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ZnO-based nano- and micro-structures with controlled orienta-

tion, size, and lateral density were grown by specially designed

two-step pulsed laser deposition and direct carbothermal

growth, respectively. Different substrate orientations and

nucleation layers allow well-defined tuning of growth direction

and lateral arrangement of the wires. As a result, axialMgZnO–

ZnO nano quantum dots and homogeneous radial nano core-

shell quantum well structures are demonstrated. Donor and

acceptor doping of nano- and microwires influence consid-

erably both electrical characteristics as well as morphology

including branching. Field effect transistors with n- and p-type

wire channel and nanowire p–n junctions seem to prove a

reproducible p-type conductivity of phosphorous-doped ZnO

wires.

Single ZnO wire (309 nm thick, 3.99mm high) grown on

pyramidal base with controlled lateral density by tuning the

ZnO template layer in a two-step PLD process.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction The research interest in ZnO-based

nanostructures has increased tremendously in the past

decade due to the relative easiness to achieve a variety of

self-organized, free standing nano- and microstructures.

Review articles [1–8] cover the research directions pursued

with regard to ZnO nanostructures, the envisioned appli-

cations and point to critical aspects on the way to novel opto-

electronic nano devices. The main problem of current ZnO

research is the high, reproducible, and stable p-type doping,

as pointed out by Klingshirn [1].We show later in this article

that ZnO in micro and nanodimensions may offer decisive

advantages in demonstrating reproducible p-type conduc-

tivity of ZnO. A competent overview on all aspects of ZnO

bulk material, thin films, and nanostructures is given in

Ref. [2]. A review on other materials with anisotropic

structure besides ZnO with suitability to form one-dimen-

sional nanostructures and their processing routes is given in

Ref. [3]. ZnO nanowires with emphasis on sensing and
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electrical nano device fabrication and demonstration of

depletion mode transistors and Schottky diodes are reviewed

in Ref. [4] and shortly in Ref. [5]. Self-organization and

regularly patterned growth of semiconductor nanowires by

nanosphere lithography are reviewed by Zacharias, Werner

and Fan in Ref. [6]. The polar character of ZnO surfaces

offers additional possibilities for sophisticated structures

such as for example nanobelts, nanorings, and springs, as

shown by Wang in Ref. [7]. Environment friendly methods

for synthesis of nanostructures by application of green-

chemistry principles are discussed. In particular, the molten-

salt synthesis, hydrothermal protocols, and template-

directed methods are considered as environmentally sound

and cost effective [8].

Here, we describe the growth and characterization of

ZnO-based nano and microstructure arrays, from selected

single wires to more sophisticated core-shell nano quantum

well (QW) structures. Furthermore, three independent

indications for reproducible p-type conductivity of phos-

phorous-doped ZnO wires were found by acceptor-related

luminescence lines, field-effect transistors (FETs), and p–n

junctions. The ZnO wires are the materials base for optical

excitation of optical modes and lasing and for coaxial

nanowire Bragg resonators as described by Czekalla et al.

and Schmidt-Grund et al., respectively, in this issue.

2 ZnO nanowire growth processes For the

growth of ZnO-based micro- and nanowires, we have

developed two physical growth processes, the direct

carbothermal growth, and the two-step pulsed laser deposition

(PLD), respectively. Concerning the atomistic growth process

of nanowires using a metal template, traditionally the vapor-

liquid–solid (VLS) growth is assumed to explain the

experimental findings very well [9]. However, in particular

for ZnO [10] and othermaterials asGe [11] themorphology of

the final wires points to more complicated growth models

depending on the particular growth parameters, the tempera-

ture being most important. For ZnO a coexisting VLS and

vapor-solid-solid (VSS) process [10] is assumed.

2.1 Direct carbothermal growth The scheme of

carbothermal growth [12–14] is shown in Figure 1.

Table 1 shows the typical growth conditions for

carbothermal growth of nanowires (diameter several 10 to

100 nm) and microwires (diameter several mm) in more

detail. The main difference to grow nano- or microwires is

the different process temperature, and the place where the

wires grow. Nanowires grow on the substrate placed a few

centimeter away from the source target in direction of Ar-

flow,whereas thickermicrowires grow directly on the source

target as shown in Fig. 1. The direct carbothermal growth of

ZnO microwires is also an ideal extension of the wire-

diameter range covered by the high-pressure PLD, as

described in Section 2.2.

The above mentioned coexisting VLS-VSS growth

model for ZnO wires is further confirmed by Fig. 2, where

the ZnO wires do not show any catalytic Au cap on top. The

Au nucleation particles molten from the nm-thin sputtered

Au layer are visible on top of the ZnO wetting layer formed

on the Si substrate. Therefore, the ZnO nanostructure growth

seems to be due to a VSS process rather than a VLS process

(compare [10, 11]).

Figures 3 and 4 show high-resolution TEM cross-

sections along and perpendicular to the ZnO c-axis,

respectively. The wires were taken from the same sample

as used in Fig. 2.

As expected from the nearly perfect ZnO wire structure

demonstrated in Figs. 3 and 4, the nanowires grown by

1266 M. Lorenz et al.: Self-organized growth of ZnO-based nano- and microstructures
p

h
y

si
ca ssp

st
a

tu
s

so
li

d
i b

Figure 1 (online color at: www.pss-b.com) Setup of carbothermal

evaporation. Nanostructures grow on the substrate by species trans-

ported in Ar gas stream, and thicker and longer microwires are

formed directly on the ZnO:C source target at higher temperature,

see Table 1.

Table 1 Conditions for carbothermal growth of ZnO nano- and

microwires in tube furnace, see Figure 1.

parameter nanowire growth microwire growth

used substrate sapphire, Si, GaN no substrate

nucleation mater. Au colloids 10 nm ZnO:C source target

source target ZnO:high purity graphite 1:1

ZnO dopants P, Mg, Sb, Ga, Al, Li

gas flow 30 l/h Ar air, open tube

gas pressure 1 bar 1 bar

growth temperature 870 8C 1,100 8C

growth time 30–120min 30min

Figure 2 TEM bright field image of ZnO nanowires grown on Si

(111)withAu nucleation layer by carbothermal evaporation. NoAu

droplets are seen on top of thewires, as expected for theVLSmodel.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com



carbothermal evaporation show very good luminescence

properties as expressed by narrow cathodoluminescence

(CL) widths of the donor bound exciton peak I6 of only

1.1meV at 10K [15]. This value has to be compared with

1.2meV for one of the best PLD ZnO films on a-plane

sapphire and with 0.7meV for a commercial Eagle-Picher

ZnO bulk single crystal [15].

