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To enforce perfect c-axis orientation of ZnO epitaxial films grown on a-plane sapphire, we first grew

perfectly perpendicularly aligned (i.e., c axis oriented) ZnO nanopillars on such sapphire substrates,

and then over-grew these by a closed epitaxial film using a modified chemical vapor deposition

process at atmospheric pressure. X-ray diffraction and low temperature photoluminescence

measurements confirm the desired epitaxial relationship and very high crystalline quality. This

growth scheme is an efficient method to suppress dislocations and polycrystalline growth of ZnO and

could work equally well for other heteroepitaxial epilayer/substrate systems. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4709430]

Due to its wide band gap of 3.37 eV at 300 K, the large

exciton binding energy (60 meV), the piezo-electric proper-

ties, its bio-capability, etc., zinc oxide (ZnO) became a

promising material in optoelectronics and other fields.1,2 In

recent years, different growth methods like metal organic

chemical vapor deposition (MOCVD),3,4 pulsed laser deposi-

tion (PLD),5,6 molecular beam epitaxy (MBE),7 etc. allowed

to grow high quality ZnO films and quantum wells. There

are fewer reports available about the simple and low cost

chemical vapor deposition (CVD) process, and only few

reports about using bulk ZnO single crystals or GaN as sub-

strates.8 Very recently, epitaxial ZnO CVD films were grown

on c� LiAlO2ð100Þ.9 However, although the structural qual-

ity of the layers grown on c� LiAlO2ð100Þ is quite high, the

high costs of the substrates and the limited optical quality in

terms of photoluminescence (PL), which are still far inferior

compared to those of films grown on GaN or bulk ZnO, are a

major drawback.

Besides solving the p-type doping problem, the reduc-

tion of the dislocation density and suppression of stacking

faults is a major challenge in the growth of ZnO films to

obtain material suited for applications in optical devices like

light-emitting diodes (LEDs) and laser diodes. There are ba-

sically two approaches possible to reduce the dislocation

density: (i) choosing a substrate with less mismatch to the

epilayer (e.g., ZnO single crystals) and (ii) using a special

nucleation layer or inserting strain relaxing layers in a

“multi-step growth.”6 A-plane sapphire is frequently chosen

as a substrate to grow high quality c-axis oriented ZnO

nanowires. The background is that the 4-fold of the ZnO “a”

lattice constant fits perfectly to the “c” lattice constant

of sapphire with a mismatch of less than 0.08% at room

temperature (more precisely: 4� aðZnOÞ ¼ 4� 3:249 Å

¼ 12:996 Å; cðAl2O3Þ ¼ 12:99 Å, where the axis alignment

is ĉZnO k âAl2O3
; âZnO k ĉAl2O3

, and m̂ZnO k m̂Al2O3
). This

small mismatch governs the growth orientation of ZnO nano-

wires or ZnO epitaxial layers.10,11 Besides this expected

growth of the ZnO nanowires in c-direction, frequently also

growth of ZnO films with an alternative orientation

½01�11�ZnO k ½11�20�Al2O3
is reported.17 In this paper, we report

a method to enforce monocrystalline c-axis growth of ZnO

films by overgrowth of c-oriented ZnO-nanopillars on

a-plane sapphire substrates using a modified CVD process.

All growth experiments were performed in a horizontal

three-zone oven equipped with a quartz glass liner tube. In a

first step, ZnO nanopillars were grown on a ZnO seed layer

using a carbon-thermal method as reported by our group pre-

viously.12 Briefly, zinc acetate dihydrate heated up to 220 �C
was used as a precursor, and the a-plane sapphire substrate

was kept at a temperature of 500 �C under a pressure of 500

mbar. The growth process of the seed layer took 3 min. For

the next growth step, the sample was placed without any fur-

ther treatment into the same growth tube and heated now up

to 850 �C. A 1:1 molar mixture of ZnO (purity 5N5, Alfa

Aesar) and graphite powder (purity 6N, Alfa Aesar, 200

mesh) was heated up to 1060 �C for 30 min to obtain per-

fectly perpendicularly aligned ZnO nanopillars. Finally, ZnO

powder (Grillo, P4, purity 99.99%) and isopropanol were

used as precursors for the ZnO film growth. The reaction

took place at a temperature of 950 �C for the ZnO powder

mixture and a temperature of 800 �C for the substrate,

respectively. The pressure was set to slightly below atmos-

pheric pressure (845 mbar). A flow of 84 standard cubic cen-

timeters per minute (sccm) argon was used as carrier gas,

and a 3 sccm oxygen stream was added to react with the or-

ganic precursor. Details of the ZnO film growth process will

be reported elsewhere.13

The sample morphology was characterized by field-

emitter scanning electron microscopy (FE-SEM, LEO 982).
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The epitaxial relationship between the ZnO film and the

a-plane sapphire was examined using a Philips CM20 trans-

mission electron microscope (TEM) operating at 200 keV.

