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ABSTRACT: The morphological evolution of ZnO thin films deposited by magnetron sputtering has been investigated
on two types of substrates, (111) textured Pt and (100) Si possessing a native oxide. The ZnO films are oriented
with the c-axis [0001] normal to the substrate and possess varying degrees of crystallinity. The films have a columnar
structure with column diameters in the range of 40-300 nm. As observed by field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), and X-ray diffraction, the film microstructure is
strongly dependent on substrate temperature during deposition in the range from near room temperature up to 700
°C and is also dependent on substrate type. A textured film of platinum promotes nucleation thereby improving the
crystallinity and texture of sputtered ZnO films. A mechanism for morphological evolution of the films via surface
diffusion is proposed based on atom mobilities.

Introduction

The morphological evolution during the deposition of
thin films has captured the interest of the thin film
community due to the strong dependence of physical
properties on microstructure, which in turn is strongly
dependent on deposition conditions. The microstructure
of a thin film deposited by physical vapor deposition
depends on a number of factors including deposition
rate, substrate-target distance, substrate temperature,
substrate roughness, total pressure, and substrate type.
Zinc oxide (ZnO) thin films have been extensively
studied for a variety of applications due to their unique
combination of electrical, optical, and piezoelectric
properties. These applications include the following:
liquid crystal displays and window coatings,1 optical
waveguides,2 gas sensors,3 heat mirrors for energy
saving,4 solar cells,5 optoelectronic devices,6 lasers,7
ultraviolet/violet light emitting diodes (LEDs),8 surface
acoustic wave devices (SAW),9 microelectro mechanical
systems (MEMS),10 and ultrasonic transducers.11

The ultimate purpose of this research project is to
investigate the potential use of ZnO as the active
piezoelectric film for thin film resonator (TFR) devices
as band-pass filters in wireless communication systems.
In particular, ZnO is a promising alternative to AlN due
to its higher electromechanical coupling coefficient thus
offering a broader bandwidth (k33 is 10-20% higher for
ZnO as compared to AlN12,13). Resonators with a larger
bandwidth allow higher data transfer rates in wireless
networks; for example, ZnO would be suitable in global
system for mobile communications (GSM) networks.

Sputtering is an excellent deposition technique for
these films because it produces textured films (i.e., films
that possess a preferred crystallographic orientation).

Sputtered ZnO films are typically c-axis-oriented normal
to the substrate surface. However, due to the nonequi-
librium nature of sputtering processes, the properties
of the deposited films depend strongly on processing
parameters. Although there has been a continuing effort
in improving the quality of oriented ZnO for various
applications, there is still a need for a systematic study
of morphological evolution of the film under various
deposition conditions and its effect on film properties.

There have been reported attempts to determine the
crystal growth mechanism of ZnO thin films by observ-
ing the interfacial film-substrate microstructure for a
number of different substrates. Interestingly, an amor-
phous ZnO layer was found at the ZnO/glass and ZnO/
Al interface14 due to the amorphous nature of glass and
the native oxide of Al, respectively. Further polycrys-
talline growth is observed due to the self-nucleation of
crystalline ZnO on the amorphous ZnO interface. How-
ever, no such amorphous layer was observed at ZnO/
Au and ZnO/sapphire interfaces.14 Instead, an epitaxial
orientation of c-axis ZnO is formed on these two
substrates. Island growth has been proposed as the
growth mechanism of ZnO at thicknesses below ap-
proximately 100 Å.15 Above this thickness, the growth
mode changes due to stress relaxation from lattice
mismatch by subgrain boundaries, which results in an
improved orientation of the film. Verghese and Clarke16

explained the texturing mechanism of ZnO films depos-
ited by the pulsed laser ablation method as a conse-
quence of the nucleation of c-oriented grains that grow
geometrically and impinge laterally by growth in [101h0]
directions. In an effort to limit the scope, this paper will
not discuss morphological evolution of ZnO thin films
without c-axis texture.