The influence of an addition of up to 1.5 wt% Al2O3

to the ZnO-graphite source target in carbothermal growth

is described in Ref. [16]. The morphology changes

from nanowires to free-standing, two-dimensional ZnO

nanosheets, and branched honeycomb-like nanowalls

together with one-dimensional nanothreads [16]. Section

3.4 shows other branched ZnO structures due to doping of the

PLD target.

Figure 5 shows micrometer-thick ZnO microwires

grown by the above described carbothermal growth directly

on the source target. Figure 5 (a) shows a tail consisting of

microwires starting from the source target. Figures 5 (b) and

(c) show phosphorous-doped ZnO microwires as used for

confirmation of p-type conductivity by back-gate field effect

transistors (FETs) with microwires as channel [17, 18].

Doping of ZnO wires is described in more detail in Section

3.4 of this paper. Finally, Fig. 5 (d) shows a typical undoped

ZnO microwire as used as optical medium for excitation of

whispering gallery modes (WGMs) and lasing [19]. This

work on WGMs has had high impact on the scientific ZnO

community because our group was the very first one

reporting on observation and modeling of WGMs in ZnO

wires, as shown below and in the article by Czekalla et al. in

this volume.

2.2 Two-step pulsed laser deposition PLD is an

established physical deposition technique for a variety of

thin filmmaterials, in particular for oxides [20, 21]. In recent

years, the application of PLD was extended to nanowire

structures, and special setups were established for nanowire

growth (see Refs. [21, 22]). PLD thin films show with

increasing oxygen partial pressure during deposition above

0.2mbar an increasing surface roughness [21]. Therefore,

the idea to grow self organized nanostructures by PLD is to

increase the background pressure to 100mbar range, to use

an inert (Ar) gas instead of the reactive oxygen, and a special

growth reactorwith controlled gas flow, see Refs. [22, 12, 13].

Figure 6 shows the scheme and the quartz reactor for
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Figure 3 (online color at: www.pss-b.com) HRTEM lattice image

of a ZnO wire on Si(111). Beam direction is parallel to [100] or

[2-1-10]. Not any distortion of ZnO lattice is visible, confirming the

nearly perfect ZnO single-crystal structure.

Figure 4 (online color at: www.pss-b.com) HRTEM lattice image

of a ZnO wire on Si(111). Beam direction is parallel to [001] or

[0001]. Again, not any structural defects can be seen.

Figure 5 (online color at: www.pss-b.com) SEM images of ZnO-

basedmicrowiresgrownbycarbothermalevaporationdirectlyonthe

ZnO:C source target at 1,100 8C in air: (a) ZnO microwires at the

edges of a macroscopic ‘‘tail’’, (b) tapered wires grown from

ZnOþ10wt%P2O5: graphite target, (c)ZnO:Pwireswithpyramidal

facets at the tips (d) hexagonal ZnO wire with 9.08mm diameter.

www.pss-b.com � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



high-pressure PLD. Characteristic is the target-to-substrate

distance of only 5 to 40mm at about 200mbar Ar pressure.

The high-pressure PLD is combined with a more

conventional low-pressure PLD setup which is especially

designed to grow nanowire core-shell structures or film-

nanowire junctions in a two-step PLD process. Table 2

summarizes typical parameters for both the high-pressure

(nanowire) and the low-pressure (film) PLD process. The

capability of the high-pressure PLD for growth of ZnO

nanowire arrays on single-crystalline a-plane, m-plane and

r-plane sapphire, GaN-buffered Si(111), and SiC-4H sub-

strates is demonstrated by Figs. 7–12, respectively. The PLD

process allows for control of doping, wire diameter, aspect

ratio, and lateral density of wires, as described below.

The growth direction of the ZnO wires is always [0001],

but its orientation can be controlled by the underlying single-

crystalline substrate.

On a-plane (11-20) (Fig. 7) and c-plane (0001) sapphire

(not shown here), GaN (001) buffer layers (Figs. 10 and 11),

and SiC-4H (Fig. 12), the ZnO films grow with the c-axis

perpendicular to the substrate surface. On r-plane (1-102)

sapphire (Fig. 9), the majority of wires are oriented in-plane,

that means the c-axis is parallel to the substrate surface.

Onm-plane (10-10) sapphire, the nanowires are inclined

308 with respect to the substrate normal (Fig. 8). The

nanowires showwell-defined epitaxial relationships with the

m-plane sapphire substrate, the projection of the wires’

[0001] axis being parallel to the in-plane sapphire [-12-10]

direction [32].

The initial growth stages of PLD grown ZnO nanowires

are depicted in more detail in Fig. 10, which shows two

samples grown with only 500 and 2,000 laser pulses. The

initial growth in the first several 100 laser pulses seems to

follow the VLS model, but already after 500 pulses Au

droplets begin to move down on the wire side facets toward

the interface (Fig. 10 (b)). After 2,000 pulses, the furtherwire

growth seems to proceed without any further participation of

Au catalyst according to VSS model. Only few Au particles

were found at and near the ZnO/GaN interface (Fig. 10 (c)

and (d)). Fig. 11 shows ZnO wires on GaN-buffered Si(111)

after 7,500 pulses.

The PLD-grown ZnO-based nanostructures are the

materials base for a variety of state-of-the-art results, see

Refs. [22–43]: Examples are donor and 3d-element doped

wires [23, 29, 33, 38, 43], WGMs and lasing in nanowires

[24, 26–28, 34, 35], ordered and tilted wire arrangements

[30, 32], p-type doped nanowires and p–n junctions [36, 42],

nanowire quantum dots and quantum wells [37, 41], and

nanowall networks [39].

3 Application-related ZnO nanostructures In the

following sections, an overview is given on the ZnO nano

and microstructures prepared specifically for special inves-

tigations as for example WGM excitation and lasing

(Section 3.1), nanowire arrays with controlled lateral density

(Section 3.2), axial and radial nano core-shell structures

(Section 3.3), and finally p-type and n-type doped nanowires

including nanowire FETs and p–n junctions (Section 3.4),

see Refs. [12–43].

3.1 Single nano- and microwires for optical
mode emission and lasing Nominally undoped ZnO

nano andmicrowires grown by high-pressure PLDwere used

to investigateWGMs in dielectric resonators with hexagonal

[24, 26–28, 34] and also dodecagonal [35] cross-section.

Reference [24] presents first systematic investigations of

WGMs in hexagonal resonators for small mode numbers.

This work can be considered as the starting point of WGM

investigation in hexagonal semiconducting nanowires with

considerable impact on the international community.

