
APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 17 29 APRIL 2002
Manufacture of specific structure of aluminum-doped zinc oxide films
by patterning the substrate surface
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~0001!-oriented aluminum-doped zinc oxide films were prepared using a magnetron sputtering
technique. High-resolution transmission-electron-microscopic images show that the oriented grains
nucleate directly on the substrate surface and grow with equal lateral dimensions through the film
thickness. A surface-energy-driven self-texture mechanism was proposed on the basis of process
modes. A method for manufacturing specific film structure by patterning the substrate surface is
tested and discussed. ©2002 American Institute of Physics.@DOI: 10.1063/1.1473683#
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Zinc oxide ~ZnO! has a hexagonal wurtzite structure.
it is doped with a suitable metallic element like aluminum
multifunctional material can be prepared which is not on
highly transparent in the visible optical spectral region b
also has metal-like electrical conductivity. ZnO films a
therefore a key material for numerous high-tech indust
applications, e.g., as transparent electrodes for photovolt
flat panel displays and for energy-efficient or smart coati
on architectural glazing.1–5 Due to its piezoelectric proper
ties, ZnO film is also a good candidate for surface acou
wave~SAW! devices that are used as electronic signal filt
for mobile telecommunications. If a thinc-axis textured ZnO
films is deposited on a material like diamond, a hig
frequency~.3 GHz! SAW device can be prepared.

The difficulty in depositing a thin,c-axis-oriented film of
high quality is control of film nucleation and the initia
growth process. For the preparation of ZnO films both phy
cal vapor deposition, such as rf and dc sputtering,6–8 ion
plating,9 and pulsed laser evaporation,10,11 as well as chemi-
cal vapor deposition~CVD!12,13 have been used. Recentl
the reactive midfrequency~MF! magnetron sputtering tech
nique has been developed. Promising results have been
tained for ZnO:Al films. Films deposited at 200 °C substra
temperature with a deposition rate of up to 9 nm/s exhib
low resistance of 300mV cm. Furthermore, they are mor
stable in reducing ambient than other transparent conduc
oxide ~TCO! materials14 and their surface topography can b
modified by etching,15 which makes them very attractive fo
photovoltaic applications.

The heteroepitaxial growth of ZnO on a substrate su
as sapphire is relatively well understood.16 Experimental
methods have also been developed forc-axis-oriented ZnO
nucleation on other substrates~amorphous materials!.17 Mi-
croscopic investigation of ZnO films showed that, for a lar
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range of deposition parameters, preferred film orientat
with the c axis perpendicular to the substrate surface can
achieved.18 A nanocrystalline random composite regio
which is often combined with amorphous phases at the g
boundaries, has been observed in the vicinity of the interf
before columnar grains are formed.

Here we present direct high-resolution transmission e
tron microscopy~HRTEM! evidence that a highly~0001!-
textured ZnO:Al film structure can be generated directly
nucleation sites via MF magnetron sputtering. In contras
previously established mechanisms of film texture format
in a vapor deposition process, the texturing of our ZnO
films is neither dependent on the substrate structure, no
the grain evolution selection during film growth. A surfac
energy-controlled step-flow scheme was proposed, whic
related to the process modes.

ZnO:Al samples were prepared by MF magnetron sp
tering at a power density of approximately 8 W cm22. Ho-
mogeneous metallic targets with a 1.5 wt % Al concentrat
were used. Two sets of samples were prepared in met
and transition sputtering modes, respectively, by controll
the oxygen partial pressure and plasma power density.19 The
experimental parameters are given in Table I. All films we
deposited at a fixed target-to-substrate distance of 90
and at a constant argon pressure of 1.2 mTorr. The b
pressure was lower than 331026 Torr for all experiments.

