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Abstract ZnO was grown on sapphire substrate by

metal–organic chemical vapor deposition using the dieth-

ylzinc (DEZn) and oxygen (O2) as source chemicals at

500 �C. Influences of the chamber pressure and O2/DEZn

ratio on the ZnO structural properties were discussed. It

was found that the chamber pressure has significant effects

on the morphology of ZnO and could result in various

structures of ZnO including pyramid-like, worm-like, and

columnar grain. When the chamber pressure was kept at

10 Torr, the lowest full width at half-maximum of ZnO

(002) of 175 arc second can be obtained. On the other hand,

by lowering the DEZn flow rate, the crystal quality of ZnO

can be improved. Under high DEZn flow rate, the ZnO

nanowall-network structures were found to grow vertically

on the sapphire substrate without using any metal catalysts.

It suggests that higher DEZn flow rate promotes three-

dimensional growth mode resulting in increased surface

roughness. Therefore, some tip on the ZnO surface could

act as nucleation site. In this work, the growth process of

our ZnO nanowall networks is said to follow the self-cat-

alyzed growth mechanism under high-DEZn flow rate.

Keywords ZnO � Chamber pressure � O2/DEZn ratio �
Nanowall networks � Self-catalyzed

Introduction

ZnO is an attractive direct wide band gap (Eg *3.36 eV at

300 K) semiconductor material for applications in the short

wavelength light-emitting devices in the blue to ultraviolet

(UV) region [1]. The interest in ZnO is fueled and fanned

by its excellent properties such as good piezoelectric

characteristics, chemical stability, and biocompatibility;

and its potential applications in optoelectronics switches,

near-UV lasers, and complex three-dimensional (3D)

nanoscale systems [2, 3]. On the other hand, ZnO is also

useful for many types of device such as surface acoustic

wave devices, hydrogen-storage devices, transparent elec-

trodes, transparent thin-film transistors, solar cells, and

sensors [4–7]. Different methods have been used to syn-

thesize various kinds of ZnO structures, for example,

molecular beam epitaxy [8], metal–organic chemical vapor

deposition (MOCVD) [9–11], thermal evaporation [12],

and solution-phase process [13]. Among these techniques,

MOCVD has been used for high quality epitaxial growth of

various semiconductors and oxides, which is the ideal

production technology for growth of epitaxial ZnO thin

films. However, unlike the relatively mature MOCVD

technique for III–V compound semiconductor growth,

research into MOCVD growth of ZnO is still in its early

stages. Since MOCVD is believed to be one of the com-

plicated methods for the epitaxial growth of ZnO thin

films, it will be necessary to investigate the effects of

growth parameters, e.g., growth temperature, chamber

pressure, and flow ratio of group VI source gas to group II

source gas (VI/II). Effects of growth temperature have been

discussed in our previous work [14]. This research is car-

ried out to understand the structure and characteristics of

ZnO grown on sapphire substrates under different chamber

pressures and VI/II ratios. It was found that the ZnO
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nanowall-network structures were found to grow vertically

on the sapphire substrate without using any metal catalysts

under high-DEZn flow rate. According to the energy

spectrum analysis, the growth of ZnO nanowll networks is

said to follow the self-catalyzed growth mechanism.

Experimental Details

The growth of ZnO was carried out by the MOCVD system

reconstructed from the Emcore D-180 system. ZnO struc-

ture was deposited directly on the c-plane sapphire

substrate. Diethylzinc (DEZn) and high-purity oxygen (O2)

gas were used as the zinc precursor and the oxidizer. DEZn

vessel was immersed in the bubbler at 17 �C while the

pressure of the DEZn source was kept at 350 Torr. The

growth parameters include the chamber pressure and the

ratio of oxygen and zinc. Ar gas was used as a carrier gas

and the total gas flow including DEZn, O2, and Ar in the

chamber was fixed at 3000 sccm. The base parameters:

growth temperature was 500 �C, oxygen flow rate was

600 sccm, Ar gas flow rate through the DEZn vessel was

20 sccm, rotation of disk was 1000 rpm, and growth time

was 60 min. First of all, we changed the chamber pressure

from 10 to 60 Torr. Then, the ratio of oxygen and zinc was

adjusted from 200 to 500. At last, the flow of Ar gas

through the DEZn vessel was changed from 10 to 40 sccm

with the oxygen gas fixed at 600 sccm. The thickness of

ZnO structure was measured using a Tencor-KLA (P-10)

profilometer. X-ray diffraction (XRD; X’Pert Pro MRD) in

the h–2h and rocking curve mode was carried out to

identify the crystal quality and orientation of ZnO struc-

ture. The Cu Ka line (k = 1.541874 Å) was used as the

source and Ge (220) was used as the monochromator. The

cross-sectional morphologies of ZnO structure were

observed by scanning electron microscopy (SEM; Hitachi

S-300H). The energy spectra were observed by field

emission scanning electron microscopy/energy-dispersive

X-ray spectroscopy (FE-SEM/EDS; JEOL JSM-6700F/

OXFORD INCA ENERGY 400). The surface roughness of

ZnO was analyzed using atomic force microscopy (AFM;

Agilent 5400 AFM/SPM) and the measurements were

accomplished with a Si cantilever for contact AFM, and the

scan speed and scan area were 0.5 lm/s and 5 9 5 lm2,

respectively. The photoluminescence (PL) was measured at

room temperature by 325 nm line of a He–Cd laser

(8 mW) as the excitation source.

Results and Discussion

The growth rate of ZnO on sapphire substrate using DEZn

and O2 sources under different chamber pressures is shown

in Fig. 1. The growth rate decreased with increasing

chamber pressure because the thickness of the boundary

layer increased with increasing chamber pressure. The

thicker the boundary layer, the harder the atoms diffuse

onto the growing surface. By reducing the chamber pres-

sure, the gas flows on the sample surface became more

stable. The diffusivities of these gases increased with

decreasing chamber pressure and therefore the growth rate

increased. Figure 2a–f shows the SEM images of ZnO

grown at different chamber pressures from 10 to 60 Torr.

In Fig. 2a and b, the morphologies of ZnO are columnar

grain and worm-like structure. With increasing chamber

pressure, the ZnO structures become pyramid-like grain

and the grain size decreases as shown in Fig. 2c–e. As

shown in Fig. 2f, ZnO do not uniformly grow on the sap-

phire substrate because the gas molecules may pre-react in

the air before absorbing onto the substrate. The gas phase

reaction causes the generation of particles and results in a

high surface roughness of the sample. The gas flow should

be kept in the laminar flow regime to achieve stable flow in

the chamber. For this reason, the chamber pressure used in

this work was reduced in order to achieve stable flow and

reduce the pre-reaction.

Double crystal XRD analysis was used for further

investigation. As shown in Fig. 3, the XRD of ZnO grown

at various chamber pressures ranging from 10 to 60 Torr is

studied. At 60 Torr, the peak of XRD intensity is not

found. At 50 Torr, the intensity of (002) and (101) dif-

fraction peaks appear. At 40 Torr, the ZnO peak intensity

of (002) and (101) were nearly the same. With decreasing

chamber pressure from 40 to 10 Torr, the (101) peak of

ZnO intensity feebly emerged while the (002) diffraction

peak of ZnO intensity increased gradually. Inset Fig. 3

shows the rocking curve profile at the (002) spectrum of

ZnO grown at various chamber pressures. At 10 Torr, the
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intensity of ZnO (002) diffraction was strong with the full

width at half-maximum (FWHM) value of 175 arc second.

The small FWHM can be obtained with the ZnO grown at

lower chamber pressure. The reduced crystal quality at the

chamber pressure above 10 Torr suggests that the boundary

layer starts to become thick, leading to less adsorption of

reactants onto the surface, thus reducing the growth rate

and crystal quality. As shown in Fig. 2f, higher pressures

may lead to turbulent flow on the surface and therefore

induces a non-uniform growth.