Figures 13 and 15 show examples for nano and

microwires, respectively, which showed WGMs in the

spectral range of the ZnO visible defect band (the so-called

green luminescence) by excitationwith an electron beam in a
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Figure 6 (online color at: www.pss-b.com) Scheme of high-

pressure PLD chamber for growth of ZnO-based nano-heterostruc-

tures consisting of a T-shaped quartz tube with 30mm outer diam-

eter. Relative positions of rotating targets, plasma plume and

substrate are also indicated. The laser beam is drawn red and the

process gas flow green. Below is a corresponding photograph of the

chamber operating at high temperature.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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Table 2 Typical materials and deposition parameters for high-pressure and low-pressure ‘‘two-step’’ PLD growth of ZnO-based nano

heterostructures.

parameter high-pressure PLD low-pressure PLD

grown structure self-organized ZnO NW arrays shells around NW core

used substrate a-, c-, r-, m-sapphire, Si, SiC nanowires, sapphire ZnO, Si

nucleation materials Au colloids 10 nm, Au, Ni, ZnO films N/A

ZnO dopants Mg, P, Li, Al, Mn, Co groups V, III, Mg, 3d elements

background pressure 50–200mbar Ar 10-4–1mbar O2

gas flow 50 sccm @100mbar N/A

growth temperature (typical) 420–940 8C (825 8C) RT–780 8C (650 8C)

KrF laser 2 J/cm2, 10Hz 2 J/cm2, 1–15Hz

target–substrate distance (typical) 5–40mm (8–20mm) 25–80mm (60mm)

Figure 7 Lateral homogeneityofhigh-densityundopedZnOnano-

wire array grown on a-plane sapphire covered with 50 nm gold

colloids at 860 8C and 100mbar Ar-flow. The wires are 62–74 nm

thickand3.26–3.46mmhigh, theaspect ratiobeingabout50. Images

taken with a field emission (FE) scanning electron microscope

(SEM) FEI Nanolab 200.

Figure 8 ZnOnanowirearraysgrownonm-planesapphire tiltedby

308 to the substrate normal (see Ref. [32]).

Figure 9 ZnOnanowiresgrownon r-plane sapphire.Typically, the

ZnO c-axis is parallel to the substrate surface, but occasionally

branched wires grow out of facets of the in-plane oriented wires.

Figure 10 TEM images of the initial growth stages of PLD ZnO

nanowires on GaN-buffered Si(111): (a) and (b) are taken after 500

laser pulses and showdarkAudroplets on topof thewires (according

to VLS model), and moving down on nanowire facets toward the

interface. Images (c), (d), and (e) show a sample grown with 2,000

pulses. Not any Au is visible on top of the nanowires. Only few Au

particulates appear near the bottom interface to the substrate (c) and

(d). VSS seems to be the dominating mode. Growth was done at

840 8C and Ar flow at 100mbar using a nm-thin sputtered Au

nucleation film for both samples.

www.pss-b.com � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



typical CL experiment. As a model system single, tapered,

high aspect ratio zinc oxide nanoneedles were analyzed.

These nanoneedles (Fig. 13) enabled systematic investi-

gations as a function of the resonator diameter down to the

nanometer regime down to mode number 1 (for details see in

Fig. 14). Nanosized crystals show broadened WGMs due to

the increase of losses with decreasing cavity diameter. A

simple plane wave interference model without free

parameter describes the spectral positions and the linewidths

of themodes in good agreementwith the experiment [24, 28].

Figure 15 shows microwires, whose cross-section

changes from hexagonal at the bottom part to dodecagonal

in the middle and top section. To analyze WGMs of such

microstructures, polarization-resolved micro photolumines-

cence (m-PL) spectroscopywas used [35]. The beam of a cw-

HeCd laser is focused on the sample by a microscope

objective to a spot of about 1mm in diameter. The

luminescence is collected by the same objective.

Figure 16 shows spatially resolved m-PL spectra of the

hexagonal/dodecagonal ZnO microwire as depicted in

Fig. 15. The spatially resolved spectral m-PL mapping in

Fig. 16 clearly shows the transition from hexagonal to
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Figure 11 ZnO nanowire arrays grown on GaN (0001) buffered

Si(111)using7,500laserpulses.GaNlayersweregrownbyMOCVD

byA.Dadgar,UMagdeburg.The taperedwires (right)weregrownat

increased distance 35mm from target instead of 25mm (left).

Figure 12 ZnO nanowires grown with their [0001] axis perpen-

dicular to the surface of a SiC-4H single crystal substrate. The SiC-

4H was supplied by G. Ferro, Université Lyon I, France. Right is a

pinhole typical for single crystalline SiC.

Figure 13 SEM images of a needle-like ZnO

nanoresonator taken at 458 tilt angle. The scale

bars correspond to (a) 10mm and (c) 300 nm.

Thegraph (d) is the experimentallydetermined

shape of the needle. The wire diameter D is

proportional to z0.523�0.007, z being the axial

position. Images were taken from [24, 28].

Figure 14 (onlinecolorat:www.pss-b.com)Spatially resolvedCL

investigation of a single tapered ZnO nanowire. (a) CL spectra

shifted vertically for clarity collected at eight equidistant locations

marked on the needle’s longitudinal axis by white dots in (b). The

visible band of ZnO between 1.8 and 2.9 eV is modulated such that

maxima can clearly be distinguished from each other and attributed

to WGMs. Since the radius of the needle decreases along the

longitudinal axis, the spectral maxima continuously shift to higher

energies as indicated by the red dashed lines. Blue arrows and error

bars mark selected TM-resonance energies and their error.

(b) Experimentally determined shape of the needle. (c) Map of

theenergyof the spectralmaximumwithin thevisible spectral range.

(d) Line scan along the white line shown in (c). The red dashed line

gives themaximumposition of the unstructured visible band in bulk

material. Image is taken from [24].

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com



dodecagonal cross-section in between the two horizontal

dotted lines.

Lasing phenomena benefit from the larger cavity length

of microwires, as compared to nanowires, making it easier to

overcome the large mirror losses. ZnO microwires are

usually hexagonally shaped, giving rise to another type of

cavity: the WGM type of lasing. Here, the light wave

circulates around within the hexagonal cross-section of the

wire due to total internal reflection at the resonator’s

boundaries. Whispering gallery mode lasing has been

observed from single ZnO microwires grown by direct

carbothermal evaporation (see Ref. [19] and references

therein).

The emission of the radial WGMs is visualized in

Fig. 17. The used microwires have diameters in the range

between 1 and 20mm. Themicrowires show a high PL signal

under low excitation conditions. The number of observed

peaks increases with increasing excitation intensity and the

peaks show a highly superlinear dependence of the emitted

intensity on the excitation intensity, a clear indication for

lasing. The energetic position of the lasing peaks suggests the

electron hole plasma as a gain mechanism [19].

