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Introduction and Survey

Studying naturally occurring or artificial structures with dimensions in the range of a few

or tens of nanometers is categorized as nanoscience. At this scale, materials show funda-

mentally different electrical, optical, and mechanical characteristics compared to their bulk

or atomic or molecular form. Understanding these novel properties promises to be able to

tune the functionality of materials and manipulate ultimately new nanostructures into com-

plex functional structures and nanodevices controlling the flow of electrons, spins, and

photons.

Nanomaterials include thin film, nanowires, nanotubes, and nanoparticles. In particular,

interest first in carbon nanotubes and later on in nanowires has continued to grow due to

their potential use in advanced electronic and optoelectronic device applications. For most

potential applications nanowires with well defined size, structure, and composition have to

be synthesized for reliable performance of such devices.

In order to gets a general picture concerning nanowires science and technology the essen-

tial literature will be briefly surveyed in the following part. Firstly, principles of nanowire

growth mechanisms are described based on a few examples. Understanding growth habits

of nanowires is indispensable for tuning functionalities of nanowires. Secondly, controlled

growth of nanowires is outlined in terms of position, size, and compositions of nanowires,

which provide essential steps for realization of nanowires-based devices. Subsequently,

the challenging task of tuning electrical properties by impurity doping will be reviewed.

Finally, unique physical properties of semiconductor nanowires, which are mostly origi-

nated from their geometrical character, are summarized. In addition, material properties

of ZnO will be presented, since the present cumulative thesis will concentrate on ZnO

nanostructures either in the form of nanowires or nanoshells or nanotubes.
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Nanowire Growth Mechanisms

The most generally accepted method for nanowire growth is the vapor-liquid-solid (VLS)

process. This vapor-liquid-solid mechanism was first proposed by Wagner and Ellis [Wag64].

The essential feature of the concept is forming a liquid phase metallic droplet at the growth

interface with a substrate and/or vapor phase constituents. The liquid metallic catalyst acts

as a preferential adsorption site for the incoming vapor species due to its high sticking

coefficient. Once the vapor phase constituent has been reached beyond the equilibrium

concentration in the liquid droplet the species start to condensate at the liquid-substrate

interface. Subsequently, a one-dimensional nanowire is growing on the substrate capped

with the liquid catalytic droplet. Usually the liquid droplet solidifies upon cooling down

the samples from the processing to room temperature. There are three principle steps in

VLS growth i.e., (i) catalytic reactions on the liquid droplet, (ii) diffusion in the liquid

phase, and (iii) incorporation of the material into the crystalline nanowire [Giv87].

As an example, the process for silicon nanowire growth with gold as a catalyst is illustrated

in Fig. 1.1. If gold is deposited on a silicon substrate, and the substrate is heated to a

temperature above 363 ◦C, a gold-silicon liquid alloy is formed (see Fig. 1.1c). When

a silicon containing vapor such as SiCl4 and SiH4 is introduced into the growth chamber

the vapor phase species of Si is stuck on the liquid droplet of Si-Au alloy due to their

relatively large sticking coefficient and is catalytically decomposed. The silicon is then

incorporated into the gold/Si alloy droplet. For sufficiently high vapor pressure the droplet

becomes supersaturated with Si and the excess Si is crystallizing out at the solid-liquid

interface as long as the supply of silicon-containing vapor is maintained. Silicon nanowires

with a liquid gold/Si alloys cap are forming on the substrate. After cooling down the

Au/Si droplets solidify leading solid gold cap with negligible silicon on top of the silicon

nanowires [Giv87].

Typically, nanowire growth takes place only if a catalyst is supplied. The nanowire diame-

ter is normally determined by the droplet size. However, due to Oswald ripening process,

the surface migration of Au atoms may limit the growth of nanowires with uniform diam-

eter [Han06]. Furthermore, impurities from the catalyst droplets may be dissolved in the

nanowires while the VLS growth proceeds and lead to high density of these impurities in
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Figure 1.1: Schematic illustration of wire growth: (a) the liquid alloy formation, (b) wire growth.

(c) Au-Si phase diagram [Mas90].

the semiconductor nanowires. For instance, the density of Au atoms, which is known to

reduce the carrier lifetime, was estimated to be in the range of 1020 atoms/cm3 close to the

nanowire surfaces [Oh08].

VLS growth has been used for the nanowire growth of elemental semiconductors [Wu00],

III-V semiconductors [Wan01], and II-VI semiconductors [Dua00]. VLS growth can be

accomplished by either physical or chemical methods. Typical physical methods include

laser ablation and vapor transport deposition. Also molecular beam epitaxy may be used,

even though the growth species is mostly supplied to the catalyst by surface diffusion
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[Sch04, Dub05]. Chemical methods such as chemical vapor deposition (CVD), metal or-

ganic chemical vapor deposition (MOCVD), and chemical beam epitaxy (CBE) have been

used for the growth of nanowires [Sch05, Day07, Jen04]. These systems offer the advan-

tage of scalability as well as integration to standard industrial device fabrication processes.

Semiconductor nanowire growth takes place also below the bulk eutectic temperature. In

this case the catalyst remains solid during growth and the growth mechanism is known

as vapor-solid-solid (VSS) growth. This concept has been demonstrated for Si nanowire

growth with Al and Ti [Wan06, Kam01] as well as for Ge and GaAs nanowire growth with

a solid Au catalyst [Boo71, Hir95]. Though the basic processes of the VSS growth are

similar to those of the VLS method, the involved growth kinetics and thermodynamics may

differ. In particular, the diffusion of the growth species through or around the solid catalyst

particle is typically slower for the VSS mechanism. In controlled growth experiments

carried out via in situ transmission electron microscopy, it was disclosed for the case of

Ge nanowires growth catalyzed by Au that VSS growth is 10 to 100 times slower than

VLS growth at the same source pressure and temperature [Kod07]. Also the state of the

catalyst could influence growth kinetics and direction, and morphology of nanowire. For

instance, a solid catalyst should lead to sharper interface within heterostructure nanowires

compared to the case of liquid catalysts, which is important for functional nanowire based

applications. The reason for this behavior is the generally much lower solubility of the

growth species (e.g. Si) in a solid catalytic particles (e.g. Au) than in a liquid catalytic

droplet.

Furthermore, certain types of nanowires may also grow without any catalytic particles,

which is then known as vapor-solid (VS) growth if the growth species is supplied from the

vapor phase. Very early nanowire growth by the VS process was already observed in the

condensation experiments of mercury vapor [Sea53]. Under supersaturation of mercury

vapor, mercury nanowires formed on the glass surface without assistance of any catalysts.

In order to explain nanowire growth, a diffusion-dislocation model was suggested. Ac-

cording to this model, an axial screw dislocation acts as a preferential adsorption site and

nanowires are continuing to grow with supplying the species through a surface diffusion.

But this mechanism has turned out not to be of importance in most cases of nanowire

growth except the specific case of PbS nanowire growth [Bie08].
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In the dislocation-mediated growth model, many important aspects of nanowire growth

are also not clear, such as the increase of the nucleation rate with catalytic impurities,

the growth of lateral faces and morphological instabilities [Giv87]. Thus, the dislocation-

mediated growth model should be considered only as a model applicable to a few excep-

tional systems.

Typically, ZnO nanowires have been grown via the vapor-solid mechanism involving nei-

ther liquid nor solid catalysts at the tip of the growing nanowires. Physical vapor deposi-

tion (vapor transport and deposition method) as well as metal organic vapor-phase epitaxy

(MOPVE) were used to realize ZnO nanowires based on this growth mode [Par02].

In VS growth, ordered nanowire arrays can be achieved by mask patterning instead of po-

sitioning of catalysts for controlled growth, which is typically used in the VLS process.

The possibility to fabricate GaAs nanowires of defined length, diameter, shape, and posi-

tions were nicely demonstrated based on MOVPE [Nob05]. Furthermore, nanowire growth

occurring by the VS mode is expected to avoid any impurity incorporation from catalyst

particles.

Controlled Nanowire Growth

An important requirement for many device applications involving photonics, electronics, or

optoelectonics is the precise control of the location and the size of nanowires. For example,

an ordered nanowire array in a microfluidic system may work as a molecule filter. Further,

regularly arranged nanowires may provide a model system for studying entangled optical

properties of nanowires such as interference of light emitted from nanowires.

Typically, the diameter and the location of the nanowires can be controlled by the size

and the location of the metal particles if nanowires are grown by the VLS or the VSS

process. The application of lithographic methods for regularly arranged nanowires, thus, is

desired. Many efforts have been put into fabricating ordered arrays of catalyst particles. For

instance, diblock-copolymer lithography and nanoimprint lithography allowed to fabricate

patterns in a flexible way and/or with small feature sizes (the resolution of such patterns

might reach about 10 nm or even lower values) [Fan06].

Not only the position but also the size of wires is necessary to be controlled because the
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electrical and optical properties of nanowires are strongly size-dependent. In particular, in

order to examine the effects of wire assembles in an array, nanowires with well-defined

and monodisperse diameters are required.

Growth of epitaxial nanowires with diameters below about 20 nm is challenging. Such

nanowires would attract considerable attention due to their potential use in vertical wrap-

around-gate transistors [Sch06]. Especially the better control of the channel compared to a

normal planer field effect transistor (FET) associated with an enhanced transconductance

and reduced the off-current is the most interesting aspect of such devices.

Performance of devices based on nanowires as an active channel is closely related to func-

tional interfaces or heterostructures. Precise control over the composition and interfaces of

heterostructures is important for the reliable operation of new nanowire-based devices.

There are three basic heterostructures considered: axial heterostructure, radial heterostruc-

tures, and branched heterostructures. See figure 1.2.

Figure 1.2: Nanowire heterostructure synthesis: (a) Axial heterostructure growth, (b) radial het-

erostructure growth by incorporation of the species uniformly on the nanowire surface. Multi-step

metal catalyzed VLS process leads to branched nanowires (c).

VLS grown axial heterojunctions of nanowire can be produced by providing different pre-

cursor material sequentially during wire growth. For instance, single-crystalline Si/SiGe

superlattices have been obtained by a hybrid pulsed laser ablation and chemical vapor

deposition process [Wu02]. Material and catalyst have to be carefully chosen to create

compatible and well-defined interfaces.
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It is important to passivate nanowire surfaces to avoid deleterious effects created by elec-

trical charges and/or traps at the surfaces. From this point of view, core-shell structured

nanowires, which are synthesized coaxially on a wire core might benefit the device perfor-

mance efficiently. Radial shell growth can be achieved by controlling the reaction parame-

ters such as temperature, gas composition, and pressure. Growth of a radial heterostructure

of Si/Ge core-shell were successfully demonstrated by Lau et al. [Lau02].

Conceptually, branched nanowires may provide an alternative approach for enhancing

structural complexity and functionality. Control over the density and the size of secondary

branches would be required for the design of devices units. Branched Si nanowires are

synthesized via a multi-step metal catalyzed VLS process [Wan04].

Doping in Nanowires

For an optimum performance of electronic devices based on semiconductor nanowires such

as field-effect transistors (FETs) and light-emitting diodes, quantitative control of doping

levels is necessary. Both p-type and n-type doping of nanowires including Si, GaAs, and

InP wires has been demonstrated [Cui01, Hir95, Min07].

However, heavy doping may cause large doping fluctuations in the nanowires as well as

a tapering [Ase03, Lin05]. The dopant incorporated partly into the nanowire through

the nanowire surface might not result in uniform doping along and within the nanowire

[Tut06]. Furthermore, due to confinement effects, the impurity ionization energy increases

as the diameter of nanowire decrease [Lee84]. Another issue in doping is interaction be-

tween dopant atoms and the catalyst particle as well as a detailed understanding on the

incorporation mechanism of such impurity atoms into the semiconductor nanowire during

the VLS growth process [Li07].

Finally, many semiconductors are rather difficult to dope even in the case of bulk or thin

film samples due to material specific doping limits. For example, reliable and stable p-type

doping of ZnO has not been demonstrated experimentally. Such doping limits in various

bulk semiconductors may attribute to the amphoteric nature of compensating native defects.

In the amphoteric defect model (ADM) [Wal89] the formation energy of native defects

decreases linearly as the position of the Fermi level with respect to the Fermi stabilization
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energy moves away. Thus it is difficult to achieve p-type conductivity by external doping

due to easy compensation of the dopants by native defects.

Physical Properties of Nanowires

Understanding optical properties of semiconductor nanowires is important for nanowire-

based devices. Typically the optical properties of nanowires are determined by those of the

well known bulk material unless the size of the wire is in the quantum confinement regime.

However, the influence of the surface region considerably increases with decreasing wire

diameter since the weight of the surface-to-volume ratio increases relativly. Therefore,

nanowires are an ideal structure for studying the effect of the wire surface on optical prop-

erties. For example, it was reported that surface exciton emission heavily contribute to

near band-edge emission in the PL spectra of ZnO nanowires [Wis06]. Another distinct

feature in the PL spectra of the nanowires is the broader and stronger deep level emission

compared to bulk ZnO. This implies that the deep level emission might be originated from

surface states [Bek07]. In addition, by taking advantage of the one dimensional nature of

the nanowires, a nanoscale stimulated emission from single nanowires has been demon-

strated [Hau06]. The nanowire body does not only act as the gain medium, but also as

laser resonator. The emission wavelength defined by the guided modes inside the nanowire

cavity can be tuned with the length of the nanowire.

Concerning the electrical properties of nanowires, nanowire offer a unique structure for

carrier transport due to its confined geometry. The size and shape of the nanowires could

affect the overall current flow, which in many cases differs from what is expected based on

the bulk properties. Integration of semiconducting nanowires in electronic devices would

require understanding of relevant electrical properties of nanowires such as the effects of

the surface, defects, and dopants. In addition, both the carrier concentration and carrier

mobility should be optimized for the improved performance of nanowire devices [The06].

If the size of a nanowire reaches the quantum scale which means the diameter is compara-

ble to the Fermi wavelength the quantum confinement effects occur. Synthesis of such thin

wires and contacting them is challenging. Nevertheless, Coulomb blockade behavior in InP

nanowires at 0.35 K was demonstrated [Fra03]. A resonant tunneling diode [Bjo02] and a
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single electron transistor [The03] using a heterostructured nanowire were also realized.

Zinc Oxide

In the present cumulative thesis ZnO is the material used to fabricate various types of

nanostructures such as nanowires, or nanotubes. Therefore some relevant basic properties

of ZnO are given here. ZnO is a wide-band gap (3.437 eV at low temperatures), normally

n-type semiconductor [Ozg05]. In particular, the high exciton binding energy of about 60

meV and the small excitonic Bohr radius of 1.8 nm makes ZnO as considerable material for

optoelectronic applications. For example, excitonic lasing at room temperature with low

thresholds can be realized based on ZnO. The observed high free charge carrier density

might be attributed to the nonstoichiometric nature of ZnO. ZnO is an ionic dielectric with

a wurtzite structure. Both Zn2+ and O2− ions tetrahedrally coordinate to each other. Such

spatial arrangement results in two complementary, Zn and O rich surfaces normal to the

c axis. Polar surfaces are characterized by unique chemical and physical properties. In

addition, ZnO shows piezoelectric properties due to the partial ionic bonding character and

a lack of a central inversion.
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Overview of Results

The aim of this dissertation is understanding the growth and characteristic of the ZnO

in the form of one-dimensional nanostructures. In particular, nanowire growth studies

and controlled nanowire growth as well as various physical properties are presented. In

addition, ZnO-alumina core-shell nanowires were prepared to apply a chemical reaction.

This approach allowed examining reactivity and stability of the ZnO nanowires. Instead

of physical vapor deposition an alternative chemical method of atomic layer deposition is

also addressed for growth of ZnO nanostructures.

Basically, this cumulative thesis is composed of seven papers. The contribution of other

co-authors is mentioned on a page in front of each paper in this thesis.

Figure 2.1: Schematic view of selection mechanism: a) nanowire growth with Au particles at the

root, b) Au particle capped nanowire growth. Adapted from [Kim08].

Unique growth aspects of ZnO nanowires have remained a wide open area with limited

progress. In paper I, the question is addressed that in Au-assisted ZnO nanowire growth,

Au nanoparticles were sometimes observed at the root of wires after growth and in other

cases at the tip of the wires. The later case is rather typical for Au catalyzed semiconductor
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nanowire growth. A selection mechanism is proposed defining whether the Au particle

remains on the substrate at the root of the nanowire serving as an initial template for wire

nucleation or is lifted up from the substrate, catalyzing wire growth at the tip (see Fig. 2.1).

In the later case, the diameter of the nanowires does not match that of the Au particles, in

contrast to the well-accepted cases of the vapor-liquid-solid and vapor-solid-solid process

for Si and III-V compound nanowires.

In paper II, it is demonstrated that the surface migration of Au atoms on lattice matched

substrates limits the position-controlled growth of ZnO nanowires. Surface diffusion of

ZnO admolecules leads to anisotropic ZnO nanowire growth with a diameter-dependent

growth rate. Narrower nanowires grow faster than thicker ones (see Fig. 2.2). This is just

opposite to what is expected and observed for the typical VLS growth in which supplied

via the vapor phase [Giv87]. The observed diameters dependence of the growth rate of

ZnO nanowires is in agreement with the that of Si nanowires and GaAs by MBE, in which

also surface diffusion supplies the growth species to the catalyst [Sch04, Dub05].

Figure 2.2: Length vs diameter of ZnO nanowires [paper II].

In paper III, based on the understanding of such nanowire growth behavior growth of epi-

taxial ZnO nanowire arrays is demonstrated which is important in an application point of

view. By the use of laser interference lithography for patterning of Au nanodots, well

arranged ZnO nanowires over larger area were fabricated (see Fig. 2.3). A growth mech-

anism is proposed for the one-to-one growth of ZnO nanowires. In addition, optical prop-

erties are discussed based on the results of scanning cathodoluminescence and photolumi-

nescence experiments.
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Figure 2.3: Regularly arranged ZnO nanowires [paper III].