This paper will focus on ZnO films deposited on Pt
on amorphous SiO2 since this substrate is the most
relevant to the devices of interest, namely, solidly
mounted resonator devices (SMR). SMR devices are
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designed with the active piezoelectric film having top
and bottom electrodes above an acoustic Bragg reflecting
stack. This stack is comprised of alternating layers of
materials having a large difference in acoustic imped-
ance. For our devices, this stack is composed of amor-
phous SiO2 and poorly crystalline AlN layers with the
topmost layer being SiO2. Therefore, we must grow an
oriented crystalline ZnO film on an amorphous surface.
This is overcome by nucleation on textured (111) Pt,
which also acts as the bottom electrode.

Optimizing the piezoelectric response (i.e., electrome-
chanical coupling coefficient) can be achieved by the
fabrication of highly crystalline and textured thin films
with minimal surface roughness, high resistivity, high
dielectric breakdown strength, and low insertion loss
(in general, insertion loss specifications of less than 1
dB are desired for front-end filters). Therefore, the
critical challenges in optimizing ZnO films for this
application lie in the control of texture, crystallinity,
roughness, and film resistivity. Among these, the at-
tention in this study will be directed toward the first
two aspects, with emphasis on morphological evolution
of ZnO films grown by reactive sputtering at different
substrate temperatures during the deposition on two
types of nucleation substrates, (111) textured Pt and
(100) Si possessing a native oxide.

Experimental Procedures

Zinc oxide (ZnO) thin films were deposited by reactive
sputtering using radio frequency (13.56 MHz) planar magne-
tron sputtering (ANELVA SPF-332H) in a sputtering-down
geometry. High purity Ar and O2 were premixed and intro-
duced into the system. Before deposition onto the substrates,
the target was presputtered for 10 min. The substrate tem-
perature was measured with a thermocouple situated in
contact with the back of the substrate. Typically, 2 h deposition
runs were employed for thin films of ZnO prepared in this
study. The deposition parameters are summarized in Table
1. The platinum and titanium films on substrates listed in
Table 1 were deposited by sputtering. The platinum films
exhibited a (111) texture having a broad rocking curve with a
full-width half-maximum of approximately 7°.

Deposited films were characterized using several tech-
niques. X-ray diffraction (θ-2θ scan) was performed using a
Bragg-Brentano geometry with a CuKR X-ray source (1.5406
Å wavelength), graphite monochromator, and scintillation
detector to study the crystallinity and the degree of preferred
orientation of sputtered ZnO films; small slits were used to
obtain high resolution as observed by fwhm (2θ) for the KR1

(400) Si peak of 0.052°. Texture data were obtained at the
National Institute of Standards and Technology (NIST) with
θ-2θ scans (Bragg-Brentano) and θ scans using a Siemens
D500 diffractometer equipped with a focusing Ge incident
monochromator tuned to CuKR1 radiation17. However, mono-

chromatic radiation is not required for this technique. The
texture measurement involved the collection of a θ-2θ scan
(Bragg-Brentano) and θ scan from the specimen. Typically,
fixed incident slit geometry was used in the experiments, as
opposed to fixed irradiated geometry (θ-compensating slits).
The technique requires that the divergence of the incident
beam be the same for both scans and accurately known and
that the final slit size be the same for both scans; both scans
were collected with 0.23° incident and 0.15° receiving slits.
No anti-scatter slits are placed on the detector side of the
diffractometer as they intercept X-rays diffracted from a
specimen tilted out of the symmetric position (i.e., during a θ
scan) and affect the recorded intensities. The presence in the
beam path of Soller slits parallel to the diffraction plane does
not affect the measurement beyond reducing the intensity. The
texture profile was determined from the θ-2θ scan and θ scan,
or rocking curve, using TexturePlus,18 which corrects for
defocusing, absorption, and variation in the irradiated area;19

in addition, a detector linearity correction was applied. Thus,
the term texture profile is used to describe the corrected
rocking curve.