We attribute the observed peaks to WGMs. The

energetic peak positions were calculated from a

simple plane wave model [19, 24, 28]. The model fits the

experimental results very well. The full width at half

maximum (FWHM) of the lasing peaks decrease with

increasing wire diameter in good agreement with theory of

hexagonal cavities. For 3mm thin wires, we observe a

FWHM of 1.3meV. For wires larger than 7mm in diameter,

the observed FWHM is 0.6meV, close to the spectral

resolution of our setup [19]. Further details about WGM

mode lasing and the corresponding models can be found in

the references and the article by Czekalla et al. in this issue.

3.2 Nanowire arrays with controlled lateral
wire density ZnO nanowire arrays with low lateral

density of the nanowires are necessary for the growth of

radial ZnO-based QW heterostructures (see Section 3.3) and

also to grow coaxial Bragg resonators aroundZnOnanowires

(for more details see article of Schmidt-Grund et al. in this

issue). In order to reduce the nanowire’s area density, a novel

two-step PLD method was developed for growing a ZnO

Phys. Status Solidi B 247, No. 6 (2010) 1271
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Figure 15 SEM images of a ZnO wire with changing shape from

hexagonal at the bottom part to dodecagonal at the middle and top

section (a). The images with higher magnification demonstrate the

change of cross-section. (b) Inside of the dodecagon there is a

dodecagonal (dotted line) and a hexagonal (dashed line) closed light

path. Their total length is different. Image taken from [28].

Figure 16 (online color at: www.pss-b.com) Spatially resolved

m-PL-spectra (spectral linescan) of the hexagonal / dodecagonal

ZnOmicrowire shown in Fig. 15. Left is the SEM image of the wire

with indicated position of the linescan. A series of PL spectra was

taken along the white line, corresponding to the scan position in the

right map. The horizontal axis is the photon energy of the lumines-

cence. The color bar right gives the luminescence intensity. Bright

curves show maxima of the spectral luminescence intensity, corre-

sponding to the WGM modes. The change from hexagonal to

dodecagonal cross-section is in between the two horizontal dotted

lines. Narrow, fixed lines at 1.9 and 2.1 eV are side bands of the

exciting HeCd laser. Image taken from Ref. [28].

Figure 17 (online color at: www.pss-b.com) Optical microscopy

image of the radialWGM lasing of an optically pumpedmicrowire.

The angle of incidence of the exciting laser beam is approximately

608 to the surfacenormalof thesubstrate.Theexcitation spot ismuch

larger than the wire length, therefore the excitation intensity is

regarded to be homogeneous over the entire microwire. The digital

cameradetectsnearUVradiationof the radiallyemittedWGMs.The

diameterof thewire is indicatedbythedottedlinesasguideto theeye.

www.pss-b.com � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



buffer layer and the ZnO core nanowires. This enables us

to reduce the density of the nanowires to levels below

0.1 NW mm�2 [41].

The synthesis of the low density wires was carried out

successively in two PLD chambers, the high-pressure quartz

glass PLD chamber for the nanowire growth, and a

conventional (low-pressure) PLD chamber for the initial

nucleation layer growth and for a possible later shell growth.

First, a ZnO layer of about 250 nm was deposited on a-

plane sapphire substrates using the conventional PLD

chamber at a background oxygen pressure of 0.02mbar

and at a temperature of about 650 8C. Then, those ZnO layers

were transferred into the high-pressure PLD chamber for the

nanowire growth. The KrF laser repetition rate was set at

10Hz and the laser energy density on the target was about

2 J cm�2. The distance from target to the front edge of the

substrate was 5mm. Figure 18 shows the direct influence of

the ZnO nucleation layer thickness on the lateral density of

the nanowire arrays.

The growth of ZnO nanowires by high-pressure PLD on

sapphire, with or without intentional metal catalyst on the

substrate surface, leads to the growth of high density

nanowire arrays of the order of �10 nanowires mm�2, as

shown in Fig. 18 (b) and (d). If we take into account the

nanowire mean diameter (typically between 100 and

150 nm), this density leads to a surface area coverage of

the order of 10–20%. Under these conditions, the growth of

homogeneous core/shell structures is not possible by PLD

due to a strong shadowing effect by neighboring nanowires

as depicted in Ref. [41].

The described shadowing effect can be avoided by

reducing the area density of nanowires to levels at which

the incoming beams (either plasma, molecular, or atomic)

are not masked by any of the surrounding nanowires. We

have achieved this by introducing a ZnO buffer layer, some

hundreds of nanometres thick, grown by low-pressure PLD.

Figures 18 (a) and (c) show that we can obtain densities

below 0.1 nanowires mm�2. As will be shown in the

following, this is low enough to prevent any shadowing

effect. Indeed, the nanowire density varies continuously

from the high density on sapphire to the low density values

on the ZnO film. In between there is a transition region that

has a lateral extension of�100mmandwhere the ZnObuffer

layer thickness varies gradually (as the nanowire density, see

Fig. 18 (d)). In order to understand the role of the ZnOfilm on

reducing the nanowire density, we have measured its

thickness by ellipsometry prior to and after the nanowire

growth. It comes out that the incoming ZnO incorporates

much more effectively into the ZnO buffer film than into

the film growing in between the nanowires on the bare

sapphire region: in this region, the ZnO film grown in

between the nanowires is just some tens of nanometres thick,

whereas in the region with the buffer ZnO film its thickness

increases by about 500–1,000 nm, depending on the

measurement position along the PLD plasma plume. This

preferential incorporation into the ZnO buffer film seems to

prevent nanowire nucleation and growth, since not only the

nanowire density is reduced but also the pyramids that are

found at the bottom of most of the nanowires (Fig. 18). Even

though under all the experimental conditions investigated in

this study the presence of theZnOfilmdrastically reduces the

nanowire density, it is still unclear whether other parameters,

such as the film roughness, could modify the nanowire

density and thus allow further tuning.

After the growth of the low density nanowires, the

samples will be transferred back to different low-pressure

PLD chambers for the shell growth. The shell can be either a

nano-QW structure (see below), or a coaxial Bragg resonator

(see Schmidt-Grund et al.). In general, the growth conditions

of the shell structure are similar to those employed for the

ZnO layer growthwith the only difference that for the growth

of the QW, the laser repetition rate was reduced from 10 to 5

or 2Hz. The low-pressure chamber to grow the coaxial

Bragg resonators was initially designed for the flexible

growth of large-area high-Tc superconducting thin films and

allows a continuous tilt of the substrate heater with respect to

the plasma plume. This substrate tilt and rotation during PLD

is the key issue to achieve homogenous coaxial Bragg

mirrors around the free standing ZnO nanowires with well-

controlled thickness. These nanowires surrounded by radial

Bragg reflectors are used as nano-resonators for optical

investigations of strong exciton–photon coupling.
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Figure 18 Overview on ZnO nanostructures grown by high-pres-

sure PLD at 50 sccm Ar-flow at 100mbar pressure and about 780–

830 8Cgrowth temperature ona-plane sapphire substrates: a, b)ZnO

wires with low (a) and high (b) lateral density grown on a-sapphire

with thick (>100 nm) and very thin (residual) ZnO nucleation layer,

respectively. Obviously, the thickness of ZnO nucleation layer

controls the lateral wire density. (c) Low-density 160 nm thick

and 3.3mm long ZnO wires grown on MgZnO nucleation film at

reduced growth temperature of 780 8C. (d) ZnO wires with about

330 nmdiameter and 4.5mmheight grown in the intermediate ZnO–

sapphire region defined by the edge of substrate holder. ZnO

nucleation layer is very thin in this sample area. See also the abstract

figure.
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3.3 Axial and radial nano core shell struc-
tures In this section, the growth of axial and radial core–

shell structures is described. First, the growth of axial films of

MgZnO/ZnO/MgZnO on top ZnO nanowires resulted in

quantum dot-like (QD) structures with highly spatially

dependent quantum-dot like luminescence emission.