As shown in Fig. 4, PL measurements were performed

at room temperature in order to investigate the optical

properties of ZnO. All of the ZnO samples exhibited UV

emissions while a peak energy position of near 3.2 eV was

dominantly observed. The FWHM values of the UV peak

varied from 151 to 123 meV with decreasing chamber

pressure from 60 to 10 Torr. In addition, a very strong blue

peak can be observed in the spectrum of ZnO grown at

higher chamber pressure. The UV peak is said to result

from the near band emission (NBE) while the blue peak

results from the deep-level emission (DLE). The formation

of DLE is ascribed to native defects such as zinc intersti-

tial, oxygen vacancy, and zinc vacancy [15–17]. This

suggests that, with increasing pressure, the concentration of

zinc interstitials increases because the higher reactor

pressure suppresses desorption of Zn from the surface,

leading to Zn-rich conditions on the surface [18]. There-

fore, this indicates that better optical properties can be

Fig. 2 SEM images of ZnO

grown on sapphire substrate at

different chamber pressures:

a 10, b 20, c 30, d 40, e 50, and

f 60 Torr
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obtained by lowering the chamber pressure. According to

the SEM, XRD, and PL results, we chose to grow ZnO at a

relatively low chamber pressure of 10 Torr.

Effects of VI/II (O2/DEZn) ratio on the surface mor-

phology and crystal quality of ZnO on the sapphire

substrates have been investigated. The VI/II ratio was

varied by changing the DEZn flow rates from 10 to

40 sccm, while the O2 flow rate was fixed at 600 sccm. The

SEM images of ZnO grown at different DEZn flow rates
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Fig. 5 SEM images of ZnO

grown on sapphire substrate at

different DEZn flow rates: a 10,

b 20, c 30, and d 40 sccm
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are shown in Fig. 5a–d. In Fig. 5a and b, the morphologies

of ZnO are columnar grain while the average grain size

increases with increasing DEZn flow rate. In Fig. 5c and d,

ZnO structures become nanowall-network structures with

increasing DEZn flow rate above 30 sccm. The same

tendency was found in the size of nanowall-network

structures. The size of the nanowall-network structures

increases with increasing DEZn flow rates from 30 to

40 sccm. The influences of DEZn flow rate on the crystal

quality, growth rate, and surface roughness of ZnO were

investigated and shown in Fig. 6. In Fig. 6a, the FWHM of

(002) ZnO rocking curves are 126, 149, and 175 arc second

while the DEZn flow rates are 10, 15 and 20 sccm,

respectively. However, FWHM values became small when

the DEZn flow rate increased from 20 to 40 sccm due to

the transformation of ZnO structure from columnar grain-

like structure to nanowall networks with increasing DEZn

flow rate. The improved crystal quality is caused by the

better c-axis-oriented growth of nanowall-network struc-

ture. It was found that the DEZn/O2 ratio could have a

significant effect on the morphology and structure of ZnO

while it only had small effect on the crystal quality of ZnO.

In Fig. 6b and c, with increasing DEZn flow rate from 10 to

40 sccm, the growth rate increases from 9.1 to 22.3 nm/

min while the surface smoothness deteriorates from 12.4 to

54.6 nm. This indicates that ZnO tends to grow in a 3D

mode under high-DEZn flow rate resulting in increase

surface roughness and the formation of the nanowall-net-

work structures [19]. According to these results, 1D growth

and columnar structures form under higher VI/II ratio

while 3D growth becomes dominant factor under lower

VI/II ratio.

Room temperature PL spectra of ZnO structures were

measured in order to compare the optical properties of ZnO

grown at different DEZn flow rates. As shown in Fig. 7, the

PL intensity of NBE increased remarkably with decreasing

DEZn flow rate. Meanwhile, the FWHM values are 94,

112, 123, 110, and 115 meV while the DEZn flow rates are

10, 15, 20, 30 and 40 sccm, respectively. This result cor-

responds to the XRD phenomena as show in Fig. 6a and it

suggests that the better optical quality can be obtained on
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the present condition by reducing the DEZn flow rate to

10 sccm. In addition, the peak position shifts to short

wavelength (high energy) with decreasing DEZn flow rate.