Device applications based on ZnO nanowires require reliable p-type ZnO material, which

has been a quite hot and controversial topic in ZnO community. Thus, in paper IV an

attempt to grow phosphorus-doped nanowires by the VLS process and to characterize their

optical properties was made. Based on a single source precursor, Zn2P3, single-crystalline

phosphorus-doped ZnO nanowires were produced in a reproducible way. Low temperature

PL spectra showed that the presence of phosphorus strongly enhances a peak at 3.316 eV

(see Fig. 2.4). However, the amphoteric nature of compensating native defects makes it

difficult to realize stable and reliable p-type doping in ZnO nanowires.

In paper V and VI, reactivity of ZnO nanowires with solid or vapor phase reactants are

examined. In particular, the chemical reaction between ZnO and Al2O3, and Al-O vapor

shell are investigated, respectively. By varying the reaction temperature and the thickness

of the alumina shell around the ZnO nanowire it is revealed that the nanoscale Kirkendall

effect plays an important role for the formation of ZnAl2O4 nanotubes. The Kirkendall

effect refers to the different diffusion fluxes of atom/molecules moving in opposite di-

rection. The difference in flux is taken up by vacancies which may then condense into

“Kirkendall voids” [Yan08]. An example is shown in Fig. 2.5a. Both cation and anion

species of ZnO were effectively mobile towards the alumina shell. In case of an alumina

vapor-ZnO nanowire reaction, highly symmetric structures consisting of nanocrystals of

ZnAl2O4 were produced instead of hollow structures. The resulting morphology is under-

stood by taking into account surface diffusion of ZnO and thermal instability of the wire
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Figure 2.4: PL of phosphorus-doped (inset, a TEM image) and undoped ZnO nanowires [paper

IV].

body at high temperatures. See Fig. 2.5b.

Figure 2.5: a) TEM image of ZnAl2O4 nanotubes, b) highly symmetric ZnO nanowires after

reaction with Al-O vapors [paper V and VI].

In paper VII, by atomic layer deposition ZnO layers were grown on either chemically inert

or hydrophilic template surfaces. While smooth and continuous ZnO layers were deposited

on alumina coated carbon nanotubes (Fig. 2.6a), irregular forms of ZnO layers were syn-

thesized on bare carbon nanotubes (see Fig. 2.6b). Furthermore, PL of ZnO deposited di-

rectly on carbon nanotubes show an unusual emission shifted to the orange spectral range.
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In contrast, ZnO on alumina/carbon nanotubes show the typical PL behavior of ZnO, i.e.,

a broad green emission with an UV band, which indicates that high quality ZnO was suc-

cessfully deposited on alumina coated carbon nanotubes whereas direct deposition of ZnO

on carbon nanotubes did not lead to a high quality ZnO coating.

Figure 2.6: TEM image of ZnO-alumina/carbon nanotube (a) and ZnO-carbon nanotube (b) [paper

VII].

Without any intentional doping ZnO shows n-type conductivity due to intrinsic native point

defects. In the last part, the influence of the relative content of residual oxygen during wire

growth on the physical properties of the nanowire is studied by means of electrical transport

as well as by photoluminescence. This part of the work was performed in cooperation with

R.T. Weitz, H. Klauk, and M. Burghard (Max Planck Institute for Solid State Research,

Stuttgart) and J.-P. Richters and T. Voss (the Institute of Solid-State Physics, University of

Bremen) [Kim09].

ZnO nanowires that had been grown under either comparably oxygen poor (OP) or oxygen

rich (OR) conditions both showed a gate-source voltage dependence of the current flowing

through the channel when investigated in a FET-configuration. The FETs based on ZnO

nanowires grown under comparably oxygen poor conditions showed, however, a higher on-

state current in the transfer characteristics. The origin of this higher on-state current will

be discussed by taking into account the relatively high amount of n-type defect density in

the ZnO nanowires grown under comparably oxygen poor conditions, which is attributed

to the low formation energy of oxygen vacancies. Furthermore the relative free carrier
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densities are roughly estimated based on the intensity ratio between the surface exciton

(SX) emission and the bound exciton emission.

Figure 2.7: (a) Schematic depiction of the FET device and (b) AFM image of the ZnO nanowire-

FET with a channel length of L ≈ 0.8 µm and diameter of 86 nm. Al was used as source and drain

electrode. Contacting was performed at MPI Solid State Research, Stuttgart.

In order to evaluate the conductivity of the respective wires, The FETs of both wires of

type-OP and -OR were fabricated. The nanowires were deposited onto silicon dioxide-

coated highly doped silicon substrates and contacted with aluminum electrodes. A schematic

of the device geometry is shown in Figure 2.7a, an atomic force microscopy (AFM) image

of a ZnO nanowire FET is shown in Figure 2.7b.

A detailed description of the wire growth method can be found in paper I. The relative

content of oxygen was controlled by adjusting the Ar flow rate instead of the oxygen flow

rate since wire growth events were completely stopped even with the low oxygen flow rate

of about 2sccm along with an Ar flow rate of 30 sccm. This is partly due to the oxidation of

the graphite powder prior to catalyzing the ZnO power. The ZnO nanowires grown under

Ar flow of 30 sccm are denoted as wires-OP whereas the nanowires grown with a 20 sccm

flow rate are denoted as wires-OR. It is worth noting the flow rate of Ar is a critical factor

for the growth of ZnO nanowires. Growth of ZnO nanowires was strongly suppressed when

an Ar flow rate of 50 sccm was maintained during wire growth.

PL investigations were carried out in a liquid helium bath cryostat at 5 K. A HeCd laser

excited the sample with a wavelength of 325 nm and an excitation density of 100 mW/cm2.

Figure 2.8 shows the electrical characteristics of the FETs fabricated from the wires grown

under comparably oxygen poor (Figure 2.8a) and comparably oxygen rich (Figure 2.8b)
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conditions. From the transfer characteristics (Figure 2.8a (left)) of the wire-OP and wire-

OR (Figure 2.8b) it can be deserved that both types of wires can be utilized for the fab-

rication of FETs, as they both show a dependence of the drain current on the gate-source

voltage. While the modulation ratio of the drain current (ON/OFF ratio) for the FET based

on the wire-OP is 107, it is only 104 in the FET based on the wire-OR. The FET based on

the wire-OP has a transconductance of 0.7 µS and a subthreshold swing of 200 mV/dec. It

is noticeable, that while the maximum current of FET-OP at a drain-source voltage of 2 V

(taken from the output curve shown in Figure 2.8a (right)) is about 0.6 µA, it is only about

0.02 µA at the same VDS in wire-OR (Figure 2.8b).

Figure 2.8: Transfer (left) and output (right) characteristics of wire-OP. (b) Transfer characteristics

of wire-OR. Both wires were contacted with 80 nm of aluminum and measured under ambient

conditions.

The observed higher on-state current in the wire grown under relatively oxygen poor con-

ditions can have multiple origins. It is well-known that the on-current of a FET is related

to the carrier concentration in the semiconductor [Sze81]. One possible explanation for

the higher on-current in the wires grown under comparably oxygen poor conditions with

respect to the wires grown under oxygen rich conditions could be a higher density of elec-

trons in the wires OP. Since it is not possible to reliably determine the doping density in

the wires from a two-terminal measurement, alternative approaches must be found. One

possibility to gain insight into the charge carrier concentration of a material is photolumi-

nescence.

Recently, an enhanced surface excitonic emission (SX) in PL spectra of ZnO nanowires
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coated with a polymer and Al2O3 layers was reported [Ric08a, Ric08b]. The coated layers

act as an effective dielectric medium and screen the surface states of the ZnO nanowires.

This leads to a lowered effective band bending. A reduced band bending results in a high

probability of forming excitons near the surface and increases the relative intensity of the

SX emission with respect to the donor-bound exciton (D0X) emission. The higher carrier

concentration in ZnO nanowires may also lead to a similar trend (i.e., enhanced intensity

of SX compared to that of D0X) in the PL spectra. Due to the decreased extension of the

depletion space charge layer, the overlap probability of electron and hole wave functions

in the vicinity of the surface should be enhanced.

Figure 2.9 shows the normalized near band-edge spectra of wires grown under compara-

bly oxygen poor or oxygen rich conditions at 5 K. The spectra of wires-OR and OP are

dominated not only by sharp D0X emission lines at 3.356 eV but also show a surface exci-

ton (SX) band at about 3.365 eV [Wis06]. At the lower energy side of the spectrum, one

additional small feature is observed, the broad peak at about 3.31 eV. This peak also ap-

peared in phosphorus doped ZnO nanowires [Kim07] and undoped ZnO powder samples

[Fal07]. Recently it was assigned to electron-acceptor transitions (e,A0) where stacking

faults were involved in the recombination based on low temperature cathodoluminescence

study [Sch08]. Apparently, the relative intensity of the SX emission is stronger in wires-

OP compared to that of the wires-OR. Thus, one can argue that the relative carrier density

in wires-OP is higher than that in wires-OR although quantitative values for both wires are

unknown.

In ZnO, a large O-deficient nonstoichiometry is present regardless of the growth conditions.

Such deficiency has been attributed to either the O vacancy or the Zn interstitial. Based

on a first-principles calculation it was, however, predicted that these intrinsic defects lead

only to moderate carrier concentration due to the deep level nature of the O vacancy and an

insufficient density of the Zn interstitials [Lan07]. Thus, free carrier densities of the 1017

- 1019 cm−3, which are typically observed in ZnO, can not attributed to intrinsic defects

[Hal05]. Alternatively, persistent photoconductivity caused by the O vacancy through the

optical V0 → V +

0 + e and V +

0 → V 2+

0 + e excitation was suggested to account for the high

carrier concentration in ZnO [Lan07]. Since O vacancies can be present in a concentration

of about 1020 cm−3 under equilibrium conditions the above proposed model is likely to
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Figure 2.9: Photoluminescence of ZnO nanowires grown under comparably oxygen poor (red) and

oxygen rich (black) conditions. The spectra are normalized to their respective D0X peak intensity

at 3.356 eV.

account for the observed free carrier concentration in ZnO.

The density of O vacancies can be varied depending on growth conditions. For instance,

the calculated defect formation energy of O vacancies was lower in oxygen poor condition

[Lan07]. Thus, it is expected that the density of O vacancies is higher in wires-OP. In

other words, the free carrier concentration in wires-OP is supposed to be higher than that

in wires-OR. It was also experimentally shown that the oxygen partial pressure during

growth is able to modulate the free carrier density in ZnO film by more than three order

magnitudes [Xio02].

These results demonstrate that the point defect density can be tuned during nanowire

growth and such effects have to be considered for ZnO nanowires based electronic and

optoelectronic applications.

In the present cumulative thesis various forms of ZnO related nanowires or nanotubes

were grown or fabricated by various reactions. The growth and reaction mechanisms were

investigated and clarified and physical properties of these one-dimensional nanostructures

were determined. The results presented contribute to a deeper understanding of the growth

mechanisms and electronic and optical properties of ZnO-related nanostructures.
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Paper I

Gold at the root or at the tip of ZnO nanowires: A model

D. S. Kim, R. Scholz, U. Gösele, M. Zacharias, Small 4, 1615 (2008)

Growth habits of ZnO nanowires nucleated from predefined Au particles on planar

substrates or on nanowire backbones are presented. Depending on ZnO supply

conditions, Au particles were observed either at the root for planar substrates or the

tip for wires nucleated from nanowire backbones. A model is presented explaining

the seemingly contradicting observations.

The author of this thesis (D.S.Kim) performed all growth experiments and wrote

the paper. The TEM investigations were done by R. Scholz.
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ZnO nanowires

DOI: 10.1002/smll.200800060

Gold at the root or at the Tip of ZnO
Nanowires: A Model**

Dong Sik Kim,* Roland Scholz, Ulrich Gösele, and

Margit Zacharias

Semiconducting nanowires havemany unique features that are

required for potential applications in future electronics and

optoelectronics. Nanowires with reliable functionality can be

incorporated into advanced electronic devices. Much effort

has been devoted to engineering nanowire properties, for

example, to achieve segmented doping along a nanowire and

precise controlling over interfaces within a heterostructure

nanowire.[1,2] A quantitative understanding of nanowire

growth is of particular importance for better control of

nanowire properties. Several investigations have shown some

unexpected aspects of growth behavior. For instance, the

dynamic reshaping of catalyst particles during nanowire

growth determines the length and shape of Si nanowires.[3,4]

A self-oscillation process results in the irregular morphology

of nanowires.[5] Most nanowires are grown by the vapor–

liquid–solid (VLS) process, however, in some cases a solid

catalytic metal particle is also assisting the condensation of

material into the one-dimensional form.[6,7,8]

Compared to element[9] and III-V semiconductor nano-

wires[10] the growth behavior of oxide semiconductor

nanowires, in particular ZnO—an important functional oxide

material with a direct band gap around 3.4 eV and a high

exciton binding energy of 60meV—are not well understood.

For Au catalyzed ZnO nanowire growth, Au nanoparticles

were not only observed at the tip[11] of the wires, which is

typical for Au catalyzed semiconductor nanowire growth, but

sometimes also at the root[12] of wires after growth. Such

complex and diverse nucleation and growth processes were

also found in carbon nanotube formation: growth can occur

either at the tip[13] or at the root[14] of the tube, and with a tube

diameter that does not necessarily match that of the catalyst

particle.[15]

Here we compare the growth behavior of ZnO nanowires

nucleated from predefinedAu particles on planar substrates or

on nanowire backbones in order to get a better quantitative

picture of the growth mechanisms. In addition, we study the

influence of the surfacemigration ofAu atoms for the epitaxial

growth of ZnO nanowires at lattice-matched substrate.

Typical morphologies of ZnO nanowires grown at the

SiO2/Si substrate and the ZnO nanowire backbones are shown

in Figure 1a and b, respectively. Here we denote ZnO

nanowires grown at the SiO2/Si substrate as wires A, and ZnO

nanowires grown at the ZnO nanowire backbones as wires B.

All wires A were grown from the positions of Au colloid

particles. Inmany cases, a number of wires A originated from a

single position. Transmission electron microscopy (TEM)

investigations reveal that the wires A with a length of several

tens of micrometers are terminated by a flat plane (Figure 1c).

In all cases, the nucleating Au particles remained at the root of

the wires A (see for instance Figure S3 in the Supporting

Information). In contrast, for wires B, all nanowire branches

end with Au nanoparticles at their tips. There are two kinds of

branches: the first kind lifts off from the nanowire backbone

(straight branch) and the other kind grows along the surface of

the wires (crawling branch) as shown in Figure 1b. Compare

also the corresponding TEM images Figure 1d and e. In Figure

1f we show a TEM image of a junction at the nanowire

backbone and branch. Figure Figure 1g is the magnified view

of the solid line box in Figure 1f. Both, the nanowire backbone

and the branch have a preferential growth direction of [0001].

A selected-area diffraction pattern from the junction is shown

in Figure 1h confirming the above-mentioned growth direction

of the nanowires.

The difference between wires A and B is the position of Au

particles in the nanowires: the Au particles are located at the

root of wires A but at the tip of wires B. Also the size

distribution of the wires A is broader than that of wires B,

wires A vary from 20 to 500 nm but wires B only from 50 to

100 nm. (See size-distribution plots of Figure S4 in the

Supporting Information.)

In order to explain the differences in modes of growth in

the experimental studies, we first concentrate on the

nucleation process and then on the subsequent wire growth.

We assume that single adsorbed ZnO molecules are the only

species that are effectively mobile on the surface. The

interactions between the adsorbed ZnO molecules and Au

are schematically illustrated in Figure 2. When the nucleation

process proceeds in the beginning of the growth stage, the

population of adsorbed ZnO molecules changes as a result of

the competition between the arrival of particles from the

incoming flux of ZnO vapor and loss by evaporation and

deposition on the substrate, and by diffusion capture or direct

impingement on theAu particle. Because nucleation events do

not take place without the presence of Au on the substrate, the

only considerable loss is diffusive capture by the Au particles

and evaporation. Note that Au atoms have a strong binding

affinity to ZnO that results from the polarity of ZnO: the

binding energy for Au on the polar surface of ZnO was

estimated to be 0.94 eV.[16] In spite of the relatively large misfit

of 11%, Au films grow epitaxially on ZnO substrates even at

low temperature.[17]
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In the regime of the diffusion-induced nanowire growth,

the surface of Au particles at the SiO2/Si substrate become

saturated with ZnO during the nucleation process as result of

supersaturation, diffusion of adsorbed ZnO molecules, and

their affinity to Au. Once Au particles are saturated by ZnO

then molecules from the ZnO vapor contribute to the

formation of ZnO nuclei since ZnO has unique self-assembly

characteristics. ZnO has a tetrahedral fundamental unit cell in

which the Zn ions are surrounded tetrahedrally by O ions and

vice versa that results from the sp3 hybridized orbital. Because

the normal direction to each plane of the tetrahedron is

parallel to the c-axis, ZnO has a preferential orientation

toward the c-axis. Accordingly, we found that both 20 and

80 nm Au particles resulted in a similar size distribution

communications

Figure 1. Scanning electron microscopy (SEM) and TEM images of ZnO nanowires grown at SiO2/Si substrate and nanowire backbones.

a) SEM image of wires A. b) SEM image of wires B. Nanowires branches and Au particles in the image are colored in light green and light

yellow, respectively. For an original image see Figure S2 in the Supporting Information. c) TEM image of wire A. An arrow indicates the tip of

the nanowire. d) TEM image of straight branch. Inset shows a high-magnification image from the tip of wire (dotted line box). An arrow

indicates an Au particle. e) TEM image of a crawling branch. f) TEM image at the junction of wire B. g) High-magnification image of junction

(solid line box) in Figure 1f. The lattice of a ZnO nanowire backbone and branch is visible and show their growth direction of [0001]. h) Selected-area

electron-diffraction pattern recorded from the junction.