Second, the growth of more homogeneous axial and radial

core-shell nano QWs on low-density nanowire arrays is

demonstrated.

3.3.1 Quantum dots in nanowires In order to

achieve photonic ZnOnanowires devices, the implementation

of heterostructure technology to the well established nano-

wires growth process and especially the incorporation ofQWs

and QDs is of current interest, as already shown for InAs/InP

structures and for nanowire InGaN/GaN QWs (see Ref. [37]

and references therein). Compared to GaN, ZnO offers the

advantage of a higher exciton binding energy, allowing the

observation of excitonic effects at room temperature.

Recently, indications for embedded ZnO QDs were found in

axial ZnO/MgZnO multiple QW structures, showing an

additional peak in low-temperature photoluminescence spec-

troscopy [44]. In single ZnO/MgZnO QWs on top of isolated

nanowires, the usually broad QW emission band consisted of

two sharp and polarization dependent peaks in near-field PL

[45] with line widths between 3 and 12meV.

Axial MgZnO/ZnO QWs have been grown on top of

high-density ZnO nanowires by PLD [37]. The ZnO

nanowire arrays and the MgZnO/ZnO/MgZnO QWs on a-

plane sapphire substrates were grown by two-step PLD. Both

in situ processing within one chamber or ex situ growth in

two different chambers was used [37]. At first, a high-

pressure PLD process running at 75–100mbar Ar partial

pressure was used to grow undoped ZnO nanowire arrays on

a-plane sapphire substrates. Ten nanometer gold colloids

were employed as nucleation sites. Secondly, the MgZnO

barriers from Mg0.1Zn0.9O targets and the ZnO QW were

grown on top of the nanowire arrays. The oxygen partial

pressure for the barrier growth was 0.016mbar and the

growth temperature 670 8C. On top of the ZnO nanowire

arrays, 200 laser pulses (25 nm) ZnO buffer layer, 600 pulses

(80 nm) MgZnO bottom barrier, 11–17 pulses (2 nm) ZnO

QW, and finally 250 pulses (30 nm)MgZnO top barrier were

grown. All thicknesses are approximate values correspond-

ing to the number of growth pulses.

Optical emission originating from the MgZnO barrier

and the ZnO QDs was observed up to room temperature.

Figure 19 shows CL intensity images for the emission

energies of bulk ZnO (wire body), ZnO QW, and MgZnO

barrier. It can be seen clearly that barrier and QW were only

grown on top of the nanowires and that no lateral growth has

taken place.

From comparison of the energetic position of the

MgZnO band with thin film results, the Mg content is about

28% in theMgZnObarrier [46]. From the average position of

the QW emission, the QW thickness can be determined to be

around 2 nm [47]. Furthermore, the QW emission is not

homogeneously distributed over the top of the wire. Instead

of a single QW region, the CL intensity images show several

areas of higher CL emission. Indeed, ensembles of spatially

fluctuating and narrow CL peaks with individual widths

down to 1meV are found at the spectral position of the QW

emission at 4K as shown in Fig. 20. The spectra in Fig. 20

were taken at four positions a few tens of nanometers apart.

The number of those peaks increases with increasing

photoluminescence excitation, thus pointing to QD-like

recombination centers on top of the nanowires [37].

By means of high resolution transmission electron

microscopy, laterally strained areas of about 5 nm diameter

were identified at the QW positions on top of the nanowires

(Fig. 21). For some of these areas, corresponding dis-

locations were found in the inverse fast Fourier transform-

ation images Fig. 21 (c) and (d). Consequently, the strain

may be attributed to heavier ZnOnanoQWs embedded in the

lighter MgZnO matrix. This is in good agreement with the

CL results.

3.3.2 MgZnO–ZnO quantum wells in nano-
wires By using high-pressure PLD on sapphire substrates,

ZnO nanowires with a density in the order of 10 nanowires

Phys. Status Solidi B 247, No. 6 (2010) 1273
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Figure 19 CL intensity images and the related SEM picture of the

top of a single nanowire at 4K. A typical low temperature CL

spectrum averaged over the top region of the wire is shown. The

intensity images show the spatial distribution of the CL signal for

three different spectral regions corresponding toZnObulk,QW,and

MgZnO barrier as indicated. The QW and the MgZnO barrier are

located only at the top end of the wires. In contrast to this, the ZnO

signal is detected from the wire body. There is no QW or MgZnO

signal away from the top; thus, it is evident that no lateral (radial)

growth of the barrier material was realized.
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permm2 are obtained. If under these conditions ZnO/ZnMgO

heterostructures are grown, only axial heterostructures can

be obtained due to the large shadowing effect by neighboring

nanowires. In this case the Mg content is modulated along

the longitudinal growth direction, i.e., along [0001], as

described above [37]. Thus, in order to obtain radial

heterostructures by PLD, the lateral nanowires density has

to be reduced. Therefore, we have introduced either a ZnO or

a ZnMgO buffer layer by low-pressure PLD prior to the

growth of ZnOnanowires by high-pressure PLD, as shown in

Section 3.2.

The homogeneous growth of the QW shells on the

low-density ZnO nanowires is demonstrated in Fig. 22,

where the shell growth is monitored for one selected

nanowire. Due to the shell growth, the thickness of the

structure has increased considerably. By this identification of

single nanowires and comparing their heights and diameters

before and after the shell deposition, the axial to radial

growth ratio wasmeasured. Under typical low-pressure PLD

growth conditions, the axial to radial growth rate ratio can

vary from 3 to 7 [41]. This means that the top shell and,

eventually, the axial QWs, will be thicker than the radial

shell and QWs.
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Figure 20 (onlinecolorat:www.pss-b.com)Strongdependenceof

lowtemperatureCLspectraonelectronbeamspotpositionontopofa

single selected nanowirewithQWstructure. Here, an in situ process

within one PLDchamberwas used for thewire andQWgrowth. The

wire diameter was 2mm. The spectra were taken at positions a few

tens of nanometers apart. The Mg content of the ZnMgO barriers is

28%.