The Al doping levels were evaluated by electron pro
microanalysis~EPMA! and secondary ion mass spectrome
~SIMS!, and showed a homogeneous Al doping content
2.5%, independent of the O2 partial pressure. Within the de
tection limit of EPMA, impurity incorporation of Si, C, N
and Na was observed for concentrations below 0.1 at
Optical and electrical characterizations were performed
spectrophotometry in the spectral range of 250–2500 nm
by Hall measurements taken at room temperature using
van der Pauw method. The films have no light absorption
the visible spectral range and the electrical resistance ex
0 © 2002 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp



.
b

th
to

fe
h

e
y

s
th

io

th

u
i-
s
c

ec
rg
a
o

b
te
ro
h

on
er

a
n
e
o
u
ed
e

am
in

ub-
re-
of

non

in
s
ces
llel
an

ince

that

tive
s is,
lm
n-
ed

d
the

:A

3091Appl. Phys. Lett., Vol. 80, No. 17, 29 April 2002 Jiang, Jia, and Szyszka
its only 400mV cm for the films sputtered in metallic mode
Crystallographic structures of the films were investigated
x-ray diffraction ~XRD!, and showed a highlyc-axis-film
texture in metallic mode.

The interface structure between the ZnO film and
silicon substrate was investigated by HRTEM. In order
avoid the influence of the epitaxial effect of the silicon wa
the native surface oxide layer was not removed. A hig
resolution cross-sectional lattice image of the interface
shown in Fig. 1~a!. By viewing the image at glancing angl
along the interface, it becomes obvious that all the ZnO cr
tallites initially formed on the thin amorphous SiO2 native
layer oriented themselves with their~0001! planes parallel to
the substrate surface, forming a nearly perfectc-axis-textured
columnar structure at the interface. No secondary pha
such as Al2O3 and amorphous ZnO are recognized at
grain boundaries. Figure 1~b! shows a single column with a
diameter of about 30 nm from the interface to the top reg
of the film.

The lattice images shown in Fig. 1 provide us wi
strong evidence that strictlyc-axis-oriented ZnO:Al crystals
can be grown on a silicon wafer in spite of the amorpho
native surface SiO2 layer, i.e., without the influence of ep
taxial growth. This leads to the conclusion that the film cry
tal orientation is not affected by the crystallographic stru
ture of a substrate, but is a result of a self-ordering eff
caused by the minimization of the crystal surface free ene
as well as by the interaction between the deposit material
the substrate surface. This crystallization phenomenon is
ten called self-texturing.

In general, textured film growth can be realized either
an evolution competition process of the statistically orien
grains or by a particle flux-determined selective growth p
cess. In the former case, the so-called van der Drift mec
nism, only grains with their fastest crystal growth directi
parallel to the film growth direction can survive while oth
grains will be overgrown. In the latter case grains with
certain special orientation will be allowed to grow by io
impact while the growth of other grains will be suppress
due to a selective ion etching or resputtering process. In
film growth the van der Drift mechanism can be ruled o
due to the fact that all the initial ZnO crystallites are orient
and form a columnar structure and no crystallites were ov
grown during the growth process. In contrast to ion be
sputtering, no strictly oriented ion beam flux is available

TABLE I. Parameters for reactive MF magnetron sputtering of ZnO
layers in metallic and transition modes.

Deposition mode Transition mode Metallic mode

Target Homogeneous:
cAl51.5 wt %

Homogeneous:
cAl51.5 wt %

O2 partial pressure 0.15 mTorr 0.25 mTorr
Total pressure 1.35 mTorr 1.45 mTorr
Power 4.5 kW 3.5–5.5 kW
Target voltage 430 V 360 V
Target–substrate distance 90 mm 90 mm
Substrate temperature 150 °C 150 °C
Substrate material Si, quartz, borosilicate

glass
Si, quartz,
borosilicate glass

Deposition rate 3–4 nm/s 3–4 nm/s
Deposition time 120 s 170 s
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the MF magnetron sputtering process, especially if no s
strate bias potential is applied, as in our experiment. The
fore a different mechanism, surface energy driven growth
c-axis ZnO, must be considered to interpret the phenome
observed.