Figure 2. Schematic illustration of nucleation process with the pre-

sence of Au particle: ZnO adsorption, evaporation, diffusion, and

capture by Au. The arrival rate (R) is the experimental variable. The

dotted line indicates the process that is less important in this growth

mode.
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because the size of wires were not dependent on that of the Au

particles but is determined by the size of the ZnO nuclei.

Let us now discuss the case of nucleation at Au particles

deposited on already existing ZnO nanowires. In this case the

only valid pathways for the ZnO molecules are the direct

impingement upon the Au particles and the surface diffusion

along the pre-existing ZnO nanowire towards the Au particles.

Becauseof the limitedsupply, theactiveareaofAuparticlesdoes

not become saturated by ZnO but acts as a preferential

adsorption site and promotes the delivery of ZnO molecules to

theAu–ZnO nanowire interface. The reduced flux of molecules

drives the energeticallymore favorable epitaxial growth ofZnO

layers at the Au–substrate interface with a higher rate (e.g.,

nucleation rate) than the saturation rate at the surface of theAu

particles.ThuswiresBgrowwhilekeeping theAuparticlesat the

growth front. In Figure 3 the basic steps of the growth modes of

wires A and B are shown schematically. In addition, the fluxes

of ZnO molecules contributing to the growth of wires A and

B are roughly estimated to be about 1.8� 107 and

2.4� 106moleculesmm�2
�min�1, respectively, based on the

wire volume per unit area. We assume that all incoming vapor

was incorporated into the wires either by diffusion or direct

impingement without any loss by evaporation.

It is not clear whether Zn or ZnO vapor dominantly

contributes to the anisotropic crystal growth in the presence of

Au particles.[18] If Zn atoms are considered to be the main

species, then Au particles should alloy with Zn and ZnO

nanowires should grow with the assistance of liquid catalytic

particles, so that the nanowire diameter is determined by the

size of the Au particles. The mechanism involved in this

catalytic growth is generally referred to as the vapor–liquid–

solid (VLS) process.[19] However, the observed growth

behavior of ZnO nanowires does not fit the VLS mechanism.

The diameter of the nanowires is larger than that of the Au

particles as shown in Figure 4. Furthermore, X-ray diffraction

(XRD) analyses reveal that the Au particles are solid during

ZnO nanowire growth.[20]

If ZnO molecules are taken as major vapor-phase

constituents, the growth picture of wires B with the assistance

of Au particles becomes apparent. It was demonstrated that

the metallic Au phase is clearly isolated from the ZnO matrix

when the annealing temperature is increased.[21] Also the size

of Au particles used in the growth experiments was 50 nm,

which excludes a possible liquid phase of Au particles from a

size effect.[22] Based on the experimental observations we

suggest the growth process illustrated in Figure 4b. ZnO/C

source material produces Zn vapor after a carbothermal

reduction reaction. During the transporta-

tion to the Au particles, the Zn vapor is

oxidized by reaction with carbon monoxide

and arrives in the form of ZnO mole-

cules.[23] ZnO molecules are incorporated

into the growth front by diffusion along the

nanowire surface or direct impingement on

a Au particle. Therefore, the growth

mechanism is slightly different from a

typical vapor–solid–solid (VSS) process.

From this point of view, the growthmode of

ZnO nanowires has different characteris-

tics compared to elemental or III–V

semiconductors. With respect to the Au

particles that assisted wire growth, initially

spherical Au particles become approxi-

mately hemispherical and their volume

decreases during wire growth. For instance,

an Au particle with the volume of

7.4� 104 nm3 was reduced to

5.6� 104 nm3 after growth. Some Au atoms

might have evaporated or migrated along

the wires into the substrate.[27]

Epitaxial nanowire growth is required

for optical studies and device applications

such as vertical-surround-gate field-effect

transistors. Similar growth condition to

Figure 3. Schematic representation of the basic steps of the growth modes of wires A and B.

a)Highdiffusionfluxof adsorbedZnOmolecules (solid arrow) lead to the saturationof ZnOon the

Au particle and subsequent formation of ZnO nuclei. Finally ZnO nanowires grow from nuclei. b)

Lower flux of adsorbedZnOmolecules (dottedarrow) drives the energeticallymore favorable ZnO

nucleus at the Au–ZnOnanowire interface. Openarrow: direct impingement. The nanowire grows

ina layer-by-layer fashionthroughthe reiterativebuildingofsuccessiveZnOlayerswithassistance

of Au particle.

Figure 4. a) TEM image of wire B near tip. b) Schematic illustration of

a possible growth mechanism. ZnO vapor sticks to solid Au particle

followed by diffusion along the surface and builds up ZnO lattice.

Alternatively adatoms of ZnO diffuse along the wire surface and

incorporate into growth front.
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those used for the nonepitaxial growth of wires A on SiO2/Si

substrates was used for epitaxial growth of ZnO nanowires on

GaN/Si substrates. As shown in Figure 5, ZnO nanowires are

grown not only at the original position of Au particles but also

in the surrounding of these positions. Note that this pheno-

menon was not observed for wires A grown on SiO2/Si

substrates. The phase-mode atomic force microscopy (AFM)

image of GaN/Si substrate after deposition of Au particles,

followed by annealing at 500 8C with pressure of 1mbar for

30min, shows small Au clusters with a height of a few nm near

the original Au particles (see Figure S5 in the Supporting

Information). The formation of a ZnO nucleus and subsequent

nanowire growth at Au site might take place in a similar way as

described previously for wires A. However, ZnO nanowires,

which were formed by the assistance of small Au clusters, grew

epitaxially as shown in Figure 5. The surface migration of Au

atoms might initiate nanowires growth near the original Au

particles and limit the position control of ZnO nanowires. In

addition, one can see clearly the development of the base

widening as result of the surface diffusion of vapor species.[24]

The cross-section TEM images of vertically aligned nanowires

shows a sharp ZnO/GaN interface without Au clusters (Figure

S6 in the Supporting Information). Au clusters after support-

ing the formation of ZnO nuclei may leave the location owing

to the high diffusion rate of Au atoms at high growth

temperatures. Most probably small Au clusters react with the

GaN layer chemically during wire growth.[25]Therefore, in this

case the Au particle catalyzing the ZnO nanowire growth

remains neither at the root nor the tip after extended nanowire

growth periods.

In summary, we have investigated Au-assisted growth of

ZnO nanowires and nanowire branches. We first put special

emphasis on the interaction between Au and adsorbed ZnO

molecules. A simple growth model suggests that competition

between the saturation rate and nucleation rate of ZnO on the

Au particle results in two different growth modes, leading

either to the presence of the catalytic Au particle at the root or

at the tip of the ZnO nanowires. For Au-catalyzed wire

growth, the diameter of the nanowires did not match that of

the Au particles. Finally, it was demonstrated that the surface

migration of Au atoms on GaN/Si substrates limits position-

controlled growth of ZnO nanowires.

Experimental Section

Commercially available Au colloids (BBI International) were

used as catalyst. For growth of typical wires A and B, Au colloids

with mean diameter of 52 nm and a concentration of about

4.5�109particlesmL�1 were used. To disperse Au nanoparticles

at the SiO2/Si (the thickness of SiO2 is 100 nm) and GaN/Si

substrates, a diluted Au colloid solution was dropped on the

substrates and subsequently dried by blowing Ar gas for a few

seconds. This method resulted in a random distribution of Au

particles over the substrate. A typical scanning electron micro-

scopy (SEM) image of dispersed 50 nm Au particles with an

approximate density of 0.2 particlesmm�2 on the substrate is

given in the Supporting Information (Figure S1a). The Au colloid

solution was diluted with ethanol. If water was used, no Au

particles were deposited on the substrate. It was possible for the

Au particles to attach to the substrate by van der Waals forces.

Then, the sample was cleaned with O2 plasma at a power of 150W

for 2min, and then annealed at 500 8C for 30min. O2 plasma

treatment was carried out with a pressure of 0.7 Torr (the base

pressure was 0.2 Torr) and O2 flow rate of 70 sccm at room

temperature. This final step is important for the growth of

nanowires because residual organic materials disturb the growth

of nanowires. Note that the thin gold oxide shell formed on the

nanoparticles after O2 plasma will be thermally decomposed

during the annealing process at 500 8C or at even higher growth

temperatures.[26]

The growth experiments were carried out in a tube furnace

integrated with Ar gas flowing and pumping systems.[12] ZnO and

graphite powder with a ratio of 1:1 in wt % were used as source

material. The tube pressure was maintained at 200mbar under a

constant Ar flow of 30 sccm for wire growth. Owing to the

temperature gradient in the growth tube, the temperature at the

source and the substrates where the nanowires were collected

were 920 8C and 850 8C, respectively. The substrates were placed

in 12 cm away from the source boat, which was located at the

center of the heating zone.

ZnO nanowire branches were grown in a similar way. A diluted

50 nm Au colloid solution (4.5�109particlesmL) was dropped on

the nanowires grown substrates and subsequently dried by

blowing Ar gas. A typical SEM image of Au nanoparticles dispersed

on the ZnO naonwires is shown in the Supporting Information

communications

Figure 5. SEM images of epitaxially grown ZnO nanowires on a GaN/Si substrate. a) Low-magnification SEM image. The position of Au particles is

marked by a circle. b) Top view of ZnO nanowire grown on a GaN/Si substrate. Hexagonal facets are clearly visible. c) Close view of vertically aligned

ZnO nanowires. Nanowires show the developed base shape.
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(Figure S1b). The sample was annealed at 500 8C for 30min prior

to the growth run, in which the same growth parameters were

used as for the growth of wires A.

Keywords:
chemical vapor transport . crystal growth . nanowires .

oxides . semiconductors
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Paper II

Surface diffusion induced growth of ZnO nanowires

D.S. Kim, U. Gösele, M. Zacharias, Journal of Crystal Growth, 311, 3216 (2009).

The role of surface migration of Au atoms on a lattice matched substrate is studied.

Surface migration prevents the controlled growth of ZnO nanowires at predefined

positions. In the regime of surface-diffusion controlled growth, an inverse pro-

portional relation of diameter and length of nanowires is observed i.e., nanowires

with smaller diameters grow faster than those with larger ones, in contrast to what

is expected from standard models of vapor-liquid-solid (VLS) or vapor-solid-solid

(VSS) growth.

The author of this thesis (D.S.Kim) performed all growth experiments and wrote

the manuscript.
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a b s t r a c t

The growth rate of ZnO nanowires grown epitaxially on GaN/sapphire substrates is studied. An inverse

proportional relation between diameter and length of the nanowires is observed, i.e., nanowires with

smaller diameters grow faster than larger ones. This unexpected result is attributed to surface diffusion

of ZnO admolecules along the sidewalls of the nanowires. In addition, the unique c-axis growth of ZnO

nanowires, which does not require a catalytic particle at the tip of the growing nanowires is discussed

by taking into account polarity, surface free energy, and ionicity. Activation energies of the nanowire

growth are determined as well.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor nanowires have been extensively investigated

including their basic growth mechanism [1,2] as well as potential

applications in solar cells [3], thermoelectrics[4], and memory

devices [5]. A vapor–liquid–solid (VLS) process is typically

assumed for nanowire growth, where the vapor species are

incorporated into the liquid catalyst and condensed at the

liquid–solid interface under supersaturation conditions. However,

the growth of semiconductor nanowires can also occur below the

bulk eutectic temperature, i.e., vapor–solid–solid (VSS) growth [6]

or even without catalytic particles i.e., vapor–solid (VS) growth

[7]. Furthermore, some materials do not establish a eutectic alloy

with chosen catalysts.

In VLS growth if the Gibbs–Thomson effect is taken into

account, then thicker nanowires typically grow faster than thinner

ones [8]. In contrast, it was already reported that the growth rate

of MBE-grown Si nanowires shows an opposite behavior, i.e., the

length of nanowires is inversely proportional to the diameter [9].

Similar effects were observed for the VLS growth of some III–V

nanowires [18]. This inverse relationship between the growth rate

and the diameter of nanowires is generally interpreted as being

caused by the transport of the vapor species by surface diffusion

[9,10]. In situ measurement of VLS-grown individual Si nanowires

showed diameter-independent growth rate under specific growth

condition such as low vapor pressure and high temperature [11].

Typically, ZnO nanowire growth on a lattice matched substrate

using a thermal evaporation route requires the use of catalysts

such as gold. But neither liquid nor solid catalysts seem to be

involved in the growth process at the tip of growing wires [12].

Due to surface migration of Au atoms on a GaN substrate ZnO

nanowires grew not only at the original Au particles sites but also

close to them [13]. Additional efforts may require getting position-

controlled growth of ZnO nanowires on GaN substrates. As ZnO

nanowires have attracted a broad interest for a wide range of

applications such as ultraviolet/blue emission device [14], solar

cells [15], and chemical sensors [16] the peculiar aspects of wire

growth have to be well clarified.

In this work, surface-diffusion induced epitaxial growth of ZnO

nanowires on GaN substrates is presented. The diameter-depen-

dent growth rate of wires will be discussed based on species

supply conditions as well as intrinsic material properties such as

polarity, surface free energy, and ionicity. In addition, the

activation energy of wires with different sizes is estimated.

2. Experimental procedure

For well-separated ZnO nanowire growth small Au clusters

were used as nuclei instead of Au nanoparticles. Since several
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inclined wires were formed on a single Au nanoparticle site

reliable growth statistics may be deduced only if individually

grown wires were used for analysis. To prepare dispersed Au

clusters a small amount of Au colloid solution was dropped on the

substrates and dried by Ar blowing. For the detailed preparation

methods see ref. [13]. Subsequently, the samples were treated

with O2 plasma at a power of 150W for 1–2min, followed by a

thermal anneal of the sample at 500 1C for 30min.

The growth experiments were carried out in a tube furnace

integrated with Ar gas flowing and pumping systems. ZnO and

graphite powder with 1:1wt % were used as source material. The

source boat and the substrate were placed in a small quartz tube

(17mm in diameter, 250mm in length) separately. This small

quartz tube was then put into the growth tube (55mm in

diameter, 650mm in length) where the source boat was

positioned at the center of the heating zone. This tube-in-tube

geometry has been selected because we expect that it leads to a

high supersaturation of ZnO vapor for wire growth. The growth

pressure was maintained at 200mbar under a constant Ar flow of

10 sccm. The source temperature was 900 1C, whereas the

temperature of the nanowire collecting substrates was varied

from 720 to 680 1C due to the temperature gradient inside the

growth tube.

3. Results and discussion

Fig. 1 shows a typical SEM image of ZnO nanowires epitaxially

grown on the GaN/sapphire substrates with the assistance of Au

clusters. It is noticeable that thin wires are longer than thick one.

ZnO nanowires grew in [0 0 01] direction with hexagonal cross-

section. The wire sidewalls were faceted into {10 1̄0} planes. The

density of nanowires varied from about 0.8 to 1.4wire/mm2 over a

large area of the substrates.

To display the morphology of small Au clusters acting as

nucleation sites, AFM analysis was carried out on the sample (see

Fig. 2(a)). Typically Au clusters with a height of a few nm were

dispersed (one of them indicated by dotted circle). The

representative AFM images of an Au nanoparticle and cluster are

shown in Fig. 2(b) and (c), respectively.

In Fig. 3 the measured dependence of the nanowire length (L)

on the nanowire diameter (d) is plotted. Apparently, as the wire

diameter decreases the length of the wires increased.

In general, the atoms or molecules contributing to the growth

of the nanowires can either directly attach to the tip of the

nanowire (which might or might not be capped with a liquid or

solid catalyst) or the atoms or molecules reach the tip of the

nanowires via a diffusion process along the sidewalls of the

nanowires [17]. In the case of direct attachment at the tip from

the vapor phase, which happens in most cases for VLS growth, the

growth rate is lower for smaller diameter nanowires due to

the Gibbs–Thomson effect, as observed experimentally in many

cases [17].

If, however, the supply of material occurs via surface diffusion

along the sidewalls of the nanowires just the opposite diameter

Fig. 1. (a) SEM image of ZnO nanowires grown on a GaN/sapphire substrate.

Images were takenwith a tilting angle of 301. (b) High-magnification SEM image of

single ZnO nanowire. Hexagonal facet without gold catalyst is apparently visible.

Note that some thin wires in Fig. 1(a) were bent due to secondary effects such as e-

beam irradiations.

Fig. 2. (a) A phase mode AFM image of Au clusters (dotted circle) on a GaN/

sapphire substrate after thermal annealing with Au nanoparticles (solid circle) at

500 1C with a pressure of 1mbar for 30min. (b) High magnification of the AFM

image of an Au nanoparticle in Fig. 2(a). (c) The AFM image of a representative Au

cluster in Fig. 2(a). The profile steps shown below the AFM images correspond to

the height of the Au nanoparticle and cluster which are marked by a white bar in

Fig. 2(b) and (c), respectively.

Fig. 3. Correlation between the length and the diameter of ZnO nanowires grown

at a temperature around 690 1C for 40min.
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dependence occurs. Thicker nanowires have a reduced growth

rate, i.e., the length of the wire is inversely proportional to the

diameter,

L /
1

d
(1)

For instance, the length of MBE grown Si and GaAs nanowires

were reported to be inversely proportional to the diameter of the

wires [9,18,27].

In case of ZnO nanowire growth, Eq. (1) roughly fits the

resulting size-dependent growth rate as shown in Fig. 3. However,

the data is fitted better if a direct impingement term is taken into

account. Since the impingement of vapors is proportional to the

area of the growing tip, the growth rate is given by

L �
1

d
þ C (2)

here, C is a constant.

Although the diffusion length of ZnO admolecules on a GaN

surface is not known, a size-dependent growth rate was observed

for a wire density up to 1.4wire/mm2. For a sufficiently high wire

density direct impingement may finally dominate the growth rate.

Supplementary, one can clearly see the development of the

base widening as result of the surface diffusion of ZnO

admolecules. See Fig. 1(b).