Figure 21 (onlinecolorat:www.pss-b.com)(a)Bright-field image

of the upper part of a ZnO nanowire and associated SAED pattern

(inset). (b) Moiré fringes produced by a nanocrystallite embedded

into the surrounding matrix. (c) HRTEM image near the tip of the

nanowire showing a dark area and (d) corresponding IFFT image

showing the dislocations inside this area. Images were taken by N.

Boukos and A. Travlos, National Center for Scientific Research

Demokritos, Greece.

Figure 22 SEM images (recorded at a 458 tilt angle) of exactly the

same nanowire (a) before and (b) after the shell growth [41].
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The samples contain, therefore, not only the radial QW

but also at least two more QWs. As schematically shown in

Fig. 23 (top), these additional QWs are found at the tip of the

nanowires and on the ZnO buffer layer. Their thickness will

be larger and, thus, their emission energywill be found below

that of the radial emission. For confirmation of the origin of

each of the peaks in between the near-band-edge emissions

of ZnO and ZnMgO, we have measured low-temperature CL

spectra at different locations along the nanowire’s longi-

tudinal axis, as well as on the surface of the buffer layer close

to the nanowire (Fig. 23, bottom). Obvious is the appearance

of two additional peaks, at 3.45 and 3.41 eV, in between the

emission of the ZnO core and the ZnMgO barrier. Two

features are to be noticed: first, the intensity ratio of the 3.41

to 3.45 eV peak increases at the tip of the nanowires with

respect to the center of the nanowires; second, when the CL

spectra are recorded on the film, the emission at 3.45 eV

vanishes completely and only the emission at 3.41 eV is

observed. Both facts lead to the conclusion that the emission

at 3.45 eV originates from the core/shell QW and the

emission at 3.41 eV from the axial one, either at the nanowire

tip or on the surface of the buffer layer. Furthermore, in

the CL spectrum measured at the center of the nanowire

(position 2 in Fig. 23, top) the emission from the axial/film

QW is observed as a shoulder in the low energy side of the

radial QW. This can be simply explained by exciton

diffusion from the position where the CL is excited toward

these QW and is consistent with recent measurements of

exciton diffusion length in ZnO-based nanowires.

TEM images in Fig. 24 show that the nanowires are

either defect-free or contain, in some cases, basal stacking

faults perpendicular to the axial growth direction. SAED on

the ZnO nanowires confirmed that the axial growth direction

is parallel to the c-axis. High resolution TEM on the regions

near the sidewalls shows well-defined ZnO/air interfaces

with no observable roughening or {10.11}-type nanofacets,

which could hinder the formation of homogeneous shells.

Indeed, as shown in Fig. 24(b), the growth of the ZnO QW

occurs homogeneously around the whole nanowire per-

imeter and the QW is even continuous at the 608 corners in

passing from one {10.10}-type sidewall to the next one.
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Figure 23 (onlinecolorat:www.pss-b.com)Schematicdiagramof

asingleZnO/ZnMgOQWwireasoriented in theCLcryostat, andCL

spectra (T¼ 10K,U¼ 15 kV, I¼ 150 pA)measured at the locations

indicated on top [41].

Figure 24 (online color at: www.pss-b.com) (a) TEM image of a

ZnO/ZnMgO QW nanowire perpendicular to its longitudinal axis.

The insets show SAED pattern taken from the body of the nanowire

and high resolution TEM image taken from the sidewall. (b) TEM

image of a ZnO/ZnMgO QW nanowire with the electron beam

parallel to its longitudinal axis. The radial ZnMgO/ZnO/ZnMgO

QWcanbeobserved.The inset showsageneral viewof thenanowire

transverse section. Images taken by N. Boukos and A. Travlos,

adapted from Ref. [41].
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However, it seems that theQW thickness varies slightly from

the center of the {10.10} plane to the region closest to the

corner. This continuity of the QW in passing from one

{10.10}-plane to the next one is facilitated by the smearing

out of the 608 corner due to the deposition of the inner

ZnMgObarrier. The effect, bywhichMg incorporation leads

to the transformation of hexagonal ZnO nanowires into

rounded ones, has been recently explained in terms of

differences in {10.10} and {11.20} surface energies together

with unequal energy gain due to Mg adsorption on those two

crystallographic planes [48].

Figure 25 shows a series of core/shell QWs grown with

varying well thickness. The CL spectra, obtained at the center

of the nanowires (corresponding to position 2 in Fig. 23), show

a redshift of theQWemissionwhen larger QW thicknesses are

measured. This systematic shift, due to quantum confinement,

shows that controlled tuning of the radial QW energy has been

achieved and proves the reliability of our proposed method-

ology for achieving homogeneous core/shell heterostructures

with physical deposition methods.

3.4 Doped ZnO nanowires This final section deals

with the growth of p-type and n-type doped ZnO nano- and

microwires. The incorporation of acceptor or donor elements

may influence the nanowire growth considerably, as shown by

examples of branched nanostructures. p-type conductivity of

ZnO is one of the major challenges, because long-term stable,

reproducible, and easy p-type conducting ZnO thin films

could not obtained up to now [2, 49, 50]. We present in the

following three independent indications for p-type conduc-

tivity of phosphorous doped ZnO nano- and microwires. First

results on e-beam lithography and electrical characterization

of n-type doped ZnO nanowires are presented at the end.

3.4.1 p-type ZnO:P wires We use both high-pres-

sure PLD and carbothermal evaporation to grow ZnO-based

nano- and microwires, respectively. By simply adding P2O5

into the source targets of both processes, phosphorous-doped

ZnO nano- [36] and microwires [17] could be grown

successfully. CL spectra of single selected ZnO:P nano-

and microwires show acceptor-related peaks (A0,X), (e,A0),

andDAP, as demonstrated in Fig. 26 for ZnOnanowires [36].

Similar acceptor-related peaks were detected for phosphor-

ous-doped ZnO microwires [17]. The assignment of the

acceptor-related peaks was further confirmed by tempera-

ture-dependent CL spectra and appropriate fits of the peak

energy shifts and by spatial CL maps individually extracted

for selected peaks, as discussed in detail in Ref. [37].
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Figure 25 (onlinecolorat:www.pss-b.com)CLspectra (T¼ 10K,

U¼ 15 kV, I¼ 150 pA) measured from four different single ZnO/

ZnMgO QW nanowires with different QW thicknesses (15, 20, 30,

and40PLDpulses). The spectra are shifted vertically in intensity for

clarity. Image was taken from [41].