X-ray diffraction (XRD, Siemens D5000) was used to char-

acterize the crystal quality and epitaxial orientation of the

ZnO layer. PL spectra were recorded at liquid helium tem-

perature, and a cw HeCd laser served as excitation source

(10 mW, k ¼ 325 nm). The emitted light was collected by a

monochromator equipped with a 1200 groves/mm grating

and recorded by a liquid-nitrogen cooled UV-optimized

CCD camera. The spectral resolution of the system was bet-

ter than 100 leV.

Figures 1(a) and 1(b) show SEM micrographs of the mor-

phology of the as-grown ZnO nanopillars and of the final ZnO

film, respectively. From the top view of the ZnO nanopillars,

we can see that at least the upper part of all pillars is oriented

perpendicular to the sapphire substrate. They all show six

clear-cut facets, proving the c-axis to be the long axis and

growth direction. The side facets (¼m planes) of all of them

show the same orientation, i.e., the same rotational orientation

relative to the substrate. This way, the arrangement of any

epitaxial layer to fill the gaps between the pillars later on is

totally fixed. The resulting ZnO film (Fig. 1(b)) shows a rather

smooth surface with a number of very shallow (<50 nm)

hexagonal depressions, much less roughness (<5 nm) and

defects than found for similar layers grown by CVD or other

methods directly on a-plane sapphire substrates.9

To clarify the crystallographic relationship between the

epitaxial ZnO layer and the substrate, we used XRD

(x� 2h)- and /-scans of both the ZnO layer and the

sapphire substrate. Fig. 2(a)) shows the result of the

(x� 2h)-scan of the ZnO film. The ZnO film has clearly a

c-plane surface, which means ½0001�ZnO k ½11�20�Al2O3
. How-

ever, two orders of magnitude lower in intensity, we also

find a very weak peak for the ð01�11Þ plane of ZnO, which is

commonly observed for ZnO nanowires and films grown on

a-plane sapphire, and means that minor mis-oriented inclu-

sions must be present.12,17 For the in-plane orientational rela-

tionship between the ZnO film and the sapphire substrate, /
scans of both the ð22�46Þ plane of sapphire and the ð11�24Þ
plane of ZnO were measured (Fig. 2(b)). Six peaks showing

the hexagonal symmetry were clearly verified for a full rota-

tion of the ZnO film, which show no rotational domains or

twinning of the film.11

Figure 3(a) shows a TEM weak-beam dark-field

(WBDF) micrograph of a cross section of the ZnO layer on

the sapphire substrate, which was acquired close to the

½10�10� zone by exploiting the g � b criterion along the 1�210

reflection using the 3g-condition. The dislocation density

decreases along the growth direction. The interfaces between

the top of the original ZnO nanopillars and the final film in

some places can be retrieved as very faint dislocation lines

parallel to the surface (as marked, e.g., by the arrow in

Fig. 3(a)). Typical selected area diffraction (SAED) patterns

of the substrate alone (Fig. 3(b)) and of both the substrate

FIG. 1. (a) SEM top-view of as-grown ZnO nanopillars and (b) ZnO film

grown on a-plane sapphire.

FIG. 2. (a) x� 2h of a ZnO film grown on a-plane sapphire. (b) / scan of

the sapphire ð22�46Þ plane and of the ZnO ð11�24Þ plane.

FIG. 3. (a) TEM weak-beam dark-field image of the ZnO film grown on a-

plane sapphire. The arrow marks a dislocation. (b) and (c) SAED patterns

acquired along the ½10�10� zone axis of sapphire and ZnO, respectively.
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plus layer (Fig. 3(c)) also show the crystallographic relation-

ship. The ½10�10� diffraction pattern of the ZnO film was

clearly observed.