Although the inverse proportional relationship between length

and diameter of VLS-grown nanowires was clarified within

specific growth conditions [9,18] such growth peculiarity in ZnO

nanowires has to be distinguished from those cases in which a

catalytic particle is present at the tip of the growing nanowires,

since for the ZnO nanowires a flat plane exists at the tip of the

nanowire. The catalytic Au cluster assisted only in the nucleation

process [13]. Also the nanowires were formed without any

significant tapering, i.e., lateral growth on the non polar surface

of wires was almost negligible. Hence we suggest that the

selective condensation of ZnO vapors supplied via surface

diffusion on the growing tip is governed by intrinsic material

properties such as polarity, surface free energy, and iconicity.

Recently, controlled experiments of homoepitaxial GaN nano-

wire growth were carried out and revealed the importance of a

polarity effect on the vapor–solid growth process [19]. The

hexagonal prism-like island consisting of {10 1̄0} and {10 1̄1}

facets formed on nanowires grown in the c-direction whereas GaN

belts grew onwires grown in the a-direction. Direction-dependent

growth habits suggest that surface diffusion of adatoms along

preexisting polar or non-polar surface of nanowires play an

important role for the formation of anisotropic crystals. In

contrast to the limited surface diffusion of adatoms on polar

surfaces, the adatoms diffusion length along a non-polar surface

of nanowires was longer than several tens of micrometers.

This argument can also be applied for the growth of ZnO

nanowires. ZnO molecules diffusing along the nanowires are likely

to be incorporated at the tip of the growing wires due to their high

sticking coefficient at the (0 0 01) surface rather than the sidewall

of the non-polar surface. Within the growth conditions used in

our experiments, nanowires with a length of about 10mm and a

diameter of 40nm were obtained. Thus the diffusion length on a

non-polar surface might exceed more than 10mm but the

diffusion length on polar surface would be less than 40nm. Most

probably the incorporation of polar ZnO molecules on the

positively charged (0 0 01) surface is caused by chemisorption

[20].

Note that the polarity effect was already involved in the

growth of helical ZnO nanostructures [21]. Also it was reported

that such polarity effects present in ZnO films grown along the

nonpolar [112̄ 0] direction resulted in rhombohedral pyramids

exposing polar {10 1̄1} facets [22].

It is well known that the interface energy at the liquid/solid tip

interface of the wire and the surface energy of the wire are the

most important factors influencing the growth directions, i.e.,

nanowires grow to minimize the surface free energy. For example

the growth of Si or ZnSe nanowires showed diameter-dependent

growth directions [23,24]. In hexagonal ZnO nanowires with

wurtzite structure the side faces are the {10 1̄0} planes. The

calculated cleavage energy of (10 1̄0) plane was 2.32 J/m2, which

is the lowest energy among all the major planes [25]. Thus the

absence of a size-dependent growth direction but the presence of

just one preferred orientation in ZnO nanowires might be

attributed to the very low surface energy of the sidewalls. Also

ZnO with a high ionicity of 0.62 may prefer to form a hexagonal

structure with the principle c-axis growth direction [26].

Fig. 4 shows the measured growth rate, vg, at different growth

temperatures, T. As expected, the growth is a thermally activated

process and is size dependent. Depending on the growth

temperatures, the growth rate varied from 0.78 to 4.5 nm/s for

the nanowires with a diameter of around 50nm. Assuming an

Arrhenius behavior of wire growth, the activation energy was

roughly estimated to be 167, 201, and 253kJ/mol for wire

diameters of around 50, 100, and 300nm, respectively. The

estimated activation energy for the growth of thick wires is

larger than that of thin wires. The apparent decrease of the

activation energy for thinner nanowires would indicate that the

incorporation of admolecules at the tip is easier for thinner

nanowires. However, due to the large scatter of the data points we

refrain from a detailed discussion of this feature.

4. Conclusions

In summary, a high supersaturation of the gaseous vapor

species results in major contributions of the surface diffusion of

the ZnO admolecules to the anisotropic ZnO nanowire growth and

in a diameter dependence of the growth rate. Thin wires grow

faster than thick ones. The observed growth behavior was

explained by taking into account the surface diffusion of

admolecules, polarity, surface free energy, and ionicity.
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[13] D.S. Kim, R. Scholz, U. Gösele, M. Zacharias, Small 4 (2008) 1615.
[14] J. Bao, M.A. Zimmler, F. Capasso, Nano Lett. 6 (2006) 1719.
[15] M. Law, L.E. Greene, J.C. Johnson, R. Saykally, P. Yang, Nat. Mater. 4 (2005) 455.
[16] Z. Fan, J.G. Lu, Appl. Phys. Lett. 86 (2005) 123510.
[17] E.I. Givargizov, Highly Anisotropic Crystals, Reidel, Dordrecht, 1987.
[18] V.G. Dubrovskii, G.E. Cirlin, I.P. Soshnikov, A.A. Tonkikh, N.V. Sibirev, Yu.B.

Samsonenko, V.M. Ustinov, Phys. Rev. B 71 (2005) 205325.
[19] H. Li, A.H. Chin, M.K. Sunkara, Adv. Mater. 18 (2005) 216.
[20] V. Staemmler, K. Fink, B. Meyer, D. Marx, M. Kunat, S. Gil Girol, U. Burghaus,
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Paper III

Laser-interference lithography tailored for highly symmetrically arranged

ZnO nanowire arrays

D. S. Kim, R. Ji, H. J. Fan, F. Bertram, R. Scholz, R. Dadgar, K. Nielsch, A. Krost,

J. Christen, U. Gösele, and M. Zacharias, Small 3, 76 (2007).

The growth of well defined regular arrays of ZnO nanowires with a narrow diam-

eter distribution and a uniform spacing is demonstrated based on laser interference

lithography and a physical vapor deposition. The resulting morphology and physi-

cal properties of these ZnO nanowire arrays are discussed.

The work described in this chapter was done in collaboration with F. Bertram in

the group of J. Christen at the Institute of Experimental Physics of the Otto-von-

Guericke-University. The author of this thesis (D.S.Kim) performed all growth ex-

periments and wrote the paper. R. Scholz did the TEM investigations. F. Bertram

and R. Ji carried out CL measurements and the patterning of the photoresist by laser

interference lithography, respectively.
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The controlled growth of one-dimensional semiconductor

nanostructures has been the focus of much attention for the

last few years, not only in terms of understanding the funda-

mental growth mechanism[1] but also due to their possible

applications in nanoscale electronics[2] and optoelectronics.[3]

In particular, nanostructured zinc oxide (ZnO), an impor-

tant functional oxide semiconductor, has been discussed in

terms of a wide variety of applications including lasers,

light-emitting devices,[4] sensors,[5] and solar cells.[6] For the

realization of such device applications it is necessary to con-

trol both the pattern (e.g., diameter, location, and spacing)

and the orientation of the ZnO nanostructures. So far, only

relatively little attention has been paid to the reproducibility

of the process and the quality of the patterned growth of

ZnO nanowires (NWs), even though this is an important

issue in producing reliable nanoscale devices and systems. A

better understanding of the growth processes and the opti-

mization of the growth conditions are thus necessary.

In general, the diameter and location of the NWs can be

determined by controlling the size and position of the cata-

lytic metal particles. Therefore, an area of ordered metal

particles is required for controlled NW growth. Previously,

ordered arrays of ZnO NWs were demonstrated successfully

by various patterning methods, including conventional elec-

tron-beam lithography,[2] scanning probe lithography,[7]

nanotemplates,[8] and phase-shifting photolithography,[9] fol-

lowed by different growth techniques. More detailed de-

scriptions of these fabrication techniques and a discussion of

their capabilities and limitations can be found in a recent

review article.[10]

In this work, we use laser-interference lithography (LIL)

to fabricate regularly arranged Au nanodots (NDs) covering

areas up to the wafer scale. LIL is a reliable, inexpensive,

and fast lithographic tool for the fabrication of large-area

dot arrays with tunable lattice constants. Based on this tem-

plate, we obtain large-area arrays with a long-range order of

vertically aligned ZnO NWs by applying a chemical vapor

transport and condensation (CVTC) process. Individual

ZnO NWs are grown on each Au ND (i.e., one-to-one syn-

thesis). A vapor–solid (VS) mechanism is adapted to de-

scribe the growth process instead of the vapor–liquid–solid

(VLS) mechanism that is usually considered as the main

growth mechanism of ZnO NWs in the presence of Au.

Spectrally and spatially resolved cathodoluminescence (CL)

measurements are used to study the microscopic spectral

emission characteristics of ZnO NW arrays.

The fabrication method of ordered NW arrays is illus-

trated schematically in Figure 1. After obtaining the Au

NDs (Figure 1d), an additional annealing step was applied

to reduce their lateral dimension and to enhance the surface

smoothness of the NDs, as shown in Figure 2a and b.

Before the thermal annealing step, the Au NDs show a high

roughness (with a mean height of 20 nm) with a diameter of

120 nm. Figure 2c shows typical Au NDs deposited on a

GaN/Si substrate after annealing at 500 8C for 1 h. The di-
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Figure 1. Fabrication process of ZnO NW arrays. a) Deposition of a
photoresist/antireflection-coating (PR/ARC) layer on a GaN/Si sub-
strate. b) Double exposure using laser-interference lithography, and
developing. c) Deposition of Au by thermal evaporation. d) Removal
of the PR/ARC layer. e) Thermal annealing. f) Growth of ZnO NWs by
CVTC.
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ameter and the height distributions are now regular with a

periodic distance of 270 nm. The mean diameter and mean

height are about (79.0�7.4) nm and (30.0�5.5) nm, respec-

tively. The resulting arrays of Au NDs are ordered in a

monoclinic lattice arrangement with an average density of

9 dotsmm�2. Note that a chemical reaction between the Au

NDs with the GaN layer might lead to a Au–Ga alloy at an

annealing temperature as low as 500 8C.[11]

After the ZnO NW growth, the morphology of the

sample was investigated by scanning electron microscopy

(SEM) (JEOL JSM-6300F). Figure 3 shows SEM images of

regularly ordered ZnO NW arrays, which were epitaxially

grown on a GaN/Si substrate. Figure 3a shows a side view

of the ZnO NW arrays tilted at 208. A large area can be ob-

served with a density of 9 nanowiresmm�2. Figure 3b clearly

shows the highly symmetric

alignment of the ZnO NWs.

The arrangement of the ver-

tically aligned ZnO NWs

(period: 230 nm) can be well

distinguished in the magni-

fied view shown in Figure 3c.

The ZnO NWs have an aver-

age diameter of (109�

20) nm. Interestingly, the

length of the ZnO NWs is

quite uniform and independ-

ent of their diameter in do-

mains of at least 10A10 mm2.

The temperature gradient

and the supersaturation of

ZnO vapor determine the

growth rate of ZnO NWs;

this factor led to a variation

in the length of the ZnO

NWs from 0.5 to 3 mm over

the 1A1 cm2 sample region. For a large-scale image of ZnO

NW arrays, please see Figure S1 in the Supporting Informa-

tion. The results shown in Figure 4 reveal that the diameter

distribution of ZnO NWs corresponds to that of the Au

NDs. The Gaussian fit of the diameter distribution of the

Au NDs and ZnO NWs had full width half-maximum

(FWHM) values at 5.5 and 13.3 nm, respectively.

Considering the local structure of the ZnO NWs, all

NWs are characterized by an atomically flat plane at their

top without any tapering. The Au NDs were located around

the NW roots, as shown in Figure 5. More detailed SEM

and cross-section transmission electron microscopy (TEM)

studies reveal that most Au NDs are pushed away after de-

veloping a crawling-like nanostructure on the GaN/Si sur-

face. The ZnO NWs are epitaxially grown on a GaN/Si sub-

strate (an additional cross-

section TEM image is avail-

able in the Supporting Infor-

mation, Figure S2). We

therefore conclude that,

under these growth condi-

tions, the ZnO NWs do not

grow on the GaN/Si sub-

strate by a VLS growth pro-

cess even though Au NDs

are required for the growth.

It is suggested that the main

process is a liquid-phaseACHTUNGTRENNUNG-

assisted VS growth mode. In

this growth mode, [0001]-ori-

ented ZnO nuclei are formed

epitaxially at the interface of

the GaN/Si substrate. This

happens inherently at the be-

ginning of the growth, with a

preferential attachment of

the gaseous precursor mole-

cules to the molten-alloy

Figure 2. Atomic force microscopy (AFM) images of patterned Au NDs on GaN/Si substrate. a) As deposit-
ed; b) after thermal annealing at 500 8C for 1 h. The profile steps shown below correspond to the height
of the Au NDs, which are marked by a white bar in Figure 2a and b. c) Typical AFM image of patterned
Au NDs with an average diameter of 79 nm (period of 270 nm and height of 30 nm) and its correspond-
ing fast Fourier transform (FFT) diffractogram (inset).

Figure 3. a) Low-magnification 208 tilted view, b) high-magnification 208 tilted view, and c) top-view SEM
images of ordered arrays of ZnO NWs grown on a GaN/Si substrate; the average diameter of the NWs is
109 nm with a lattice constant of 230 nm.
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ND. Au NDs thus indirectly affect the size and the shape of

ZnO nuclei. It is for this reason that there is a difference in

the average diameter of the Au NDs and the resulting ZnO

NWs. Such [0001]-oriented ZnO nuclei were also observed

at the early growth stages of ZnO pillars in our previous ex-

periments, as well as on the surface of ZnO films prepared

by pulsed-laser deposition (PLD).[12,13] After nuclei forma-

tion, the ZnO NWs grow continuously with a [0001] prefer-

ential growth direction. So far, it is still an open question as

to why the highest growth rate occurs along this direction

and why the ZnO nuclei are oriented along the c axis de-

spite their high surface energy.[14]

It is worth noting that the thickness of the deposited Au

NDs before annealing plays an important role in getting

such a one-to-one synthesis of ZnO NWs. For instance, the

process of patterning Au NDs was repeated but with only a

10-nm Au thickness; the pattered substrate was annealed at

400 8C for 30 min. Under these conditions, we observed that

several ZnO NWs grow on each Au ND (see Figure S3 of

the Supporting Information). Because of the low thickness,

the Au does not reduce in a continuous layer but breaks up

into small islands after thermal annealing; each island then

provides a nucleation site for a ZnO NW.

The microscopic spectral-emission characteristic of ZnO

NW arrays was directly imaged by highly spectrally and spa-

tially resolved low-temperature scanning CL microscopy.

Since CL has the advantage of a much higher lateral and

depth resolution as compared to photoluminescence, it is a

unique tool for the investigation of nanometer-scaled struc-

tures. Figure 6a shows the CL spectrum integrated from a

sample area of 17A11 mm2 in the excitonic energy range.

The spectrum is dominated by two clear peaks located at

3.3593 and 3.3556 eV, which are attributed to bound-exciton

emissions.[15] The emission line at 3.3593 eV is usually as-

signed to a neutral-donor bound exciton (D0X). So far, a

distinct assignment of the

transition line at 3.3556 eV,

either to a neutral donor

(D0X) or to an acceptor

(A0X), has not yet been

made since the respective

two-electron-satellite (TES)

transitions of the bound-exci-

ton lines are not observed.[16]

Note that the TES line is a

typical characteristic of the

D0X recombination.[17] The

FWHM of the peaks at

3.3593 and 3.3556 eV are 2.5

and 1.8 meV, respectively.

Figure 6b shows the CL in-

tensity map of the D0X line

at 3.3593 eV (see Figure S4

of the Supporting Informa-

tion for the corresponding

secondary-electron microsco-

py image of ZnO NW arrays,

imaged under a tilt of 458).

Individual NWs are visible

and the intensity is distributed homogeneously along the

NWs.

In addition, the photoluminescence (PL) spectrum of

ZnO NW arrays was measured using a HeCd laser (325 nm)

as the excitation source at room temperature (see Figure S5

of the Supporting Information). Only one strong UV emis-

sion peak and negligible green-light emission were ob-

served, which indicates a high crystal quality of the grown

ZnO NWs.[18]

In summary, we present an effective and reliable ap-

proach for the preparation of large-area, long-range ordered

ZnO NW arrays by combining laser-interference lithography

for templating and a chemical-vapor-transport process for

nanowire growth. The resulting ZnO nanowires show a

narrow diameter distribution as well as uniform spacing. We

demonstrated that a liquid-phase-assisted vapor–solid

growth process is responsible for the growth of ZnO NWs

Figure 4. Correlation between the diameter of Au nanodots (solid rec-
tangle) after thermal annealing at 500 8C for 1 h and the diameter of
ZnO nanowires (open rectangle).

Figure 5. Cross-section TEM image of the ZnO NWs/GaN substrate. The inset is an electron-diffraction
pattern of an area (indicated by the circle) of a ZnO NW.
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on GaN/Si substrates. The CL spectrum of the ZnO NW

arrays is dominated by bound-exciton emissions. Intensity

mapping of the neutral-donor bound-exciton line allows

visu ACHTUNGTRENNUNGalization of individual nanowires. The patterning and

growth approach presented here is suitable for application

in electronics, optoelectronics, and biological sensing de-

vices, for which a regular array of well-defined ZnO nano-

wires is required.

Experimental Section

For laser-interference lithography (LIL), two coherent UV

beams were used to produce a periodic interference pattern on

a photoresist (PR) film with a spatial period of P=l/2sinq,

where l is the wavelength and q is the half angle between the

two beams. A Lloyd’s mirror interferometer was used for litho-

graphic exposures and a HeCd laser (l=325 nm) was the light

source. The sample was rotated by 908 between two consecutive

exposures in order to achieve circular hole patterns. It was also

possible to produce an array of hexagonally arranged elliptical

holes by changing the rotation angle between the two exposures

to 608. LIL is a multistep process, as illustrated in Figure 1: first

an antireflection coating (ARC, WiDE-8B, Brewer Science, Ameri-

ca) with a thickness of 70 nm, and a negative-tone photoresist

(TSMR-iN027, OHKA, Japan) with a thickness of 180 nm, were

spin-coated and baked, respectively, onto a 2-in. GaN/Si sub-

strate. After exposure and developing, the resist pattern ob-

tained by LIL was used as a sputtering mask.