Figure 26 (online color at:www.pss-b.com)Low-temperatureCL

spectra of a phosphorous doped ZnO nanowire, indicating typical

acceptor-relatedpeaks(A0,X), (e,A0), andDAP(peakenergiesgiven

in eV) of the phosphorous-doped wire.

Figure 27 (a) Scheme of the bottom-gatemicrowire FETs. (b) and

(c)SEMimagesof thesourceanddraincontacts (madebyIBID)ofan

undopedZnOmicrowire channelwithdiameter of2–3mm.The total

length of the microwire channel is 334mm.
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In order to confirm the conductivity type of undoped

(intrinsically n-type) ZnO and ZnO:P microwires, they were

used as channels in bottom-gate FETs. The microwires with

length of several 100mmwere used for this purpose, because

the usual tungsten contacts prepared by ion-beam induced

deposition (IBID) do not allow the use of mm-short

nanowires. The FETs were built on Si (100) substrates with

a thermally grown, 190 nm thick SiO2 gate oxide layer, as

shown schematically in Fig. 27.

Three-terminal, gate voltage dependent electrical

measurements of back-gate FETs with the microwires as

channels indicate reproducibly formore than 10 samples that

undoped and phosphorous-doped ZnO:P microwires are n-

type and p-type conductive, respectively. This is demon-

strated by the opposite source–drain current (ISD) vs. gate

voltage (UG) transfer characteristics of undoped and P-doped

wires, as shown in Fig. 28. The p-type conductivity of the

ZnO:P microwires was found to be stable over more than

6 months.

As direct Hall measurements on nanowires are difficult

since the necessary 2D configuration of the Hall contacts is

hard to achieve, a third method to investigate the conduc-

tivity type of the ZnO:P nanowires are p–n junctions built

fromZnO:Gafilms andZnO:P nanowires grownon top of the

n-type conducting films. These p–n junctions were grown by

two-step PLD on a-plane sapphire substrates. On the top of

these n-type films, phosphorous-doped ZnO (ZnO:P)

nanowires were prepared by high-pressure PLD. For typical

growth parameters see Table 1 and Ref. [42]. Figure 29

shows the scheme of the ZnO junctions and the arrangement

of p- and n-contacts. The ZnO:P nanowires were embedded

in polystyrene to allowwell defined contacts to the tips of the

ZnO:P nanowires, as shown in Fig. 30. Prior to evaporation

of the Ni/Au contacts, the nanowire tips are treated with an

oxygen plasma to remove residual polystyrene.

The ohmic behavior of the Au-ZnO:Ga contacts was

proved by linear I–V curves through an Au-ZnO:Ga-Au

arrangement [42]. The series resistance of the two involved

n-contacts together with the ZnO:Ga film is only about 15V.

To check the Ohmic behavior of the p-contacts to the ZnO:P

nanowires in the same way is not feasible as the wires are

connected only vertically to the n-type ZnO:Ga film.

Therefore, we could measure the current through two

oppositely arranged p–n diodes, which is the p1–n–p2

configuration in Fig. 31. As for both positive and negative

voltage always one diode is in reverse direction, the p1–n–p2

I–V curve is determined for both polarities by the leakage

current of the reversely biased one of the two diodes.

Figure 31 shows also the single junction I–V curves p1–n and

p2–n of the two particular diodes. Indeed, the reverse parts of

the I–V curves of all three curves (p1–n, p2–n, and p1–n–p2)

in Fig. 31 agree reasonably well. The clearly rectifying I–V

curves of the single junctions p1–n and p2–n are typical curves

obtained similarly for more than 35 such p-n junctions on 13

samples [42]. This, in addition to the acceptor relatedCLpeaks

[36, 17] and the opposite FET transfer characteristics [17], is a
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Figure 28 (online color at: www.pss-b.com) Typical opposite ISD
vs. UG transfer characteristics of bottom gate FETs built top with

undoped (n-type) andbottomwithphosphorous-doped (p-type)ZnO

microwires as channel. The channel depletion is obtained for neg-

ative or positive gate voltage, indicating n-type or p-type conduc-

tivity, respectively.

Figure 29 (online color at:www.pss-b.com)Schemeof theZnO:P

nanowire / ZnO:Ga film p-n-junctions grown on a-plane sapphire

substrate including the p- and n-contact. Right is a top view of a

typical transparent junction structure on TO-39 socket with contact

wires connected to two wire top contacts.

Figure 30 Scanning electron microscope images of ZnO:P nano-

wire array on a ZnO:Ga sample: (a) as grown, (b) after polystyrene

embedding and plasma-etching the tips of the ZnO:P wires.
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strong indication for the p-type conductivity of our ZnO:P

wires.

Because the time between the growth of the first p–n

junctions and the electrical measurements is now about

1 year, we can state a corresponding time stability of the ZnO

junctions. Finally, electroluminescence experiments with

pulsed current excitation (6V, 8mA peak current with 1 kHz

and 10% duty cycle) on selected junctions showed a very

weak, diffuse blue-green light emission. This light emission

was visible to the adapted eye in complete darkness.

These results on p-type conductivity of acceptor-doped

ZnO nanowires are in line with very few reports in literature.

After a post-annealing step, phosphorous-doped ZnO

nanowires showed for about 3 months depletion of the

source–drain channel current for positive gate voltage,

which is clear indication for p-type, hole-related conduc-

tivity [51]. Very recently, also nitrogen-doped ZnO nano-

wires were used as channels in FETs [52].With 2%N2O, a p-

type IDS-UG transfer characteristics were measured [51],

however no statement about the time stability was given.

Very recently, ultraviolet electroluminescence was demon-

strated at room temperature from a ZnO rod homojunction

light-emitting diode array. The p-type doping was realized

by phosphorous ion implantation into defect-free ZnO rods

followed by annealing [53].

3.4.2 n-type ZnO:Al wires with controlled
carrier concentration In order to fabricate devices with

single selected nanowires, new processes are required

because the focused ion beam used to built the backgate

microwire FETs (see above) cannot be scaled down to nano-

dimensions because of the usual micrometer-wide spreading

area around the desired IBID metal contacts. Therefore,

using the Leipzig FEI Nanolab instrument, an electron beam

lithography (EBL) process has been established to produce

contacts to single nanowires. The resist is a standard PMMA

resist and the metallization can consist of any material or

material combination that can be evaporated or sputterd

within the standard thin-film processes.

Themain difficulty is that the EBL process step itself has

to be performed ‘‘blind’’ because the processed nanowire is

invisible due to PMMA coverage. Appropriate marking of

the substrate structure is necessary for precise alignment

during this step. Using this EBL technique, preparation of

samples for two- as well as for four-terminal measurements

is feasible. An SEM micrograph of a contacted, nominally

undoped ZnO nanowire is shown in Fig. 32. Clearly visible

are the very well-defined contact pads without any

unintentional metal distribution outside the contact pads.