Besides the orientation, also the crystal quality was

characterized by recording XRD rocking curves in skewed

geometry. As shown in Fig. 4, the full width at half maxi-

mum (FWHM) of the reflexes is plotted against the angle w
which corresponds to the tilt angle of the plane normal rela-

tive to h0001i-direction. The (0002) reflex shows a FWHM

of 360 arcsec (Fig. 4, inset), which is comparable to films

grown by other methods like PLD (see, e.g., Ref. 14, where a

FWHM of (0002) plane of 370 arcsec was quoted). As the

FWHM of the (0002) and (0004) reflexes is nearly the same,

the broadening of these reflexes must originate mostly from

tilt and twist of the crystallites due to screw type and edge

type dislocations. Any broadening due to limited lateral co-

herence length of the ZnO nano-crystallites in the film,

which would result in smaller Dx for the (0004) reflex than

for the (0002) reflex, can be excluded. Thus, it is possible to

estimate the dislocation densities from the FWHM of (0002)

and (20�21) using the relations given by Dunn and Kogh,15

qscrew ¼
Dx2

0002

4:35 � jbscrewj2
; qedge ¼

Dx2
20�21

4:35�jbedgej2
; (1)

where the Burgers vectors are given by bscrew ¼ ½0001� and

bedge ¼ 1=3½11�20�. We obtain densities of screw and edge

type dislocations of 2:6� 108 cm�2 and 2� 1010 cm�2,

respectively.

For the examination of the optical properties, low-

temperature PL experiments were carried out on both the pil-

lars and the final layer. Figure 5 shows the excitonic region

of the spectra. Different donor-bound excitons assigned

mainly to Gallium (I1; I8) and Indium (I9) dominate.16 Inter-

estingly, for the ZnO film also, the hydrogen-related line I4

at 3.363 eV appears. Obviously, during our growth process,

some atomic hydrogen is created from the isopropanol-

oxygen reaction. The I8a line is now the dominant one and

becomes very sharp with a FWHM below 300 leV. For the

nanopillars, also a weaker broad peak centered at �3.31 eV

is observed, which is introduced by basal plane stacking

faults (BSFs).17 During the initial growth phase of the ZnO

pillars on the sapphire substrate, a higher abundance of

imperfections like BSFs is expected. After overgrowth, this

type of defect seems to be completely absent.

This concept of epitaxial overgrowth of aligned nanopil-

lars to enforce a desired direction of the epitaxial layer opens

a way to grow high quality epi-layers in controlled orientation.

It might be especially useful for the growth of semi- or

non-polar layers from hexagonal semiconductors like

(Mg,Zn,Cd)O, (Al,Ga,In)N, etc., for which there is typically

an increased tendency to polymorphism and inclusion of

stacking faults when growing such non-high-symmetry

planes. For some systems, there exist already recipes for the

growth of tilted nanowires.18 More generally, this method

could be expanded by using ordered arrays of nanopillars

generated on pre-patterned substrates, defined by nanosphere

lithography19 or laser interference lithography.20 Then, it

can—even on conventional substrate planes—replace the fre-

quently used epitaxial lateral overgrowth (ELOG) technique21

and can be used further to reduce the dislocation density of

the final layer due to shorter distances of initial regions with

perfect crystallinity. This method also has a high potential in

the case of InGaN layers with higher In content needed for op-

tical applications in the green/yellow regime to reduce the

defect density and thus help to solve the “green gap” problem

of low LED and laser efficiencies in this color range.

In summary, we reported a method for enforced c-axis

oriented growth of ZnO films grown on a-plane sapphire

mediated by nanopillars. The XRD (x� 2h)-scan shows the

ZnO film to grow along the c-axis with only minor ð01�11Þ-
oriented domains included. The FWHM of the (0002)

rocking curve is below 400 arcsec, which indicates the sup-

pressed screw dislocation density. Low-temperature PL

shows extremely narrow donor-bound exciton emission with

FWHM below 300 leV. Any stacking fault related 3.31 eV

luminescence disappeared after growth of the ZnO film over

the primary ZnO nanopillars. This method opens an alterna-

tive way to reduce the dislocation density and to increase the

quality and homogeneity of epilayers in similar heteroepitax-

ial systems.

We thank Wladimir Schoch for assistance in the XRD

measurements. Y.X. is grateful for financial support from the

China Scholarship Council (CSC) under No. 2007U31059.

FIG. 4. The FWHMs of rocking curves of ZnO film grown on a-plane sap-

phire as a function of w. The inset shows the (0002) plane rocking curve.

FIG. 5. Near-band-edge photoluminescence spectra at 8 K of the ZnO nano-

pillars (offset added for better visibility) and the overgrown ZnO film.
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