Preparation of Au ND arrays : After the structuring of the PR/

ARC on the GaN/Si substrate, gold was thermally evaporated

onto the substrate at a deposition rate of 0.1 nms�1. The back-

ground pressure inside the chamber amounted to 2A10�6 mbar.

After the Au deposition, the PR and ARC layers were removed

from the substrate using an RCA-1 cleaning solution for 1 h. Fi-

nally, the substrate was thermally annealed at 500 8C for 1 h.

Growth of ZnO NWs: ZnO powder (Alfa Aesar, 99.999%) and

graphite powder (Alfa Aesar, 99.9995%) were ground together

(1:1 wt%) and loaded into an alumina boat. The substrate with

the patterned Au ND arrays and the alumina boat were placed

into a small quartz tube (diameter 1.7 cm) with a typical dis-

tance of 10–11 cm between them. This small quartz tube was

then placed inside a furnace quartz tube, with the source boat

positioned at the center of the heating zone (length of the heat-

ing zone: 20 cm), and the substrate was placed downstream of

an argon flow. The temperature of the furnace was set to 925 8C

at a heating rate of 40 8Cmin�1 and typically kept at the maxi-

mum temperature under a constant flow of argon of 30 standard

cubic centimeters per minute for 30 min. After the growth, the

furnace was cooled naturally to room temperature.

Keywords:
arrays · chemical vapor transport · lithography ·

nanowires · semiconductors

[1] L. E. Jensen, M. T. Bjork, S. Jeppesen, A. I. Persson, B. J. Ohls-
son, L. Samuelson, Nano Lett. 2004, 4, 1961–1964.

[2] H. T. Ng, J. Han, T. Yamada, P. Nguyen, Y. P. Chen, M. Meyyappan,
Nano Lett. 2004, 4, 1247–1252.

[3] M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber,
R. Russo, P. Yang, Science 2001, 292,1897–1899.

[4] R. Konenkamp, R. C. Word, M. Godinez, Nano Lett. 2005, 5,
2005–2008.

[5] Q. Wan, Q. H. Li, Y. J. Chen, T. H. Wang , X. L. He, J. P. Li, C. L. Lin,
Appl. Phys. Lett. 2004, 84, 3654–3656.

[6] M. Law, L. E. Greene, J. C. Johnson, R. Saykally, P. Yang, Nat.
Mater. 2005, 4, 455–459.

[7] J. H. He, J. H. Hsu, C. W. Wang, H. N. Lin, L. J. Chen, Z. L. Wang, J.
Phys. Chem. A 2006, 110, 50–53.

[8] a) X. D. Wang, C. J. Summers, Z. L. Wang, Nano Lett. 2004, 4,
423–426; b) J. Rybczynski, D. Banerjee, A. Kosiorek, M. Giersig,
Z. F. Ren, Nano Lett. 2004, 4, 2037–2040; c) H. Chik, J. Liang,
S. G. Cloutier, N. Kouklin, J. M. Xu, Appl. Phys. Lett. 2004, 84,
3376–3378; d) H. J. Fan, W. Lee, R. Scholz, A. Dadgar, A. Krost,
K. Nielsch, M. Zacharias, Nanotechnology 2005, 16, 913–917.

[9] E. C. Greyson, Y. Babayan, T. W. Odom, Adv. Mater. 2004, 16,
1348–1352.

[10] H. J. Fan, P. Werner, M. Zacharias, Small 2006, 2, 700–717.
[11] A. Barinov, L. Casalis, L. Gregoratti, M. Kiskinova, J. Phys. D

2001, 34, 279–284.
[12] H. J. Fan, W. Lee, R. Hauschild, M. Alexe, G. L. Rhun, R. Scholz,

A. Dadgar, K. Nielsch, H. Kalt, A. Krost, M. Zacharias, U. Gçsele,
Small 2006, 2, 561–568.

[13] J. Jie, G. Wang, Y. Chen, X. Han, Q. Wang, B. Xu, J. G. Hou, Appl.
Phys. Lett. 2005, 86, 031909–031911.

Figure 6. a) CL spectrum of a ZnO NW array, imaged at T=5 K. b) CL
intensity map of the D0X line at 3.3593 eV.

small 2007, 3, No. 1, 76 – 80 F 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.small-journal.com 79



[14] O. Dulub, U. Diebold, G. Kresse, Phys. Rev. Lett. 2003, 90,
016102.

[15] B. K. Meyer, H. Alves, D. M. Hofmann, W. Kriegseis, D. Forster, F.
Bertram, J. Christen, A. Hoffmann, M. Strabetaburg, M. Dworzak,
U. Haboeck, A. V. Rodina, Phys. Status Solidi B 2004, 241,
231–260.

[16] N. OzgPr, Y. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Dogan,
V. Avrutin, S.-J. Cho, H. MorkoÅ, J. Appl. Phys. 2005, 98,
041301.

[17] D. C. Reynolds, T. C. Collins, Phys. Rev. 1969, 185, 1099–1103.
[18] K. Vanheusden, W. L. Warren, C. H. Seager, D. R. Tallant, J. A.

Voigt, B. E. Gnade, J. Appl. Phys. 1996, 79, 7983–7990.

Received: June 23, 2006
Revised: August 9, 2006
Published online on November 28, 2006

80 www.small-journal.com F 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim small 2007, 3, No. 1, 76 –80

communications





Paper IV

Growth and optical properties of phosphorus-doped ZnO nanowires

D. S. Kim, J. Fallert, A. Lotnyk, R. Scholz, E. Pippel, S. Senz, H. Kalt, U. Gösele

and M. Zacharias, Solid State Communications 143, 570 (2007).

p-type doping of ZnO nanowires is important for functional nanodevices. Here it is

demonstrated an efficient and effective growth technique for phosphorus doping in

ZnO nanowires. The optical properties of doped ZnO nanowires are compared with

undoped ZnO nanowires based on PL spectra.

This work was performed in collaboration with J. Fallert in the group of H. Kalt at

the Universität Karlsruhe. The author of this thesis (D.S.Kim) performed all growth

experiments and wrote the paper. The TEM and XRD investigations were carried

out by R. Scholz and A. Lotnyk, respectively. J. Fallert measured PL spectra of

doped ZnO nanowires and was involved in discussions.
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Abstract

Single-crystal phosphorus-doped ZnO nanowires were synthesized by using a single-source precursor-based vapor transport method. The

photoluminescence spectra of phosphorus-doped ZnO nanowires and undoped nanowires are compared. While both show several shallow bound

exciton complexes, the phosphorus-doped nanowires reveal an additional distinct emission feature at 3.316 eV. Additionally, the time-resolved PL

measurements were conducted to characterize the recombination dynamics.

c© 2007 Elsevier Ltd. All rights reserved.

PACS: 78.66.-w; 78.66.Hf; 78.47.+p

Keywords: A. Semiconductors; A. Nanostructures; C. Scanning and transmission electron microscopy; D. Optical properties

1. Introduction

ZnO nanowires with a direct band gap of 3.44 eV and

a large exciton binding energy of 60 meV, have attracted

increasing interest due to its potential applications in electronics

and optoelectronics. Recently, a light-emitting diode (LED)

based on a ZnO homojunction film was demonstrated [1,2].

It was the result of the reliable p-type doping of ZnO with a

high concentration of nitrogen (∼1020cm−3) and a low-defect

density. Devices based on ZnO nanowires could provide an

alternative nanoscale UV light source. The synthesis of reliable

p-type ZnO nanowires is thus desired. Despite its importance,

only few results on the doping of ZnO nanowires have been

reported so far [3–5].

In this paper, we demonstrate a versatile growth technique

to synthesize phosphorus-doped ZnO (ZnO:P) nanowires in

a reproducible way. With this approach, we are able to

prepare phosphorus-doped single-crystal ZnO nanowires. We

will discuss the detailed optical properties of phosphorus-doped

ZnO nanowires based on low-temperature photoluminescence

(PL) and time-resolved PL (TRPL).

∗ Corresponding author. Tel.: +49 345 5582 641; fax: +49 345 5511 223.

E-mail address: dskim@mpi-halle.de (D.S. Kim).

2. Experimental details

In the typical growth process, ZnO:P nanowires are

synthesized via a vapor transport process based on a single-

source precursor, Zn3P2. In the approach presented here, Zn3P2

is used as source for both Zn and P. In order to meet the

conditions of the sublimation of Zn3P2 and the formation

of the liquid droplet of Au catalyst, the temperature at the

source boat and the substrate were controlled at ∼500 ◦C and

800 ◦C, respectively. The details are as follows: an alumina boat

containing the Zn3P2 powder and a Si substrate covered with

a 5 nm Au film were placed in a small quartz tube, separated

typically by 7–10 cm. This small quartz tube was then placed

inside a horizontal tube furnace, where the source boat was

positioned upstream from the substrate and located in front of

the heating zone. A constant pressure was maintained during

the growth process with an Ar gas of flow rate 30 sccm. The

temperature of the furnace was set to 800 ◦C and typically kept

at the maximum temperature for 40 min.

For comparison, undoped ZnO nanowires were also

produced. Here, ZnO nanocrystals, which were prepared by a

chemical solution deposition (CSD), were used for nanowire

nucleation instead of a metal catalyst. The 0.75 M precursor

0038-1098/$ - see front matter c© 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ssc.2007.06.038



D.S. Kim et al. / Solid State Communications 143 (2007) 570–573 571

Fig. 1. SEM images of ZnO:P nanowires based on Au-assisted growth (a), and

ZnO nanowires based on ZnO nanocrystals-assisted growth (b). (c) TEM image

of a ZnO:P nanowire. (d) High-resolution TEM image of the ZnO:P nanowire.

(e) The corresponding SAED pattern.

solution, which was prepared by stirring the components zinc

acetate dihydrate and monoethanolamine in a molar ratio of

1:1 in 2-methoxyethanol for 3 h at 80 ◦C under Ar gas

was deposited onto the Si substrate by spin coating. The as-

deposited films were then preheated on a hotplate at 300 ◦C

for 10 min. Finally the sample was annealed at 500 ◦C for 1 h.

For nanowire growth, ZnO powder (Alfa Aesar, 99.999%) and

graphite powder (Alfa Aesar, 99.9995%) were ground together

(1:1 wt%) and loaded into an alumina boat. The substrate

covered with the ZnO nanocrystal layer and the alumina boat

were placed into a small quartz tube, separated typically by

10–11 cm. This small quartz tube was then placed inside a

furnace quartz tube with the source boat positioned at the center

of the heating zone and the substrate placed downstream of an

Ar flow. The temperature of the furnace was set to 925 ◦C and

typically kept at the maximum temperature for 30 min under a

constant flow of Ar with 30 sccm. After the growth, the furnace

was cooled to room temperature.

3. Results and discussion

The morphologies of the as-grown ZnO:P nanowires and

ZnO nanowires were investigated using scanning electron

microscopy (SEM). As shown in Fig. 1(a), entangled and

uniform ZnO:P nanowires were grown on the Si substrate. The

diameters of the nanowires range from 40–80 nm and their

lengths reach a few micrometers. Fig. 1(b) shows quasi-aligned

ZnO nanowires with well-defined facets on the Si substrate.

The nanowires have a typical diameter of 30–100 nm and a

length of a few micrometers. All wires are terminated by a

flat plane. Transmission electron microscopy (TEM) analysis

revealed that most of the ZnO:P nanowires are terminated by

Au nanoparticles, indicating that ZnO:P nanowires were grown

via a Au-assisted vapor–liquid–solid (VLS) process. Fig. 1(c)

shows a representative TEM image of a ZnO:P nanowire.

Fig. 1(d) shows a high-resolution TEM image of a ZnO:P

nanowire with clearly resolved lattice fringes, confirming

their crystallinity. Fig. 1(e) shows a selected-area electron

diffraction (SAED) pattern obtained from a representative

ZnO:P nanowire. It demonstrates that the nanowire is single-

crystalline with a wurtzite structure and a growth direction

along [0001].

Fig. 2. XRD pattern of as-grown ZnO:P nanowires (a), and ZnO nanowires

(b). The peaks of the Au used as catalyst can be seen in the sample of the doped

wires.

In addition, Fig. 2(a) shows the X-ray diffraction (XRD)

pattern of ZnO:P nanowires which confirms that no secondary

phase exists in ZnO:P nanowires. In case of undoped ZnO

nanowires, a typical XRD pattern of the hexagonal ZnO was

observed as shown in Fig. 2(b).

The overall composition and the spatial distribution of

phosphorus atoms in individual nanowires were investigated

by energy-dispersive X-ray (EDX) spectroscopy. 4.3 at.% of

phosphorus was detected at the Au-based metallic particles,

located at the tip of ZnO:P nanowires. However due to the

sensitivity limit of EDX (not better than approximately 1 at.%),

we are not able to estimate the phosphorus content in the

nanowires reliably. The EDX analysis of p-type GaN nanowires

was also not sensitive enough to show the presence of Mg

dopants [6]. Because of the difficulties in elemental analysis

and electrical device fabrications for the quantitative analysis

of the dopant concentration, we used low-temperature PL to

prove and characterize the presence of phosphorus dopants

in ZnO:P nanowires. PL spectroscopy is a very sensitive

and nondestructive tool for investigating metal impurities in

semiconductor nanowires [7].

PL of the samples was measured using the 325 nm line of a

HeCd laser as excitation source with an intensity of ∼4 W/cm2.

The low-temperature PL spectra of ZnO:P and ZnO nanowires
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Fig. 3. Low-temperature PL spectra of as-grown ZnO:P nanowires (sample a),

and ZnO nanowires (sample b), respectively.

are compared in Fig. 3. In the used liquid He-bath cryostat,

a temperature of 5 K was measured in a thermal equilibrium

of the copper sample holder with the attached sensor and the

sample fixed on it by a heat-conducting glue. The spectrum

of undoped ZnO nanowires shows typical transition features.

In the present case, the strong emissions observed between

3.357 and 3.363 eV are bound exciton transitions (BE). These

lines are typically labeled as I4 (3.363 eV), I6 (3.361 eV) and

I9 (3.357 eV) [8].

In the case of ZnO:P nanowires, the PL spectrum is

again dominated by emission from shallow BE. Additionally,

another emission band at 3.316 eV is observed, which is not

found in the undoped ZnO nanowires. This band is in the

following denoted by the letter A. Such an emission band

around 3.31 eV has on one hand been reported in p-type

nitrogen [9,10] or phosphorus [11,12] doped ZnO film. On

the other hand such an emission band was also found in

nominally undoped samples [11,15] and is strongly present

in ZnO nanocrystals [15]. So far the physical origin of this

emission is still unclear. But from our results it seems likely that

this additional state is caused by the presence of phosphorus

atoms in the ZnO nanowires.

Time-resolved PL (TRPL) spectroscopy was used to

examine the time-dependent carrier dynamics in ZnO:P and

ZnO nanowires. The signal was recorded by the use of a streak

camera with a temporal resolution of 5 ps. The excitation in

those measurements is accomplished by 150 fs pulses of a

frequency doubled Ti:Sapphire-laser at 360 nm. In the TRPL

measurement a He-flow cryostat was used and in thermal

equilibrium a temperature of 13 K was measured. The decay

curves of the radiative emission at the BE energy of 3.357 eV

(I9) and the A peak at 3.316 eV were monitored in Fig. 4.

Both peaks show a biexponential decay, with a rapid decay

component in the beginning. This is caused by the high-carrier

densities shortly after the excitation pulse with several µJ/cm2.

Fig. 4. Decay curves from time-resolved PL spectra of the BE and A emission

peaks in ZnO:P nanowires. The inset shows the time-integrated PL spectrum.

Therefore also the time-integrated PL spectrum, as shown

in the upper right corner of Fig. 4, is broadened compared

to the continuous wave PL measurement. The two emission

bands which can be seen in the time-integrated spectrum are

present at all times. While at earlier times the BE peak is

dominant, the A peak contributes mainly to the emission with

a monoexponential tail with a lifetime of about 240 ps at later

times.

For unequivocally demonstrating that the incorporated

phosphorus atoms actually lead to p-type doping as expected,

further electrical measurements are required, and this is in

progress. In general, implantation, diffusion and in situ doping

during vapor phase or MBE growth have been adopted

as methods of p-type doping in ZnO films. Our route to

incorporate dopants in ZnO nanowires is, however, quite

different from such ways of doping ZnO films. Phosphorus

is incorporated into the nanowire lattice via the liquid alloy

(Au–Zn) e.g., liquid-phase-assisted in situ doping not a vapor

phase in situ doping. In this doping mode, the liquid–solid

interface provides a low-energy site (e.g., a sink for the dopant),

and facilitates the transport of dopants from the vapor to the

crystal. Although all p-type dopants have a fairly low solubility

in the ZnO lattice [13], we were able to grow phosphorus-

doped ZnO nanowires. In addition, grown nanowires show no

tapering. Since a few atomic layers of dopants deposited on

the surface of a nanowire can dominate its overall electronic

properties, dopant induced tapering is undesirable [14].

4. Conclusions

In summary, phosphorus-doped ZnO nanowires were

synthesized by using a vapor transport process. Based on

a single-source precursor, Zn2P3, single-crystal phosphorus-

doped ZnO nanowires were produced in a reproducible way.