It was reported that the shift of band gap energy relates to

the change of strain [20, 21]. The band gap energy

decreased from 3.23 to 3.20 eV with increasing DEZn flow

rate from 10 to 20 sccm, indicating the relaxation of strain.

It may play a key role in the formation of ZnO nanowall

networks because this relaxation process can give rise to

lateral growth of (100) and (101) orientation resulting in

the formation of wall structure.

In the past years, vapor–liquid–solid (VLS) has been

used to explain the growth mechanisms of ZnO nano-

structures [22–27]. In 2003, Ng et al. have demonstrated

that the formation of nanowall networks was based on a

VLS growth mode by using Au as catalyst and the growth

temperature was very high (*925 �C) [22]. Moreover,

related research of ZnO nanowall networks via metal cat-

alysts have been reported by many other research groups

since then [23, 24]. The VLS growth mechanism has been

widely used to explain the formation of ZnO nanowall-

network structure. Au, Cu, Ni, and Sn were used as the

typical metal catalysts in these researches. However, in this

work, the ZnO nanowall networks can be obtained at a

relatively low temperature around 500 �C without using

any metal catalysts. It is expected to increase the versatility

and power of these building blocks for nanoscale photonic

and electronic device applications. To better understand the

growth mechanism, ZnO nanowall networks on the sap-

phire substrate were prepared at different time intervals of

25, 30, and 35 min for further investigation. Figure 8

shows a series of SEM images for clarifying the growth

mechanism of ZnO nanowall network. As shown in

Fig. 8a, continuous grains are observed at the initial stage.

With increasing growth time, the surface starts to become
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rough and the rough grains (white grain) start to connect

with each other by bridges (Fig. 8b). Finally, vertical

ZnO nanowall networks are formed directly on sapphire

substrate (Fig. 8c). Figure 8d shows the schematic illus-

tration of the ZnO nanowall networks growth mechanism.

Owing to the lattice mismatch between ZnO and sapphire

substrate, ZnO do not obey a two-dimensional layer-by-

layer growth mode. Under high-DEZn flow rate, the 3D

growth mode causes increasing surface roughness. The tip

on the ZnO surface could work as an activation site for

the formation of the ZnO nanowall networks because of

the different surface energy. The ZnO structure tends to

form at the tips of the ZnO surface to reduce the local

surface energy [28, 29]. To investigate the growth

behavior of the ZnO nanowall networks, energy spectrum

analyses were conducted. Figure 9 shows the composition

of ZnO nanowall networks grown at different growth

times of 30 and 60 min measured by the EDS equipped

on the FE-SEM. Inset figure show the ZnO structure

grown at 30 and 60 min with the FE-SEM measured

regions marking by the ‘‘red cross’’. It is clear that, at the

growth time of 30 or 60 min, the nanowall networks is

composed of Zn and O. The EDS analysis did not reveal

any metal catalysts or any other type of additives on ZnO

nanowall-network structure. It suggested that the growth

of ZnO nanowall networks follows the self-catalyzed

growth mechanism which is different from the common

VLS mechanism.

Conclusion

The structure and morphology of ZnO was found to vary

with the chamber pressure and the ratio of zinc and oxygen.

By lowering the chamber pressure to 10 Torr and the

DEZn flow rate to 10 sccm, the crystal and optical prop-

erties of ZnO can be improved. Under high-DEZn flow

rate, the ZnO nanowall-network structures were found to

grow vertically on the sapphire substrates without using

any metal catalysts. This indicates that the ZnO grows in a

3D growth mode under higher DEZn flow rate. The 3D

growth mode causes increasing surface roughness and thus

forming the vertical ZnO nanowall networks. The tip on

the ZnO surface may act as ‘‘nucleation site’’ to form

nanowall-network structures following the self-catalyzed

growth mechanism. The formation mechanism of the ZnO

nanowall networks is different from the previous reports

which use metal as catalysts.
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