Figure 33 shows an example for electrical measurements

on a nominally undoped ZnO-nanowire in bottom-gate FET
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Figure 31 (onlinecolorat:www.pss-b.com)Rectifying I–Vcurves

of two typical ZnO p–n junctions (red and orange line) on the same

substrate, denoted p1–n and p2–n, plotted in linear and logarithmic

current scale. In addition, the I–V characteristics of these two

p-contacts (blue line) is shown, which corresponds to the p1–n–

p2configurationof twooppositep–ndiodes.Thiscurve isdominated

by the leakage currents of the two diodes.

Figure 32 SEM micrograph of a contacted ZnO nanowire. The

main image focuses on the contacts whereas the inset depicts the

whole structure.

Figure 33 (online color at: www.pss-b.com) Isource–drain–Vsource–

drainmeasurements on a nominally undoped ZnO nanowire FET for

varying gate voltages Vgate. The source and drain contacts are those

prepared by the EBL process described above, whereas the Si

substrate and its SiOx layer act as gate electrode and gate oxide,

respectively. The inset shows the corresponding transfer character-

istics at a source–drain voltage of Vsource–drain¼ 1V.
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geometry. The I–V characteristics at different gate voltages

as well as the corresponding transfer characteristics are

shown. The graph clearly shows ohmic contact character-

istics and the transfer characteristics (inset) confirm the

nominally undoped nanorods to be n-type, i.e. full channel

depletion for negative gate voltages. Further applications

include the fabrication of Schottky type contacts to single

nanowires and the characterization of doped nanowires in

dependence of the doping level.

3.4.3 Branched nanowires Finally, we show the

influence of further dopants as for example Li, LiþN, P, and

MgþP on themorphology of the PLD grown nanostructures.

The key for the growth of branched nanostructures is the

polar ZnO structurewith aZn-terminated and aO-terminated

face perpendicular to the ZnO c-axis [7]. If the growth

develops under uncompensated surface charges, the spon-

taneous polarization contributes to increasing continuously

the total electrostatic energy, due to the permanent electric

dipole inherent to the wurtzite structure. Appearance of

branched, and bended, structures minimizes the electrostatic

energy on one hand, but increases the total elastic energy on

the other hand. This energetic counterbalance between

electrostatic and mechanical energies results in the equi-

librium structures shown in Fig. 34 for the indicated PLD

target compositions.

It has to be noted that the morphology of the depicted

branched structures depends critically on the particular

growth conditions and the lateral position on the substrate.

For the growth of the branched structures in Fig. 34, we

applied 15,000 laser pulses with Ar-flow at 100mbar, 825 8C

growth temperature and 2.5 cm distance from target to the

substrate front edge.

4 Summary Physical deposition methods as for

example a combination of high-pressure and low-pressure

PLD for homogeneous nanowire core-shell structures, or

direct carbothermal growth of ZnO microwires are very

practicable to grow high quality ZnO-based nano- and

microstructures. These wires show WGMs and optically

excitedWGM lasing. The control of the lateral density of the

wires was achieved by a ZnO nucleation layer deposited

prior to the ZnO nanowire growth by reducing the number of

nucleation sites for nanowires. In growth of ZnO/MgZnO

core-shell QW structures the axial growth rate of the shell is

about three to seven times higher as compared to the radial

growth rate. A low-pressure PLD chamber equipped with

tiltable and rotateable substrate heater is the key for the

improved thickness homogeneity of these coaxial ZnO

nanowire Bragg resonators. The above mentioned axial to

radial growth rate ratio was found also for these Bragg

mirrors which are up to 10 double layers Al2O3/yttria

stabilized zirconia (see Schmidt-Grund et al.).

The p-type conductivity of phosphorous doped ZnO

nano- and microwires was confirmed by three independent

indications. Both nano- and microwires show acceptor-

related peaks in CL. Furthermore, undoped (n-type) and

ZnO:P (p-type) microwires show opposite transfer charac-

teristics of bottom-gate FETs prepared with the wires as

channel. ZnO:P nanowire / ZnO:Ga film p–n junctions show

rectifying I–V characteristics and weak blue-green

electroluminescence.

Using EBL, undoped, and doped ZnO nanowires were

processed into nanowire FETs to demonstrate the effect of

doping on the conductivity of the wire channels. Finally, to

demonstrate the huge variability of self-organization, the

effect of various dopants on branching of ZnO-based

nanostructures is depicted.
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Figure 34 Combinations of one- and two-dimensional, so-called

branchedZnOnanostructures as a result of dopingwith the indicated

dopants. The dopant oxide was mixed into the ZnO source target of

the high-pressure PLD process. From top to the bottom were

obtained: 1D-nanowires on 2D-honeycomb structures; tree-like

branched structures; 2D nanosaws; and branched nanocombs. All

structures are grown on a-plane sapphire substrates using 10 nmAu

colloids as nucleation sites.

www.pss-b.com � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Acknowledgements The financial support of the German

DFG within research group FOR 522 ‘‘Architecture of nano and

microdimensional structure elements’’ is kindly acknowledged.We

are indepted to N. Boukos and A. Travlos, National Center for

Scientific Research Demokritos, Greece, for TEM investigations.

Gabriele Ramm has prepared all source targets and J. Lenzner has

produced FE-SEM images.

References

[1] C. Klingshirn, Phys. Status Solidi B 244, 3027 (2007).

[2] C. Jagadish and S. J. Pearton (eds.), Zinc Oxide Bulk, Thin

Films and Nanostructures (Elsevier, Amsterdam, 2006), p. 1.

[3] Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin,

F. Kim, and H. Yan, Adv. Mater. 15, 353 (2003).

[4] Y. W. Heo, D. P. Norton, L. C. Tien, Y. Kwon, B. S. Kang,

F. Ren, S. J. Pearton, and J. R. LaRoche, Mater. Sci. Eng. R

47, 1 (2004).

[5] S. J. Pearton, D. P. Norton, and F. Ren, Small 3, 1144 (2007).

[6] H. J. Fan, P. Werner, and M. Zacharias, Small 2, 700 (2006).

[7] Z. L. Wang, in: Zinc Oxide Bulk, Thin Films and Nano-

structures, edited by C. Jagadish and S. J. Pearton (Elsevier,

Amsterdam, 2006), chap. 10.

[8] Y. Mao, T.-J. Park, F. Zhang, H. Zhou, and S. S. Wong, Small

3, 1122 (2007).

[9] R. S. Wagner, in: Whisker Technology, edited by A. E. Levitt

(Wiley-Interscience, New York, 1970), chapter 3

[10] H. F. Fan, W. Lee, R. Hauschild, M. Alexe, G. L. Rhun,

R. Scholz, A. Dadgar, K. Nielsch, H. Kalt, A. Krost,
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