes of

the MHM microcavities. As shown in Fig. 7, the PL signals in

UV and visible spectra range are clearly modulated by varying

the size of the cavity. Theoretical calculation indicates that the

reflectance of visible light at the ZnO/air boundary never excee-

ded 13%.20 It is inspiring that a series of FP resonant modes can

be clearly identified in such a vertical microcavity with a shot

effective length. The number of FP resonance modes increases

distinctly with increasing height of the cavity. From eqn (1), we

can see that the mode spacing is inversely proportional to the

effective length of the cavity. As shown by the measured results,

the mode spacing expands with decreasing height of the cavity,

which is consistent with the description of the mode spacing
This journal is ª The Royal Society of Chemistry 2012
equation. In addition, the width of the mode peak significantly

decreases as the MHM height enlarges, indicating that the

increase of the cavity height can improve the mode quality.

As shown in Fig. 5, the PL from the ZnO MHM consists of

two emission bands, a UV emission and a broad visible emission.

The origin of the visible emission is mainly attributed to impu-

rities and/or point defects.21 The UV emission at about 385 nm is

the band-edge emission resulting from exciton transition and

their photo replicas.22 It is this UV emission band that allows us

to systematically investigate the lasing action in such MHM

vertical-FP microcavity. Fig. 8(a) shows the excitation power-

dependent PL spectra of the above-mentioned ZnO MHM

measured at 10 K. The maximum of the UV emission band,

compared with those taken at room temperature, has an obvious

blue shift and is located at �375 nm. When the excitation power

was increased to a threshold of�0.4 mW, some discrete laser lines

were generated abruptly on the spontaneous emission band. By

further increasing the excitation level, the intensity of the laser

lines exponentially increased and new peaks appeared on the

lower-energy side. This clearly indicates that lasing occurs in

the ZnOMHM. To further investigate the UV lasing property of

the ZnO MHM, the temperature-dependent PL spectra

measured between 10 and 190 K with a fixed excitation power of

�3.2 mW are shown in Fig. 8(b). With the increase of the

temperature, the intensities of all emissions are decreased, and

the peak position shows a significant red-shift. The decrease in

intensity is due to the result of the thermalization.23 The average

kinetic energy and momentum of excitons become large with

increasing temperature. Those excitons with certain kinetic
J. Mater. Chem., 2012, 22, 3069–3074 | 3073
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energies would be easily trapped by surface states or defect

centers, and then enter the nonradiative recombination channels.

Thus, the number of the excitons close to the center of the

Brillouin zone decreases, resulting in the reduction of the effi-

ciency of the radiation recombination. That is why the numbers

of lasing peaks decreases very quickly with increasing tempera-

ture and cannot be generated at temperatures higher than 190 K.

The red-shift with increasing temperature can be attributed to the

temperature induced lattice dilatation and electron-lattice inter-

action.24 Our results provide directly a physical picture of the

temperature- and excitation power-dependent FPM lasing,

which is important for further understanding the FPM lasing

action, aiming at the development of novel UV microlasers.
Conclusion

In summary, single crystalline ZnOMHMs and microtubes were

prepared through a facile carbothermal reduction method, and

the MHM was first studied as an efficient vertical-FP micro-

cavity. The growth mechanism and shape diversity were analyzed

and explained by a proposed thermodynamic model. By using

a spatially resolved spectroscopic technique, FPMs and UV

lasing were directly observed from the ZnOMHMs, which agrees

well with the results from FDTD simulations. Furthermore, the

lasing behavior was investigated in detail by the temperature and

excitation power dependence of PL experiments. The experi-

mental and theoretical analysis demonstrated that such a MHM

vertical-FP microcavity can be a good candidate for the devel-

opment of novel optical and lasing devices.
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