According to the Wulff theorem, which was described
great detail by Winterbottom,20 the dominant crystal face
are those with the smallest surface energy. The crystal fa
with the lowest free energy have a tendency to grow para
to the substrate. This tendency strongly increases with
increase in cohesive energy of the film to the substrate. S
the ~0001! faces of ZnO have the lowest free energy@1.6
J/m2 for ~0001!, 2.0 J/m2 for (112̄0), and 3.4 J/m2 for
(101̄0), respectively#,17 they will try to grow parallel to the
silicon surface if the process parameters are adjusted so
deposition occurs at thermodynamic equilibrium.

In fact, self-texturing of a film may lead to a similar film
structure as that by the particle-flux-determined selec
growth process. The difference between the two processe
however, that in the latter case the columnar axis of fi
grains is parallel to the ion flux while the self-texture is i
dependent of the ion flux direction. To confirm the propos

FIG. 1. Lattice image of~a! the interface between ZnO:Al and silicon an
~b! a single ZnO:Al columnar grain. The micrographs were taken along
@110#-zone axis of silicon crystals.
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mechanism and to exploit a practical application of the s
texturing effect a test experiment was performed in which
employed a substrate with different surface planes obta
by wet chemical etching, shown in Fig. 2~a!. The ZnO film
was deposited and the interface structure at the surface p
edges was studied by HRTEM. It is clearly seen that the Z
~0001! planes really do grow over the surface edges a
parallel to the substrate surface@Fig. 2~b!#. The ion flux ef-
fect can therefore be ruled out.

As is demonstrated in Fig. 2, the self-texturing proce
can provide us with a method by which to design and ma
facture film microstructure which is of crucial importance f
specific electronic and optical applications. Using a speci
patterned substrate we can define the grain size, surface
phology and the roughness of the deposited films for pho
voltaic technology. Thec-axis orientation of the film crystal
lites can be controlled in local areas on a microscale and
potential applications in microsystem techniques due to
isotropic piezoelectricity properties of ZnO and in the fab
cation of ZnO thin film transistors.21

The self-texture control is based on the equilibrium st
of the deposition. The conditions at the sputtered target
mainly determined by the power density and the partial pr
sure of the reactive gas. With a constant reactive gas flow
plasma discharge can be operated in elemental~metallic!
mode or in reactive mode~oxide!.22 In metallic mode metal
sputtering occurs and the target remains free of reac
products. In reactive mode the target is completely cove
with reaction products. Sputtering of the reaction produ

FIG. 2. Low magnification image~a! and a lattice image~b! of ZnO:Al film
deposited on a patterned Si surface, confirming the Si surface-contr
ZnO:Al film orientation.
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and their atomic components takes place generally wit
very low sputtering yield. The discharge voltage and curr
differ from those in metallic mode. Within the transition re
gion between the two modes the degree of coverage of
target surface changes continuously mainly as a function
the reaction gas partial pressure. This so-called transi
mode proves to be of significance for attaining specific fi
properties and high deposition rates.

Our c-axis-oriented ZnO films were obtained in metall
mode ~see Table I! which should be in a more equilibrium
state. By reducing the oxygen partial pressure and adjus
the power density ZnO films were also deposited in tran
tion mode~Table I!. In comparison to thec-axis-textured film
sputtered in metallic mode the film deposited at transit
mode shows random orientation at the beginning of film f
mation. The~0001! crystal planes of the ZnO crystallites a
no longerc axis oriented and the film does not show a
columnar film structure.

In summary, self-texturing of transparent and conduct
ZnO:Al films was demonstrated by a HRTEM investigatio
of the interfaces. The growth ofc-axis-oriented wurtzite
phase is already favored in the nucleation stage due to m
mization of the surface energy which is strongly affected
the sputtering modes of Zn:Al targets. Thus,c-axis-oriented
polycrystalline films are grown, even for processes w
weak ion bombardment and low substrate temperature.
self-texturing process enables us to design and manufactu
film microstructure for specific electronic and optical app
cations and for microsystem techniques.

The authors would like to thank R. Debusmann for fil
preparation and K. Urban for fruitful discussions.
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