Low- temperature PL spectra show that the presence of

phosphorus strongly enhances a peak at 3.316 eV. We suggest

that Au catalyst plays an important role for doping in ZnO

nanowires.
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Paper V

Kirkendall effect induced evolution of coaxial ZnO/Al2O3 one-dimensional het-

erostructures: from core-shell nanowires to spinel nanotubes and mesoporous

nanowires

Y. Yang, D. S. Kim, M. Knez, R. Scholz, A. Berger, E. Pippel, U. Gösele, M.

Zacharias, J. Phys. Chem. C 112, 4068 (2008)

Nanoscale solid state reactions between ZnO nanowires and alumina shell deposited

by atomic layer deposition are closely examined. It is shown that a combination of

surface diffusion and Kirkendall effect cause the formation of well defined spinel

nanotubes if the reaction temperature is carefully controlled.

Y. Yang prepared the manuscript. The author of this thesis (D.S.Kim) performed

the growth of ZnO nanowires and was involved in the design of the experiments

and in discussions of the results.
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Heterostructures: From Core-Shell Nanowires to Spinel Nanotubes and Porous Nanowires
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In this paper, we present the influence of temperature on the Kirkendall effect-related evolution of coaxial
ZnO/Al2O3 one-dimensional heterostructures based on a solid-state reaction. Controllable fabrication of spinel
ZnAl2O4-based nanotubes and porous nanowires can step-by-step be achieved from ZnO/Al2O3 core-shell
nanowires with a change in the reaction temperature. In particular, we demonstrate that the formation of
completely hollow nanotubes in this system is not strictly limited to a fixed stoichiometry of ZnO/Al2O3

required for the spinel-forming reaction when an annealing temperature of 800 °C is employed. Combined
with atomic layer deposition, the wall thickness of the formed nanotubes can be further precisely tailored and
defined. Our finding provides an effective route to fabricate spinel nanotubes as well as nanotube arrays on
a large scale.

1. Introduction

Tubular nanostructures have attracted considerable attention
due to their potential application in electronics, optoelectronics,
catalysis, and controlled release. To be able to meet such suitable
applications, nanotubes of a wide range of solids including
carbon, metals, semiconductors, and/or insulators have been
fabricated.1 Until now, a variety of routes has been developed
for the fabrication of nanotubes, where the most widely applied
are vapor-phase synthesis using a catalyst,2,3 template-based
methods,4,5 and thin-film rolling.6 Recently, our group reported
a new approach to produce tubular nanostructures such as spinel
ZnAl2O4 nanotubes, where a thermally induced interfacial
solid-solid reaction of ZnO/Al2O3 core-shell nanowires can
directly be used to fabricate single-crystalline ZnAl2O4 nano-
tubes based on the Kirkendall effect.7 Similar phenomena toward
hollow nanospheres have been demonstrated by other groups.
Alivisatos et al. first reported the preparation of hollow CoS
nanoparticles by the sulfidation of Co nanoparticles in solution
based on the Kirkendall effect.8 The Kirkendall effect is a
classical phenomenon in metallurgy. Initially, it describes a
nonequilibrium mutual diffusion process through an interface
of two bulk materials accompanied by the simultaneous occur-
rence of a vacancy diffusion to compensate for the unequal
material flow. Voids can be formed at the interface as a result
of condensation of excess vacancies. Since nanoscale systems
involve a spatial confinement, high surface-to-volume ratios,
and greater crystalline perfection relative to the bulk counter-
parts, void formation can be enhanced due to a more localized
vacancy supersaturation. After a net material flux across the
interface by a preferred outward diffusion, a single void is
possible that can be supported at the center of the nanoscale
materials. Such a concept of the nanoscale Kirkendall effect
provides the methodology for producing hollow nanostructures

composed of different compounds,10-15 as also was outlined in
a recent review article.16

Moreover, continuous interest in the nanoscale Kirkendall
effect has initiated new experimental findings of the influence
of the surface diffusion on the formation of hollow ZnAl2O4

nanostructures.17 Derived from the available experimental
results, an ideal size parameter was also proposed for the
formation of completely hollow nanotubes. For instance, if a
10 nm-thick alumina shell is grown by atomic layer deposition
(ALD), a critically narrow thickness range of 10-15 nm for
the ZnO nanowire core is indispensable for achieving the
complete transformation from core-shell structures to nanotubes
at an annealing temperature of 700 °C.7,17 However, first of
all, preparing ZnO nanowires with a uniform diameter is still a
challenge, and second, the reliance of the whole process on
temperature is still unknown. Therefore, if one desires the
fabrication of spinel nanotubes on a large scale, the careful
examination of this process and its dependence on core-
shell ratios as well as reaction (diffusion) temperatures is
necessary.

In this study, we investigated the dynamic morphology
evolution of ZnO/Al2O3 core-shell nanowires by controlling
the synthesis temperature. On the basis of the previous findings
of the Kirkendall effect and the surface diffusion effect on the
production of ZnAl2O4 spinel nanotubes from a ZnO/Al2O3

core-shell structure, we attempted to present a clear portrait
of the diffusion processes that accompanies the chemical
transformations under different temperatures. In contrast to the
results our group described before, it was found for the first
time that the formation of a completely hollow spinel nanotube
is not strictly limited to a constant stoichiometry of ZnO/Al2O3

core-shell structures at a higher reaction temperature of 800
°C. A further increase of the temperature to 900 °C led to the
formation of porous nanowires. Besides the clarification of the
related mechanism, we extend this synthetic method to epitaxi-
ally grown ZnO nanowires to produce arrays of spinel nanotubes
under optimal conditions.

* Corresponding author. E-mail: yangyang@mpi-halle.de.
† Max Planck Institute of Microstructure Physics.
‡ Albert-Ludwigs-University Freiburg.
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2. Experimental Procedures

2.1. Methods. ZnO nanowires with various diameters were
grown by a vapor transport method using Au nanoparticles as
the catalyst. Detailed experimental conditions have been de-
scribed previously.18 For the epitaxial growth of ZnO nanowires,
GaN/Si was used as a substrate, on which a thin Au film was
deposited as the catalyst. Subsequently, the ZnO/Al2O3 core-
shell nanowires were fabricated by depositing thin Al2O3

films on the as-prepared ZnO nanowires by ALD (Savannah
100, Cambridge Nanotechnology Inc.). Trimethylaluminum
[Al(CH3)3, TMA] and water were selected as the aluminum
precursor and oxygen reactant sources, respectively. The deposi-
tion was begun with a substrate temperature of 150 °C and a
background pressure of 0.15 Torr. During each deposition cycle,
TMA and water were alternately introduced into the ALD
chamber in pulses of 0.3 and 1.3 s, respectively. An exposition
time of 20 s and a successive purge time of 20 s under an Ar
stream (10 sccm) were employed for both precursors. The
thickness of the alumina shell was controlled by the number of
precursor/purge cycles. Under the current deposition conditions,
the average growth rate for Al2O3 was 1.5 Å per cycle as
measured from TEM images. We used a total number of 33,
66, 99, and 132 cycles, respectively, to obtain alumina layers
with adjustable thicknesses from ∼5 to ∼20 nm.

The ZnO/Al2O3 core-shell nanowires were then annealed
in an open quartz tube furnace at 500, 600, 700, 800, and 900
°C for 5 h, respectively. For the ZnO/Al2O3 core-shell nanowire
arrays, we performed an interfacial solid-state reaction at 800
°C for 5 h.

2.2. Instruments. The obtained nanostructures were charac-
terized and analyzed using SEM (JEOL, JSM-6300F), TEM
(JEOL, JEM-1010; Philips, CM20T), and high-resolution TEM
(JEOL, JEM-4010). Scanning energy-dispersive X-ray spectra
were obtained using a Philips CM20FEG scanning TEM
instrument.

3. Results and Discussion

3.1. Formation of ZnO/Al2O3 Core-Shell Nanowires. First,
we investigated the deposition of Al2O3 layers on ZnO nano-
wires. Figure 1a is a SEM image of the ZnO nanowires coated
with a thin layer of Al2O3 by using 66 ALD cycles. The core-
shell nanowires have a broad size distribution, with diameters

ranging from 40 to 200 nm. TEM investigation (Figure 1b)
shows an individual ZnO nanowire (dark contrast) covered by
a layer of amorphous Al2O3 (light contrast). The Al2O3 layer
has a very uniform thickness of 10.3 nm along the ZnO
nanowire. The precise control of the shell thickness is attributed
to the sequential and self-limiting ALD process, which avoids
any gas-phase reaction in the system and allows the target Al2O3

film to grow layer-by-layer around the ZnO nanowire.19,20

Therefore, the thickness of the Al2O3 shell can be accurately
adjusted by the number of repeated ALD cycles. When we use
a total number of 33, 66, 99, and 132 cycles, the Al2O3 layer
deposited on the ZnO nanowire presents a conformal thickness
of 5.1, 10.3, 15.5, and 20.5 nm, respectively, within the accuracy
of few angstroms (see Supporting Information Figure S1). The
dependence of the layer thickness on the ALD cycle number is
illustrated in Figure 1c. From the linear relationship shown in
the plot, the average growth rate of the Al2O3 layer is calculated
to be 1.5 Å/cycle.

3.2. Annealing at Different Temperatures. To see how the
synthesis temperature influences the nanotube formation, we
used a series of ZnO nanowires coated by a 10.3 nm Al2O3

layer and annealed them at different temperatures but maintained
the same period of 5 h. We denote the samples as samples A-E,
which correspond to ZnO/Al2O3 core-shell nanowires annealed
at 500, 600, 700, 800, and 900 °C, respectively.

3.2.1. Annealing at 500 and 600 °C. Figure 2 demonstrates
the evolution of the morphology at low temperatures (500 and
600 °C). Figure 2a shows the typical TEM image of sample A.
At first glance, there is no significant change in the morphology
of the core-shell nanostructure after reaction. Its corresponding
electron diffraction (ED) pattern in Figure 2b shows the typical
set of spots for single-crystal hexagonal ZnO with a growth
direction of [0001]. The diffusive halo in the center of Figure
2b might originate from the amorphous alumina since it cannot
be obviously crystallized at 500 °C. Nevertheless, from the
magnified image of some core-shell nanowires, a number of
small voids could be detected at the interface of ZnO/Al2O3

(Figure 2c). The nanowire interface became intersected in
sample B (Figure 2d), where irregularly shaped voids are clearer
as shown in Figure 2e,f. Nucleation of voids at the ZnO core is
unlikely. Previously, Maezawa et al. reported the formation of
an aluminate-type phase (i.e., surface spinel) even at a synthesis

Figure 1. (a and b) SEM and TEM images of an example of the ZnO/Al2O3 core-shell nanowires prepared by using 66 ALD cycles. (c) Wall
thickness of Al2O3 shell measured by TEM as a function of ALD cycle number.
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temperature of 400 °C.21 This interaction involves the diffusion
of Zn ions into tetrahedral sites in a surface lattice of Al2O3 to
form spinel-like structures. The scattered small voids along the
interface of sample A can be understood as a consequence of
the redistribution of zinc ions from the core into the alumina
followed by coalescing vacancies to voids. This implies that
the reaction begins at temperatures as low as 500 °C. The
gradually developed voids at 600 °C in sample B indicate a
greater diffusion of ZnO into the alumina subsurface. However,
the diffusion is limited at this temperature. Indeed, no more
change upon morphology took place even after the annealing
of sample B for 20 h. Note that the tip of the core-shell
nanowires is the preferential site for void evolution (Figure
2e), which may be related to a high interface energy near the
boundary due to its highest curvature.

3.2.2. Annealing at 700 °C. Figure 3 presents the typical TEM
images of sample C annealed at 700 °C. The main structural
feature for the most part of the annealed nanowires was the

encapsulation of the ZnO core in the spinel nanotubes (Figure
3a,b), which have been confirmed by structural analysis (data
not shown). Large voids distributed along the interface clearly
show the existence of bridge-like linkages between the residual
ZnO core and the spinel shell. Completely hollow spinel
nanotubes already could be found in this case, as shown in
Figure 3c. As compared to the other 1-D structures (Figure 3a,b),
these nanotubes have a very narrow outer diameter of 30-40
nm, consistent with the results reported before.7,17 Figure 3d
sums up all the typical 1-D nanostructures of sample C, where
the wall thickness of the differently sized nanostructures
similarly falls into the range of 15-20 nm.

The Kirkendall effect-induced voids are initially formed from
the bulk diffusion, which is driven by a 1-D steady-state bulk
flux related to the concentration gradient. Since ZnO has been
identified to be the dominant diffusing species in the ZnO/Al2O3

couple,7 the diffusion-controlled process will generate a series
of voids at the interface with the spinel ZnAl2O4 formed.

Figure 2. (a and b) Low magnification TEM image and corresponding ED pattern of a typical sample A nanowire after annealing at 500 °C. (c)
TEM image of end section of a sample A nanowire. (d) TEM overview of a typical sample B nanowire after annealing at 600 °C. (e and f)
Magnified images from the end and middle sections of the nanowire shown in panel d.

Figure 3. (a-c) TEM images of typical 1-D nanostructures of sample C after annealing at 700 °C. (d) Outline of differently sized 1-D nanostructures
of sample C.
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Considering that the activation energy of the ZnO surface
diffusion (158 kJ/mol)22 is much lower than that of bulk
diffusion (347-405 kJ/mol),23 it is reasonable that the adatoms
of the remaining ZnO will dominantly diffuse along the pore
surface to the reaction front. With the gradual formation of
ZnAl2O4 through the one-way diffusion of ZnO, vacancies are
continuously generated and flow inward. Once the ZnO core
exceeds the amount required for a complete transformation of
the Al2O3 shell, unconsumed ZnO would still exist in the
interior. As a result, interrupted tubes with segmented voids or
mesoporous nanowires containing unequally sized voids would
be formed. From an experimental point of view, reaction in a
vapor or solution phase looks more favorable than a solid-
solid reaction for achieving the complete transformation of the
core since the supply of the shell material is sufficient under
the former conditions. Thus, it seems that on this condition (700
°C), only for samples having a narrow diameter distribution,
such a solid-solid reaction of core-shell nanowires will be
suitable for a large-scale synthesis of nanotubes or for transfer-
ring a whole array of nanowires into spinel nanotubes.

3.2.3. Annealing at 800 °C. In the case of sample D involving
800 °C annealing, we find that all the core-shell nanowires

were transformed into completely hollow nanotubes irrespective
of their dimension ratio (Figure 4a). Hollow tubular structures
were even formed for tapered nanowires (see Supporting
Information Figure S2). Figure 4b shows the TEM image of
two isolated nanotubes with a rather large diameter in the range
of 100-110 nm. In both cases, the entire tube wall is composed
of multiple crystal domains. However, the corresponding ED
pattern clearly reveals that the tubular structure grows prefer-
entially with the (111) planes of cubic ZnAl2O4 perpendicular
to the tube axis. The local composition of the nanotube was
investigated with EDX spectra by line scanning across and along
a nanotube axis (Figure 4c). The intensity profile of elements
Al, Zn, and O across the nanotube presents a valley-like shape
characteristic of completely hollow nanotubes. However, the
nanotubes seem not to be composed of a pure spinel phase since
we detected weak diffraction spots of hexagonal ZnO in the
ED patterns (Figure 4b). This conclusion was further confirmed
by EDX analysis. For a formed nanotube with a diameter of 70
nm (Figure S3a), the atomic ratio of elements Zn/Al is about
1.4:1, deviating from the theoretical value of 0.5:1 calculated
from the chemical formula of ZnAl2O4. Thus, some Zn or ZnO
is possibly mixed with the spinel.

Figure 4. (a) Low magnification TEM image of spinel nanotubes with different diameters after annealing at 800 °C (sample D). (b) Two isolated
spinel nanotubes and their corresponding ED pattern. (c) Intensity profile of Zn, Al, and O across and along one tube diameter. (d) Atomic-
resolution TEM image of a spinel nanotube. (e and f) Images magnified from the selected area in panel d.
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Nevertheless, the EDX line scanning parallel to the tube axis
(Figure 4c) as well as the elemental mapping (Figure S3b)
exhibits a quite uniform distribution of Zn, Al, and O in the
whole region of the nanotube, and no enriched areas of Zn were
found. Figure 4d illustrates an atomic resolution TEM image
of a 110 nm-thick polycrystalline nanotube. From the magnified
images near the tube-edge region (Figure 4e,f), the lattice image
of a discrete crystalline wall with a thickness of around 15 nm
can be observed. Although domains or grain boundaries with
different crystal orientations exist, the (111) ZnAl2O4 spinel
plane with an interplanar spacing of 4.67 Å in the long single-
crystalline sections is always vertical to the tube axis, consistent
with the results of the ED pattern, pointing to a (111) texture.
Note that we did not find any ZnO nanocrystals during our TEM
investigations.

Evidently, a temperature of 700 °C assured a complete
transformation of Al2O3 and the corresponding ZnO involved
in this solid-solid reaction. However, the excess ZnO core in
the spinel nanotube was hardly affected at this temperature even
after a longer annealing time. When the reaction temperature
was increased to 800 °C, the diffusion of the remaining ZnO
once frozen at 700 °C seems to be triggered. Krost et al.
observed that epitaxial ZnO layers could be flattened at a high
annealing temperature (900 °C).24 Its mechanism was ascribed
to a redistribution of ZnO clusters on the surface based on the
Gibbs-Thomson effect. This means that the residual ZnO core
with a very rough surface (see, i.e., Figure 3) might be unstable
at a higher temperature such as 800 °C in our nanoscale system.
The excess ZnO is likely to diffuse along the void surface toward

the spinel wall and reach its outer surface, where most of it is
desorbed or evaporated from the tube.25-27 Some residual Zn
and O ions are probably homogeneously dissolved in the spinel
matrix similar to what is known for the MgAl2O4 spinel
system.28 In this case, the formed tubular structures can be
regarded as Zn-rich spinel nanotubes. Alternatively, ZnO might
form a thin layer attached to the inner surface of the tube wall.

