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Abstract The microstructure and growth behavior for

vertically aligned Zinc oxide (ZnO) nanowires, synthesized

on a ZnO thin film template by pulsed-laser deposition

(PLD), is reported. The nanowire growth proceeds without

any metal catalyst for nucleation, although an epitaxial

ZnO thin film template is necessary in order to achieve

uniform alignment. Nanowire growth at argon or oxygen

background pressures of 500-mTorr results in nanowire

diameters as small as 50–90 nm, with diameters largely

determined by growth pressure and temperature. Room

temperature photoluminescence show both near-band-edge

and deep-level emission. The deep-level emission is

believed caused by oxygen vancancies formed during

growth.

Introduction

The synthesis of one-dimensional (1D) semiconductor

nanostructures has attracted great interest due to the unique

physical and chemical properties of these materials. Zinc

oxide (ZnO) [1] is a wide-band-gap n-type semiconductor

with direct band gap of 3.37 eV that has been extensively

studied due to its applicability in transparent electronics

[2–4], chemical and gas sensors [5–11], spin functional

devices [12–16], Schottky diodes [17, 18], nanoelectronics

[19], and blue light-emitting diodes [20–23]. The synthesis

of ZnO nanowires [24] has been reported using a variety of

methods, including thermal evaporation [25], molecular

beam epitaxy [26], solution-phase growth [27], hydro-

thermal methods [28, 29], and pulsed-laser deposition

(PLD) [30–32]. Vertically aligned ZnO nanowires are

potentially useful for vertical device fabrication, with

proposed device implementations that include light-emit-

ting-diodes [23, 33], dye-sensitized solar cells [27, 34], and

nanopiezoelectrics [35]. Considerable effort has been made

to fabricate aligned ZnO nanowires on various substrates

using either physical vapor deposition (PVD) [36], chem-

ical vapor deposition (CVD) [37, 38], or metal-organic

chemical vapor deposition (MOCVD) [39, 40]. It remains

challenging to controllably grow well-aligned ZnO nano-

wires. In many cases, the growth of semiconductor

nanowires proceeds via a vapor–liquid–solid (VLS) growth

mechanism that requires a metals catalyst. However, metal

catalysts can also serve as impurities in the nanowires, thus

limiting material properties.

In this article, the growth of vertically aligned ZnO

nanowires by high-pressure-assisted PLD is reported. This

technique for nanowire growth [30–32] requires a ZnO

template for nucleation, but proceeds without the use of

any metal catalyst. The structure and properties of the

nanowires are characterized, revealing high-quality single

crystal ZnO nanowires. The effects of growth temperature

and background pressure on nanowire growth and proper-

ties are discussed. While previous work focused on growth

at pressures greater than 1 Torr resulting in ZnO nanowire

diameters of 120 nm or more, the present experiments
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examine lower deposition pressure, realizing significantly

smaller nanowire diameters. Since PLD is a convenient

means for achieving stoichiometric transfer in growing

multi-element materials [41], these results suggest the

possibility of growing oxide nanowires with complex

crystal structures and/or multi-cation stoichiometry.

Experimental section

Pulsed-laser deposition was used for the ZnO nanowire

growth. The ablation target was fabricated using high-purity

ZnO (99.9995%). The target was pressed and sintered at

1,000 �C for 12 h in air. A KrF excimer laser was used as

the ablation source. A repetition rate of 5 Hz was used, with

target to substrate distance of 2.5 cm and a laser pulse

energy density of 1–3 J/cm2. The growth chamber exhibits

Fig. 1 FE-SEM images of

well-aligned ZnO nanowires

grown on a ZnO thin film

template in (a, b) 500-mTorr

pure oxygen, (c, d) 500-mTorr

pure argon, and (e, f) a

325 mTorr/175-mTorr argon/

oxygen mixture
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Fig. 2 XRD h-2h scan of ZnO nanowires grown at 800 �C in 500-

mTorr Ar
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a base pressure of 10-6 Torr. In order to achieve well-

ordered ZnO nanowires, a thin (75–200 nm) ZnO template

layer was grown on the c-plane sapphire substrate prior to

nanowire nucleation. The ZnO template layer was grown at

450 �C in 30 mTorr of oxygen. The repetition rate of the

laser was 5 Hz. Deposition time was 20 min, resulting in a

c-axis oriented ZnO template layer thickness of approxi-

mately 200 nm. Prior to deposition, the substrates were

ultrasonically cleaned with trichloroethylene, acetone, and

methanol, followed by compressed N2 drying. The sub-

strates were attached to the heater using Ag paint. Prior to

growth, the target was cleaned in situ by pre-ablating with

approximately 2,000 shots. The growth experiments were

performed over a temperature range of 500–800 �C in a

background pressure of 150–500 mTorr. Three different

gas ambient (O2, Ar, and O2/Ar mixture) were used to

investigate the effects of oxidation and gas-phase collisions

in the formation of nanowires. The typical growth time was

2 h. After growth, the samples were cooled under the same

gas ambient as was used during growth. The as-grown

samples were characterized using X-ray diffraction (XRD)

(Philips 3720, Cu-Ka), field emission scanning electron

microscopy (FE-SEM) (JEOL 6335F), and high-resolution

transmission electron microscopy (HRTEM) (JEOL

2010F). The optical properties of the nanowires were

examined using photoluminescence at room temperature. A

He–Cd (325 nm) laser was used as the excitation source.