Similar as to what was observed for the formation of
nanospheres based on the Kirkendall effect, the spinel shell tends
to crystallize in larger grains at a high reaction temperature of
800 °C.10,15 The appearance of such a textured graining structure
can be ascribed to the simultaneous nucleation of spinel at
multiple contact points along the longitudinal axis of each
nanowire induced by surface diffusion. Moreover, the lattice
rearrangement from a wurtzite ZnO to a cubic ZnAl2O4 during
the migration of ZnO is another important reason. However,
the formed ZnAl2O4 nanotubes exhibit preferential ordering of
the (111) planes perpendicular to the tube axis. For an fcc
structure such as spinel ZnAl2O4, the surface energy of different
facets follows {111} < {100} < {110}. Therefore, {111} is
the dominant facet that encloses the crystal.29 On the other hand,
in addition to the textured graining structure, cation antiphase
boundaries, a general phenomenon for a spinel system may be
present.30 The grain nucleated at different positions only
generates cation stacking faults. The oxygen sublattice can
remain identical on each side of the spinel grain, which also
favors the orientation of the formed spinel nanotube.

3.2.4. Annealing at 900 °C. When the reaction proceeded at
900 °C, dramatic changes upon the morphology were observed

Figure 5. (a and b) SEM and TEM images of porous nanowires of sample E after annealing at 900 °C.

Figure 6. Outline of ZnO/Al2O3 core-shell nanowires with an excess core for the solid-state reaction annealed at different temperatures.
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(sample E). Figure 5a shows a typical SEM image, where porous
nanowires with different diameters were observed. The TEM
image in Figure 5b further demonstrates that the 1-D porous
structure consists of crystalline domains with a string of voids
included in the interior. In a theroretical study by Tu and Gösele,
the thermal stability of the hollow nanostructures, especially
those formed on the basis of the Kirkendall effect, was
discussed.31 It was pointed out that a nanotube with thick walls
should thermodynamically be rather unstable. To decrease the
surface energy, atoms are inclined to diffuse from the nanotube
outer surface to the inner region. Partial voids are finally
eliminated, leading to the formation of a string of voids instead
of a hollow cylinder for reducing its surface area. For the hollow
spinel nanostructures generated at 900 °C, the high temperature
would significantly increase the inner concentration of thermal
vacancies under a negative pressure. These vacancies gradually
went to the sink on the outer surface of the nanotube. Some
parts of the wall, especially where the grain boundaries exist,
will collapse. Eventually, discontinuous voids will be formed
in the core.

3.2.5. Outline of 1-D Nanostructures Obtained at Different

Annealing Temperatures. On the basis of the previous investiga-
tions, the influence of temperature on the conversion of single-

crystalline ZnO nanowires covered by a 10.3 nm-thick Al2O3

layer is concluded in Figure 6. Importantly, it is revealed that
a higher reaction temperature such as 800 °C can lead to the
formation of completely hollow spinel nanotubes regardless of
the initial core-shell diameter ratio. Besides, all the resulting
nanotubes are characterized by an approximately identical wall
thickness, which is determined by the deposited alumina layer.

3.3. Fabrication of Spinel Nanotubes with Thicker Tube

Walls at 800 °C. Since the thickness of the alumina shell can
be precisely tuned by ALD, a large-scale fabrication of ZnAl2O4-
related nanotubes with an adjustable wall thickness is expected.
To prove the concept further, ZnO nanowires were coated by a
20.5 nm Al2O3 layer. As shown in Figure 7a,b, all the core-
shell nanowires could be transformed into completely hollow
nanotubes after annealing at 800 °C for 5 h. From the inset of
Figure 7b, the wall thickness was found to be 30 nm, as
expected.

3.4. Large-Scale Fabrication of Vertically Arranged Spinel

Nanotube Arrays at 800 °C. In a last experiment, we applied
this method to vertically aligned ZnO nanowires for demonstrat-
ing vertically arranged spinel nanotube arrays. Figure 8a shows
the SEM image of the as-prepared ZnO nanowire array grown
on a GaN/Si substrate. After the ALD deposition of a 20.5 nm-

Figure 7. (a and b) TEM images of ZnO nanowires coated by 20.5 nm alumina layer after reaction at 800 °C for 5 h. Inset in panel b is an enlarged
view of a nanotube structure.

Figure 8. (a) SEM image of ZnO nanowire arrays grown on a GaN/Si substrate. (b) SEM image of ZnO nanowire arrays coated with a 20.5 nm
alumina layer after reaction at 800 °C for 5 h. (c) Fractured interface between the spinel nanotubes and the substrate.
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thick alumina layer and annealing at 800 °C for 5 h, the array
structure is well-conserved (Figure 8b). TEM observations
confirm that all the aligned 1-D nanostructures are textured
grainy nanotubes independent of their diameter (Figure S4).
Figure 8c shows an SEM image where open ends on the
substrate are visible together with the corresponding nanotubes.

4. Conclusion

In summary, the evolution of coaxial ZnO/Al2O3 core-shell
nanowires at different temperatures was studied in detail. The
results reveal that the initial voids formed at the core-shell
interface originate from the migration of ZnO based on the
Kirkendall effect. The dynamics is accelerated at 700 °C,
favored by the surface diffusion of ZnO along the present void
surface. Completely hollow spinel nanotubes can be formed at
this temperature provided that the ZnO core is totally consumed
by the solid-solid reaction. At a higher temperature of 800 °C,
the unconsumed ZnO core can be further removed via diffusion,
desorption, and redistribution processes. Therefore, all the
starting core-shell nanowires with various diameters are
transformed into completely hollow nanotubes. The wall thick-
ness is approximately determined by the initial thickness of the
deposited alumina layer. Reactions at 900 °C lead to the
formation of porous nanowires, which are derived from the
collapsing of the spinel nanotubes due to their thermal instability.
As the most important point, our results demonstrate that at a
suitable reaction temperature, either freestanding or vertically
aligned spinel nanotubes with a controllable wall thickness can
be fabricated on a large scale via the Kirkendall effect-induced
approach.
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Single-crystal ZnO nanowires are reacted at 800-900 °C in vacuum with alumina vapor generated by electron
beam evaporation. The morphology changes after the solid-vapor reactions are studied in detail using electron
microscopy and compared to other similar spinel nanostructures. Unlike other solid-vapor reactions like
MgO-Al2O3 and ZnO-Ga2O3 where a continuous spinel layer is formed, the reaction of ZnO nanowires
with alumina vapor is unique. The initially smooth surfaces of ZnO nanowires become rugged due to surface
decomposition without the growth of spinel layers. A formation mechanism is proposed that the surface
reaction of ZnO with alumina vapor might constitute a process of a unilateral transport of ZnO and the
associated surface diffusion.

Introduction

The controlled fabrication and assembly has been the
mainstream of the nanowire research driven by their application
potential as building blocks for semiconductor electronic and
optoelectronic circuits.1,2 On the other hand, nanowires are also
widely used as chemical (reactive) or physical (nonreactive)
templates for nanotubes and core-shell nanowires.3-5 The ZnO
nanostructure is one of most studied systems, but the main
attention is put to their structural, optical, and optoelectronic
properties. ZnO is also a reactive material. A number of spinel-
type ternary compound nanostructures, for example, ZnAl2O4,6,7

Zn2SiO4,8Zn2TiO4,9Zn2SnO4,10ZnGa2O4,11ZnFe2O4,12ZnSb2O4,13

have been synthesized either through solid-state reactions of
the ZnO nanowire precursor with other corresponding oxides
or in situ alloying.

Spinel oxides have potential applications in sorbents, battery
materials, catalysts, humidity sensors, phosphors, and magnetic
data storage. Some recent reports14 on 1D spinel nanomaterials
indicate an increasing attention to the nanoscale fabrication and
characterization of spinel materials.

Solid-state reactions of type AO + B2O3 f AB2O4 are a
common way for the fabrication of spinel oxides. Traditional
studies on spinel-formation reactions are usually conducted at
planar interfaces or in form of powder mixture by bringing two
solid binary oxides, or a solid oxide and a vapor or liquid phase,
into contact at high temperatures (>1000 °C).15 The growth
process of classical spinel oxides (e.g., ZnFe2O4 and MgAl2O4)
involves Wagner’s cation counterdiffusion mechanism, namely,
cations migrating through the reaction interface in opposite
directions and the oxygen sublattice remaining essentially
fixed.16,17 The reaction of ZnO (wurzite structure, a ) 3.250
Å, c ) 5.207 Å) with Al2O3 into ZnAl2O4 spinel (cubic
structure, a ) 8.088 Å) is special: the growth mechanism
involves the diffusion of both Zn and O and an effective

unilateral transfer of ZnO into the spinel (see Figure S1 in
Supporting Information). This was first pointed out by Bengtson
and Jagitsch,18 and later readdressed by Navias,19 Branson,20

and Keller et al.21 This means that an inert marker plane placed
at the initial interface will be found at the ZnO/spinel interface
for the ZnO-Al2O3 reaction, whereas in the case of the MgO-

Al2O3 reaction, the marker plane is within the spinel layer. In
our recent experiment of solid-solid interface reactions of
core-shell nanowires, hollow spinel nanotubes were developed
directly from ZnO-Al2O3, whereas spinel shells were based
on MgO-Al2O3.22 This is consistent with the diffusion mech-
anism and a consequence of the spatial confinement given by
the cylindrical symmetry of the reaction.

Depending on whether it is a solid-solid or solid-vapor
reaction, the ZnO-based spinel nanostructures mentioned above6-13

show different morphologies. For the particular interesting
ZnO-Al2O3 system, no report has been made so far for the
reactions of solid ZnO with alumina vapor. In this study, ZnO
nanowires were reacted in vacuum with alumina vapor generated
by e-beam evaporation. E-beam evaporation in vacuum is a
standard method used widely for solid-vapor reactions on bulk
substrates,23,24,25 due to its merits of easy control of the
deposition rate and the substrate temperature. Interestingly, after
reaction, the ZnO nanowire surface becomes rugged due to
decomposition, and some of the wires are coated by small spinel
nanoparticles, a structure dramatically different from that after
a solid-solid reaction. This provides a route toward single-
crystalline chainlike ZnO nanowires, which are difficult to grow
by other methods. Such rough ZnO nanowires might be more
advantageous for photocatalytic and/or gas sensing behavior
because of a higher surface area compared to that of smooth
wires.

Experimental Section

Vertically aligned ZnO nanowires on GaN/Si substrates were
synthesized inside a horizontal double-tube resistance furnace
via a vapor transport and deposition method.26 The nanowire
samples were then subjected to aluminum oxide vapor. The latter
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was generated in a high-vacuum chamber by electron-beam
evaporation of pressed Al2O3 powder tablets. The samples were
hanging over the electron-beam evaporator with the nanowires
facing the alumina source. The distance between evaporator and
the substrates is ≈20 cm, which is quite large. This minimizes
the heat load on the sample and thus prevents a rise in sample
temperature during deposition. The sample was heated to 800-
900 °C in a tube furnace directly by thermal irradiation, before
it was subjected to the vapor beam. The base pressure of the
system was <2 × 10-5 mbar. During deposition pure oxygen
was introduced to establish a pressure of 1 × 10-4 mbar. The
reaction time was in the range of 10-160 min. For comparison,
one ZnO nanowire sample was annealed under similar condi-
tions except that no alumina vapor was generated. After
deposition, the samples were kept in the vacuum chamber and
allowed to cool to room temperature.

Results

The ZnO nanowires stand vertically to the GaN surface before
being subjected to the alumina vapor at 800 or 900 °C. After
reaction, thick nanowires retain the vertical alignment (Figure
1a) whereas those thin ones generally lose their alignment and
become randomly oriented (see Figure 1b). Detailed transmis-
sion electron microscopy (TEM) investigation reveals that the
initially smooth nanowires transform into a rugged morphology
with necks on the surface. The degree of decomposition depends
mainly on the temperature. Elongated reactions at 900 °C result
in more-rugged surface than reaction at 800 °C. In addition,
the nanowires after reaction at 900 °C have tiny particles
attached at the necklike thinner parts of their surface. In contrast,
the nanowires after the 800 °C reaction regardless of their
thickness have no attachment of such nanoparticles and the
whole wires become chainlike. We will examine the structures
after reaction at the two temperatures separately.

Figure 2 shows the representative chainlike morphology of
those thin (<50 nm) nanowires after being subjected to alumina
vapor at 800 °C. TEM analysis and the selected area electron
diffraction (SEAD) pattern in Figure 3 revealed that the wires
are not spinel ZnAl2O4, as anticipated from solid-solid reac-
tion,6 or the reaction of vapor Zn with a solid alumina matrix.7

Instead, they contain mainly ZnO lattice without obvious growth
of a spinel layer. The scanning EDX spectrum along the length
of such chainlike wire (Figure 3c) shows a small amount of Al

far below the stoichiometric percentrage of Zn spinel, which
might come from a thin alumina layer on the surface. Further-
more, the reacted wires also contain a large amount of defects
visible as lines across the diameter. Figure 3a gives an example
of such defects in a thin nanowire. The nature of these defects
is unknown at present stage, but is most likely due to
consumption of the near-surface Zn and O atoms by the reaction
with alumina vapor.

Experiments were also conducted at 800 °C for various
periods of time ranging from 10 to 160 min (see Figure S2 in
Supporting Information). The nanowire surface was slightly
rugged at early reactions and the surface roughness appeared
unchanged for reactions until 160 min. Again no outer layer of
spinel was observed.

When the reaction temperature was raised to 900 °C, spinel
formed by the solid-vapor reaction on the nanowire surface.
Figure 4a-c gives an overview of the reacted wires after
reaction at 900 °C for 160 min (some unreacted wires are also
present as will be discussed later). A SEAD pattern recorded
from one of the rugged wires is shown in Figure 4d. In addition
to the dominating wurtzite ZnO spots in [12h10] transmission
direction, weak spots fitting to ZnAl2O4 spinel can be identified.
The maximum depth of the necks is ≈42 nm. Again, the ZnO
crystal lattice body was preserved from the initial nanowire.
Spinel nanoparticles were attached to the wire surface, mainly
in the necks (Figure 5a). The measured lattice plane distance
perpendicular to the wire axis corresponds to d(0002) ) 0.26 nm
of wurtzite ZnO. High-resolution TEM examination of the
particles on the wire surface verified the phase of the wire body
and the surface particles to be wurzite ZnO and cubic ZnAl2O4,
respectively. The lattice images of two representative particles
are shown in Figure 5b,c from which the lattice spacings are
measured: 4.04 and 4.67 Å, fitting to the d-spacings of (002)
and (111) ZnAl2O4 planes, respectively.27 Figure 5d-f displays

Figure 1. SEM images of the ZnO nanowires after reacting with AlxOy

vapor. Thick wires (∼100 nm) retain their vertical alignment (a) and
those thin ones (<50 nm) become curved (b).

Figure 2. TEM images showing the general structure after the initially
smooth ZnO nanowires were subjected to alumina vapor at 800 °C for
80 min. Inset in (a) is a close-up view.
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the fast Fourier transformation (FFT) patterns from two surface
particles, as well as that from the wire body. Both particles are
in [-110] transmission, and the ZnAl2O4 (111), (002), and (220)
spots can be easily indexed.

Discussion

The change in surface structure is not caused by thermal
evaporation of the ZnO nanowires8 due to vacuum annealing.
This is because, as shown above (Figure 4a), some smooth wires
were also found in the sample subjected to vacuum reaction.
These smooth wires were intact due to blockage from the
alumina vapor by the sample holder during the reaction. If
vacuum annealing were the cause, all the wires should be
transformed. Furthermore, we annealed one ZnO nanowire
sample under the same conditions without introducing alumina
vapor. The surfaces of these nanowires remained intact (see
Supporting Information, Figure S3). The equilibrium total vapor
pressure of ZnO near 900 °C is about 4.0 × 10-5 mbar,28 which
is close to the background pressure in the chamber. Therefore,
evaporation of the solid ZnO nanowires is insignificant and
cannot explain the formation of the necks.

Let us now make a comparison to other spinel 1D nanostruc-
tures. First, our previously reported ZnAl2O4 spinel nanotubes
were obtained via a solid-solid interface reaction of ZnO-

Al2O3 core-shell nanowires.6 In this case, the unilateral
(outward) transport of ZnO into spinel resulted in hollow tubular
nanowires, as a result of spatial confinement given by the
cylindrical symmetry of the reaction. Moreover, control experi-
ments were conducted in which the ZnO nanowires were coated
with a 3 nm thick ALD alumina shell (to compare the results
of solid-vapor and solid-solid reactions with a comparable
spinel particle size). The resulting structure is internally porous

composite wires with an outer smooth spinel shell of about 3
nm.29 Therefore, a continuous and uniform covering of alumina
is the key to the formation of a smooth spinel layer.

Second, for comparison we also conducted the solid-gas
reaction to MgO nanowires (thickness ∼50-100 nm) under
identical conditions as the ones described above. Generally, a
continuous spinel-type compound layer was formed surrounding
the remaining MgO core. An example of such structure and its
corresponding composition analysis is shown in Supporting
Information, Figure S4. The result is qualitatively the same as
that through a solid-solid interface reaction of MgO-Al2O3

core-shell nanowires that we reported previsouly.22 It is also
in consistence with the result of solid-vapor reactions on single-
crystal MgO substrates23 and with solid-solid reactions between
sapphire substrates and MgO thin films.30

Finally, in the experiment by Li et al.11b ZnO nanowires were
in situ reacted with Ga-O vapor at 500 °C for 30-60 min,
forming an outer shell of ZnGa2O4 spinel. No hollow interior
or rippled surface was observed. Similarly, our preliminary
results show that an interfacial solid-solid reaction of ZnO core
nanowire with a 20 nm thick Fe2O3 shell resulted in ZnO-

ZnFe2O4 core-shell nanowires. This indicates that a diffusion
process different from the ZnO-Al2O3 system had occurred in
the ZnO-Ga2O3 and ZnO-Fe2O3 reactions.

The above comparison leads to the suggestion that the
formation of the necks might be correlated to the unilateral
transfer of ZnO into the forming spinel particles during the
surface reaction between ZnO and the impinged alumina. On
the basis of this, a model is proposed as follows.