Results and discussion

In general, nanowire growth was achieved via PLD growth

at relatively high temperature and high background pres-

sure. Figure 1 shows cross-section and plan-view SEM

images of ZnO nanowire arrays grown at 800 �C in 500-

mTorr oxygen, 500-mTorr argon, or a 325-mTorr Ar/175-

mTorr O2 mixture. In the case of pure argon, the only

oxygen supplied during growth was from the ZnO in the

ablation plume. Vertically aligned nanowires were

observed by cross-sectional FE-SEM. HRTEM of indi-

vidual nanowires shows that the growth is highly c-axis

oriented along the normal direction of the substrate. At low

Fig. 3 Low magnification

(a, b) TEM images of ZnO

nanowires grown on a ZnO thin

film at 800 �C in 500-mTorr Ar.

Also shown is (c) a selected-

area electron diffraction pattern

taken from a single ZnO

nanowire, showing the single

crystal wurtzite structure, as

well as (d) an HRTEM image of

a single ZnO nanowire showing

lattice fringes
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magnification, a relatively uniform distribution of diameter

is observed for the nanowires. The diameters are around

50–90 nm. Moreover, the nanowires grow as a high-den-

sity array and are distributed over the entire substrate. For

the samples in Fig. 1, the length of the nanowires was

approximately 6 lm. At high magnification, nanowires

with smooth hexagonal facets can be observed. As expec-

ted, no catalyst particles are observed on the tips of the

nanowires, which indicates that the nanowire growth does

not proceed by a VLS mechanism. The composition of the

nanowires was investigated by Energy-dispersive X-ray

(EDX) analysis. The results indicate that the nanowires are

composed of zinc and oxygen with no significant impuri-

ties found in the EDX data.

The orientation and crystalline properties of the ZnO

nanowires was characterized with XRD and transmission

electron microscopy (TEM). Figure 2 shows the XRD

patterns for the ZnO nanowires shown in Fig. 1 grown in

pure argon. Two sharp ZnO (002) and (004) peaks with

high intensity dominate the diffraction patterns, consistent

with ZnO nanowires that are principally oriented along the

c-axis. A relatively weak ZnO (110) peak is also observed.

Note that the XRD intensity is plotted on a log scale.

Nevertheless, the ZnO (110) peak indicates that some

fraction of the deposited material is not c-axis oriented.

The patterns can be indexed to the ZnO hexagonal wurtzite

structure with lattice constants of a = 0.325 nm and

c = 0.512 nm. Additional structure characterization was

carried out using TEM. Figure 3a shows low-magnification

images for parallel nanowires that were mechanically

removed from the substrate. The nanowires have a rela-

tively uniform diameter (50–90 nm) and are a few

micrometers in length. Note that no secondary phase par-

ticles are observed at the top or bottom of the nanowires.

These results are consistent with the FE-SEM observations

as shown in Fig. 1. The images in Fig. 3b show that the

Fig. 4 Cross-sectional and top

view FE-SEM images of the

ZnO nanowires grown at

800 �C in pure oxygen with

oxygen background pressures of

(a, b) 150 mTorr, (c, d)

300 mTorr, and (e, f)
500 mTorr
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nanowires are tapered and faceted at the ends. In order to

further investigate the structure, selected-area electron

diffraction was performed on a single nanowire. The pat-

tern is consistent with a single crystal wurtzite structure.

Figure 3d shows the HRTEM images, showing that the

nanowire is structurally uniform and no discernable

defects. In the high-resolution images, lattice fringes show

lattice spacing of 0.26 nm, which corresponds to 1/2 of the

c-axis lattice constant, confirming that the ZnO nanowires

are oriented in the c-axis direction. Since the (001) planes

of ZnO are the closest packed plane, stacking along the

c-axis is the most energetically favorable. This growth

direction is commonly observed in ZnO nanowires.

The morphology and microstructure of the nanowires

were examined as a function of growth conditions, in

particular total background pressure, oxygen pressure, and

substrate temperature. Figure 4 shows the FE-SEM images

of samples deposited in pure oxygen at O2 pressures

ranging from 150 to 500 mTorr. The growth temperature

was 800 �C. All samples were grown on a thin template

layer of ZnO on the sapphire substrate. At a growth pres-

sure of 150-mTorr O2, the deposited ZnO consists of a

continuous, smooth thin film as seen in Fig. 4a and b.