The alumina vapor species (AlxOy) impinge the ZnO nanowire
surface and locally react with ZnO due to the substrate
temperature (900 °C). Because of a slow evaporation process,

Figure 3. (a) HRTEM image of the wire surface (Figure 2) showing the necks and corresponding defect lines. (b) Electron diffraction pattern of
a rugged wire verifying the absence of lattice spots from Zn spinel. (c) Typical spectra of atomic percentages of Zn, Al, and O along the dashed
line in the inset image determined by EDX. The atomic ratio of oxygen is not real because of the characteristics of the instrument.
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discontinuous ZnAlxOy islands are formed, similar to the early
stage of the solid-vapor reaction on a planar substrate.23 At
the reaction interface, nanogaps analogous to the Kirkendall-
type voids are generated as a result of the outward diffusion of
ZnO into the spinel particles.6 At this stage, diffusion of ZnO
along the surface of the necks to the reaction interface (namely,
bottom of the clusters) might become the major material delivery
mode, compared to the volume diffusion.31 The subsequent
AlxOy atoms, which do not diffuse into the volume of the
nanowires, stay preferably at the surface necks or around the
ZnO/spinel cluster interfaces, which are low-energy sites
compared to the smooth surfaces. With the enlargement of the
gaps by losing surface ZnO atoms, deeper necks as seen in
Figure 3 are developed. It is noteworthy that this process is
similar to the reaction of TiO2 substrate with e-beam generated
BaO vapor, as reported by some of the authors.31d In the latter
case, voids were observed on top of the substrate as a result of
surface diffusion of TiO2 during the solid-vapor reaction,
roughening the original smooth TiO2 surface.

In the experiments conducted by Wang et al.7b where anodic
alumina membranes reacted with Zn vapor, a thin (<4 nm) layer
of Zn4Al22O37 phase was detected after reaction at 650 °C for
<600 min, whereas a ∼15 nm thick ZnAl2O4 spinel layer was
obtained at higher temperatures for longer reaction time (800
min). The Zn4Al22O37, with an hcp crystal structure, is a
transition phase of the final spinel phase. In our experiments,
the small nanoparticles were determined to be Zn spinel based
on HRTEM images and the diffraction patterns (Figure 5b-f).
The possibility of the formation of a similar thin transitional

layer of Zn4Al22O37 in our experiment is small because of the
following reasons: first, our higher growth temperature of 900
°C should enhance the growth of Zn spinel and bypass the
transition phase. Second, our growth was limited by amount of
alumina, in contrast to Wang’s case where the growth was
limited by the volume diffusion of Zn into the solid alumina.
Therefore, the reaction in our experiments did not favor the
occurrence of the Zn-deficient phase (ZnO)4-(Al2O3)11.

In the case of other systems like MgO-Al2O3 and ZnO-

Ga2O3, the cations counterdiffuse during the solid-vapor
reaction so that a layer of spinel shell, or polycrystalline islands,
is grown around the remaining core. No pits on the nanowires
are formed. Therefore, the deposition of AlxOy atoms on the
surfaces of the MgO nanowires is relatively continuous. Volume
diffusion is the sole material exchange mechanism for the
reaction because a continuous solid interface is maintained.32

Conclusion

In summary, a solid-vapor reaction of ZnO nanowires at
900 °C in vacuum with alumina vapor does not result in the
anticipated ZnAl2O4 spinel nanowires, but rather in rippled wires
of a preserved ZnO phase. By comparing to the result of a
similar experiment on MgO nanowires, as well as other spinel
oxide 1D nanostructures like ZnGa2O4, the morphology change
is correlated to the unilateral transport of ZnO into alumina
during the ZnAl2O4-forming surface reaction and the associated
development of gaps at the interface. Moreover, we propose
that surface diffusion of ZnO is the dominating mass transport
process enhancing the formation of necks and thus of the rippled
morphology of the wires.

As a general conclusion, it appears that both the details of a
spinel forming reaction on nanowires (used as substrate and
one reactant) and the morphology of the growing spinel phase
critically depend on the kind of diffusion mechanism (unilateral
or counterdiffusion) and on the state of aggregation (vapor or
solid) of the second reactant.

Figure 4. (a-c) TEM images of general morphology of the rugged
wires after reaction with AlxOy vapor at 900 °C for 160 min, showing
the etching-like surface necks and attachment of particles. Note also
some smooth nanowires collected from the same sample but not reacted
with AlxOy vapor. (d) Selected area diffraction pattern recorded from
one reacted wire. The 4-digital indexes are spots from ZnO, while
3-digital ones fit ZnAl2O4 spinel.

Figure 5. (a) Surface structure of the initially smooth ZnO nanowires
after reacting with alumina vapor at 900 °C for 160 min. (b,c) HRTEM
pictures of two particles, showing the wire body is ZnO and particles
are ZnAl2O4 spinel. (d-f) FFT patterns taken from the wire body
particle in panels b and c, respectively (The indexes sit above the spots).

Surface Reaction of ZnO Nanowires J. Phys. Chem. C, Vol. 112, No. 17, 2008 6773



Acknowledgment. We thank Dr. A. Dadgar for providing
the GaN/Si substrates and Dr. A. Berger for performing
preliminary EDX analysis of the MgAl2O4 sample.

Supporting Information Available: Experimental details
for growth of MgO nanowires, schematics of the accepted
diffusion mechanisms for spinel formation, SEM images of ZnO
nanowires after reaction with alumina vapor at 800 °C for 10,
40, 80, and 160 min, and SEM images of the ZnO nanowires
after being subjected to vacuum annealing. This information is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Lieber, C. M.; Wang, Z. L. MRS Bulletin 2007, 32, 99.
(2) Fan, H. J.; Werner, P.; Zacharias, M. Small 2006, 2, 700.
(3) Xiong, Y.; Mayers, B. T.; Xia, Y. Chem. Commun. 2005, 5013.
(4) Goldberger, J.; Fan, R.; Yang, P. Acc. Chem. Res. 2006, 39, 239.
(5) (a) Shen, G. Z.; Bando, Y.; Ye, C. H.; Yuan, X. L.; Sekiguchi, T.;

Golberg, D. Angew. Chem. Int. Ed. 2006, 45, 7568. (b) Hu, J. Q.; Bando,
Y.; Liu, Z. W.; Zhan, J. H.; Golberg, D. Angew. Chem. Int. Ed. 2004, 43,
63. (c) Liu, Z.; Zhang, D.; Han, S.; Li, C.; Lei, B.; Lu, W.; Fang, J.; Zhou,
C. J. Am. Chem. Soc. 2005, 127, 6. (d) Han, S.; Li, C.; Liu, Z.; Lei, B.;
Zhang, D.; Jin, W.; Lei, X.; Tang, T.; Zhou, C. Nano Lett. 2004, 4, 1241.

(6) Fan, H. J.; Knez, M.; Scholz, R.; Nielsch, K.; Pippel, E.; Hesse,
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Carbon nanotubes and ZnO based functional coaxial heterostructured nanotubes have been
fabricated by using atomic layer deposition. An irregular structured shell composed of ZnO
nanocrystals was deposited on pristine nanotubes, while a highly defined ZnO shell was deposited
on the tubes after its functionalization with Al2O3. Photoluminescence measurements of the ZnO
shell on Al2O3/nanotube show a broad green band emission, whereas the shell grown on the bare
nanotube shows a band shifted to the orange spectral range. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2952487�

Carbon nanotube �CNT� based composite materials are
of particular interest because of their potential application in
advanced electronics and optoelectronics. Modifications of
CNTs with metal1,2 and semiconductor nanocrystals3,4 for the
enhancement of optical and electrical properties of the com-
posites have already been demonstrated. For instance, super-
conducting tin nanowires filled in CNTs showed a critical
magnetic field more than 30 times higher than that of bulk
metallic tin.5 CNT films when employed as conducting scaf-
folds in a TiO2 based photoelectrochemical cell showed an
enhancement of the photoconversion efficiency by a factor
of 2.6

Due to the fact that ZnO is a n-type semiconductor with
a direct wide band gap and a large exciton binding energy of
60 meV, CNTs coupled with ZnO are promising composite
materials for applications in optoelectronic devices. For ex-
ample, coaxial heterostructured nanotubes with a p-channel
CNT �Ref. 7.� combined with a n-channel ZnO shell may be
able to be integrated into logical inverters.

Various synthetic strategies based on physical and
chemical processes for getting composites have been estab-
lished so far.8 The approaches of such modifications have
been reviewed in a recent review article.9

With the recent advance in the design of CNT compos-
ites, it is possible to coat CNTs with oxide materials by
atomic layer deposition �ALD�. ALD is a chemical thin film
deposition method that can be used to deposit a variety of
materials including oxides and metals at rather low
temperatures.10 Nanotubes were coated coaxially with con-
tinuous and radially isotropic amorphous Al2O3 layers.11

However, ZnO nanoparticles or morphologically not well-
defined ZnO layers were grown on nanotubes for field-
emission applications.12,13 For the development of promising
nanoscale composite materials based on ZnO and CNTs a
better understanding of the growth behavior involved in their
formation is required. In this work, we fabricate coaxial
nanotubes with highly defined morphologies of ZnO by em-

ploying an intermediate Al2O3 coating on the nanotubes us-
ing ALD. Detailed structure characterizations of the ZnO
shells, which were determined by the surface properties of
the templates, are presented and optical properties of the
ZnO shells will be discussed as well.

CNTs �purity �60%� were obtained from Nanothinx.
Al2O3 and ZnO shells were deposited on the nanotubes by
ALD �Savannah 100, Cambridge Nanotechnology Inc.�. For
the synthesis of coaxially heterostructured nanotubes, a pow-
der of CNTs was fixed by an adhesive tape on a glass sub-
strate. Trimethylaluminum �Al�CH3�3�, diethylzinc
�Zn�C2H5�2, DEZ�, and H2O were selected as the aluminum
precursor, zinc precursor, and oxygen reactant sources, re-
spectively. To optimize the growth conditions, the deposition
temperature was varied from 40 to 120 °C. Shorter precur-
sor exposure and longer purging time were attempted to
achieve uniform ZnO layers, composed of small and uniform
nanocrystals. Here, ZnO depositions were carried out within
specific deposition temperatures, precursor exposure, and
purging times. The deposition was started with a substrate
temperature of 70 °C and a background pressure of
0.15 Torr. For ZnO deposition, DEZ and H2O were alter-
nately introduced into the ALD chamber with pulses of 0.4
and 1.5 s, respectively. An exposition time of 30 s followed
by a purge time of 30 s in a 10 SCCM �SCCM denotes cubic
centimeter per minute at STP� Ar flow were employed for
both precursors. The shell thickness was controlled by the
number of precursor/purge cycles. 50 cycles were used for
the deposition of 10 nm of Al2O3 and 70 cycles for the depo-
sition of 25 nm of ZnO. In the following we denote the CNT/
ZnO and CNT /Al2O3 /ZnO tube samples as type A and type
B tubes for simplicity. The preparation process of type B
tubes is illustrated schematically in Fig. 1.

Figure 2�a� shows a transmission electron microscopy
�TEM� image of the typical morphology of CNTs prior to
deposition. Most of the nanotubes are multiwall tubes. Fig-
ure 2�b� shows the typical morphology of a ZnO CNT. The
deposited ZnO, composed of ZnO nanocrystals, was ob-
served to be not uniform and discontinuous along the tube.a�Electronic mail: dskim@mpi-halle.de.
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Due to the chemical properties of the carbon nanotubes and
the unique self-assembly characteristics of ZnO, the mor-
phology of the ZnO shell is highly irregular. A CNT is a
micromolecular form of carbon, which can be regarded as
graphitic layers �sp2-hybridized carbon atoms� rolled up into
a cylindrical form. A perfect CNT is chemically inert. How-
ever, curvature-induced pyramidalization and misalignment
of the �-obitals of the carbon atoms induce a local strain,
which makes the nanotube more reactive than a flat graphene
sheet.14 ZnO has a tetrahedral fundamental unit cell where
the Zn ions are surrounded by O ions and vice versa, caused
by the sp3-hybridized orbit. Since the normal direction to
each plane of the tetrahedron is parallel to the c-axis, ZnO
nanocrystals have a preferential orientation toward the
c-axis. The existence of uncompensated polarity in ultrathin
ZnO films was predicted based on first principles
simulations.15 We suggest that the polarity of ZnO clusters is
involved in the formation of ZnO nanocrystals. In contrast to
ZnO deposition, the Al2O3 shells formed a uniform coat on
the nanotubes. Figure 2�c� shows Al2O3 /CNT heterotube
structures with a 10 nm amorphous Al2O3 shell. Even
though, conformal coating of either ZnO or Al2O3 on CNTs
was not expected since precursor molecules are unlikely to
interact with the chemically inert surface of the carbon nano-
tube. Recently, it was suggested and demonstrated that
chemical fuctionalization is required for uniform Al2O3 coat-
ing on carbon nanotubes.10 It was also predicted that DEZ
molecules should become physically adsorbed on the wall of
nanotubes based on first principles electronic structure
calculation.11 Nucleation of ZnO might be initiated at defect
sites or impurities along the nanotube. However, we were
able to coat the nanotubes with an Al2O3 shell reproducibly
without any intentional pretreatment of the carbon nanotube
surfaces. The necessary functionalization of the carbon nano-
tubes may be coming from the gas phase during sample han-
dling. For functionalization of nanotubes certain molecules

such as NO2 can be used as shown by the Gordon group.10

Presumably such molecules or other chemicals which per-
form a similar functionalization adsorb physically from labo-
ratory air, thus initiating an Al2O3 growth by ALD. However,
one cannot exclude a possible chemical reaction of the pre-
cursor molecules with the nanotube wall.

Taking advantage of the homogeneous Al2O3 coating,
we were able to deposit a well defined ZnO shell on the
Al2O3 /CNT tubes as shown in Fig. 3�a�. The thickness of the
ZnO shell is �25 nm. The selected area electron diffraction
�SAED� pattern of the coated ZnO shell in Fig. 3�b� reveals
that the structure corresponds to polycrystalline ZnO. Figure
3�c� shows a high-resolution TEM �HRTEM� image of one
of these nanocrystals, in which the atomic distances confirm
the hexagonal lattice.

In addition, note that the growth rates of 2 Å /cycle for
Al2O3 and 3.5 Å /cycle for ZnO, respectively, are somewhat
larger than expected for a regular ALD process. Considering
the comparatively low purging time at those temperatures, it
can be expected that after the water half-cycle there is still
remaining water adsorbed on the CNTs, thus contributing to
an additional CVD component to the ALD deposition. The
water molecules, however, might contribute to the function-
alization of the CNTs for the deposition process.

Figure 4 shows typical photoluminescence �PL� spectra
of type A and type B tubes. The PL of the samples was
measured using the 325 nm line of a HeCd laser as excitation
source. Upon optical excitation above the bandgap, typically
electrons and holes form quickly excitons. At room tempera-
ture the near band edge emission at �3.2 eV is due to the
radiative decay of free excitons and their phonon replicas. It
is found in both kinds of samples that the dominant part of
the emission originates from excitons which have relaxed to
deeper defect states. The type A tubes showed a broad deep
center luminescence peaked at �2.1 eV and the type B tubes
at �2.5 eV. The deep level emission �DLE� may have sev-
eral possible causes. Emission in the green spectral range is
commonly reported in bulk ZnO and ZnO nanowires. Extrin-
sic impurities �Cu and Li�16 as well as intrinsic defects �oxy-
gen vacancies�

17 are discussed as responsible defects for
green luminescence band. The emission in the orange spec-
tral range is most often associated with oxygen interstitials.18

FIG. 1. �Color online� Schematic view of the fabrication process of CNTs
covered by a thin Al2O3 layer and subsequently by a layer of ZnO �type B
tube�. The thickness of the ZnO and the Al2O3 shell is controlled by the
number of ALD cycles.

FIG. 2. �Color online� �a� TEM image of a pristine CNT. �b� TEM image of
a ZnO/CNT tube. Scale bars in the enlarged images are 100 and 50 nm,
respectively. �c� TEM image of a Al2O3 /CNT tube. Uniform coating with
Al2O3 is visible.

FIG. 3. �a� TEM image of a type B tube. The thin layer of Al2O3 is not
clearly visible. Some bare CNTs, e.g., one indicated by the doted circle, are
from the core side of the powder where precursor molecules were not able to
react with the CNTs. �b� SAED pattern of type B tubes. �c� HRTEM image
of nanocrystalline ZnO shell of type B tube.
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Since the growth was performed with the identical setup
without any intentional doping, the difference in the DLE
between type A and B tubes is very likely caused by a dif-
ferent stoichiometry induced during deposition on the
templates.

It is known that charge and energy transfer between a
conjugated species and carbon nanotubes can occur in a pho-
toexcited state.19 It was found that the intensity ratio of UV/
visible emission of type A tubes is four times lower than that
of type B tubes. This quenching could originate from a
charge transfer of photoexcited electrons from ZnO to the
empty electronic states of the nanotube. In type B tubes this
quenching would then be suppressed by a thin layer of
Al2O3. However, alternative reasons cannot be excluded,
such as a lower quality of the ZnO shell of type A tubes.

In summary, CNTs functionalized by ZnO or Al2O3
shells realizing coaxial nanotubes were prepared by ALD. It
was found that the morphology of the ZnO shell on nano-
tubes was not well defined due to the inert surface properties
of the CNT template and to the unique self-assembly char-
acteristics of ZnO. However, if an amorphous Al2O3 shell

was used as intermediate layer covering the nanotube, the
final morphology of the ZnO shell became smooth and con-
trollable. The comparison of the PL properties showed that
the position of the DLE band of ZnO shells depends on the
absence or presence of the intermediated Al2O3 shell.
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FIG. 4. �Color online� Room temperature PL spectra of CNT/ZnO �type A
tubes� and CNT /Al2O3 /ZnO tube �type B tubes�.
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