Increasing the oxygen pressure to 300 mTorr resulted in

the nucleation and growth of oriented microcrystals with

hexagonal facets as seen in Fig. 4c. The size of micro-

crystals varies from 1 to 5 lm, growing normal to the

substrate. When the pressure was further increased to

500 mTorr, the growth mode undergoes a transition from

continuous thin film to highly aligned nanowire growth. A

highly dense array of nanowires with hexagonal facets is

observed. The nanowires are oriented with their c-axis

perpendicular to the surface with relatively uniform

diameter and density. Note that very few nanowires were

Fig. 5 Cross-sectional and top

view FE-SEM images of the

ZnO nanorods grown under

500 mTorr of oxygen at

different temperatures. (a, b)

550 �C, (c, d) 750 �C, (e, f)
800 �C, respectively
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obtained when the pressure was further increased to 1 Torr.

For PLD at growth pressures of 200 mTorr or less, it is

well known that kinetic energy of the ablated species

enhances surface mobility of deposited species. At the

higher pressures, the ablation plume is completely ther-

malized with no non-thermal component. This largely

explains the dependence of nanowire formation on back-

ground pressure.

In addition to pressure, the effect of substrate tempera-

ture in the formation of nanowires was also examined.

Figure 5 shows the cross-sectional and plan-view FE-SEM

images of ZnO nanorods grown at an oxygen pressure of

500 mTorr at temperatures ranging from 550 to 800 �C. At

550 �C (Fig. 5a and b), the diameters of the nanowires are

on the order of 500 nm. At 750 �C, the diameter is reduced

to approximately 150 nm. At 800 �C, the diameter of the

nanowires is less than 100 nm. One explanation for this

temperature dependency of nanowire diameter relates to

surface diffusion. A higher surface mobility is realized for

higher growth temperatures. High temperatures provide

sufficient energy for deposited species from the ablation

target to migrate to low-energy sites for growth. If substrate

temperature is low (\650 �C), surface species will remain

at higher energy sites, thus yielding large diameter nano-

wires or simply rough, granular films. In order to achieve

one-dimensional growth, it is important to provide suffi-

cient surface mobility for species to reach low-energy

nucleation sites.

The variation in optical properties for the ZnO nano-

wires grown in different background ambients was

investigated using room temperature photolumienscence

measurements. Figure 6a shows the typical room temper-

ature PL spectra of the ZnO nanowires grown at 800 �C

and 500-mTorr oxygen. A weak near-band-edge-emission

in the UV region at 380 nm and a strong broad band deep-

level-emission at 520 nm is observed. The green band

around 520 nm is commonly attributed to deep-level or

trap-state emission due to vacancies and/or interstitials of

zinc and oxygen in the crystal [42, 43]. In order to further

investigate the origin of deep-level emissions, PL mea-

surements were carried out for nanowires grown using the

three different ambients (500-mTorr O2, 500-mTorr Ar and

175-mTorr O2/325-mTorr Ar mixture) at 800 �C. The near-

band-edge-emission was higher for nanowires grown using

pure argon. However, the deep-level emission was

enhanced as well, suggesting a high density of defects due

to the oxygen deficient ambient. In order to investigate this

further, nanowires grown using the argon/oxygen mixture

were examined. The near-band-edge-emission intensity

increased 20 times relative to nanowires grown using pure

oxygen. However, the broad green emission remained

unchanged in the spectra for all cases. A plot of PL spectra

for nanowires grown in the different background gases is

shown in Fig. 6b. The results show that the deep-level

emission persists in all ambients considered. The large

deep-level emission was also observed on high-temperature

grown nanowires. Liu et al. attributed modification in ZnO

nanowire PL properties to size effects and oxygen stochi-

ometry [44].

In previous efforts to grow ZnO nanowires by PLD, the

focus has been on a deposition pressure range of 1 Torr or

greater [30–32]. At these pressures, the gas-phase colli-

sions yield ZnO nanoparticle formation in the ablation

plume. Based on this, the condensation of ablated particles

in the laser ablation plume is assumed to play an important

role in the nanorod growth. In the present study, the

background pressures used are approaching the limit where

the ablated nanoparticles can form. As such, it is unclear if

the same growth mechanism holds for growth pressures of
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500 mTorr as compared to 1–5 Torr. It should also be

noted that the minimum diameter of the ZnO nanowires

realized in this study (50 lm) are less than half seen for the

nanowires reported at the high-deposition pressures. The

trend towards smaller nanowire diameters at the lower

background pressure is in agreement with the previous

efforts. Future work will examine the transport properties

of individual PLD-grown nanowires and compare their

properties to those grown by other techniques [45–48]. One

parameter that was not considered in this study but will

have an impact on nanowire properties is growth rate as

controlled by laser repetition rate. It has been shown in

multiple studies on film growth using PLD that grain size

varies in deposition rate. Future studies on nanowire

growth should address this issue as well.

Conclusion

To summarize, vertically well-aligned ZnO nanowires with

uniform diameters were fabricated on a ZnO thin film

template by high-pressure-assisted PLD. The morphology

and structure were characterized by FE-SEM, XRD, and

HRTEM. No metal catalyst was used. The results suggest

the possibility of growing complex metal oxide nano-

structures, including tailored heterostructures, with PLD

[49–51].
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