The morphology of the films was investigated using a LEO
1530 field emission scanning electron microscope (FESEM) in
both plan and cross-section views. A detailed description of
the microstructure and the presence of defects in the ZnO films
were carried out by transmission electron microscopy (TEM)
on cross-sections of selected films using a Phillips CM 20 field
emission gun electron microscope operating at 200 kV. The
samples were prepared by sandwiching with epoxy two pieces
of specimen with the ZnO film sides facing each other.
Thinning of the samples was done by tripod mechanical
polishing followed by argon ion milling.

Results and Discussion

The purpose of this research is to determine the
optimal deposition conditions for piezoelectric ZnO thin
films. The ideal film would be an atomically smooth,
stoichiometric, single-crystal grown on a bottom elec-
trode that has a high electrical conductivity. However,
due to the roughness of the acoustic reflector and the
lack of a lattice-matched substrate, the best film at-
tainable would be polycrystalline with a high degree of
preferential orientation (texture). Therefore, the deter-
mination of the morphological evolution is of critical
importance. In this section, we will discuss the crystal-
linity, preferred orientation, and morphology as ob-
served by X-ray diffraction, electron microscopy, and
electron diffraction. X-ray diffraction (XRD), specifically,
integrated intensity of the 0002 and 0004 reflections and
the rocking curve give a preliminary measure of the ZnO
film quality. The θ-2θ XRD data for ZnO films depos-
ited on both types of nucleation substrates used in this
study, namely, (111) textured Pt and (100) Si with
native oxide, show a strong reflection from 0002 crystal-
lographic planes and no intensity from 101h0 or 101h1.

Table 1. Summary of Parameters for RF (13.56 MHz) Sputtering Deposition of ZnO Thin Films

target material Zna

deposition pressure 0.7 (Pa)
base pressure <7 × 10-4 (Pa)
Ar:O2 1:1 and 5 sccm flow rate for both gases
substrate temperature room temperature - 700 °C
substrate-target distance 0.095 m
power (incident - reflected) between 65 and 80 W
deposition rate 2500-4000 (Å/h)
substrate types Pt(111) 1000 Å/therm. SiO2 2000 Å/Si(100)

Pt (111) 1000 Å/Ti 100 Å/therm. SiO2 4000 Å/Si(100)
Pt (111) 1000 Å/Ti 100 Å/therm. SiO2 2000 Å/Si(100)
Si(100)b

a 99.995% PURE TECH Inc., 7.62 cm diameter and 0.32 cm thickness. b Possessing native oxide.
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These results demonstrate that the ZnO films are
oriented with the c-axis normal to the substrate. Shown
in Figure 1 is the X-ray diffraction spectrum for ZnO
film deposited at 600 °C on (111) textured Pt/SiO2/Si.
Note the intense 111 Pt peak and no other Pt peaks,
which indicates the strong texture of the Pt.

The degree of preferred orientation of a film with fiber
texture is usually defined by the line width of the
rocking curve in XRD θ scan. The 0002 rocking curve,
reported as the corrected full width at half-maximum
(fwhm), of the peak is 1.37° for the film deposited at
650 °C. The optics of the diffractometer mentioned
earlier are important to include when reporting the
rocking curve since the rocking curve fwhm may be
influenced by beam divergence. A partial pole figure
confirmed fiber texture in the films.

The variation of film morphology and texture with
deposition temperature were examined using FESEM.
The series of FESEM images presented in Figure 2
agree with the XRD data and indicate dense and highly
oriented films. However, some distinct trends were
revealed. Films deposited at higher temperatures (600
and 650 °C) show a smoother top surface and a higher
density in cross-section as compared with those depos-
ited at lower temperatures (100-300 °C). Films depos-
ited at lower temperatures show finer grains and a
columnar structure oriented normal to the substrate.
The column width (lateral grain size) is approximately
20-30 nm, and the column length is the same as the
film thickness. At 400 °C, the grain morphology and size
are nonuniform with grains having an average diameter
of 50-60 nm surrounded by grains with an average
diameter of approximately 300 nm. At 550 °C (Figure
2d,d′), the film surface looks much rougher, and the
lateral grain size is about 150-200 nm. The grain
boundaries are easily identified from the surface mor-
phology; however, the boundaries are not as easily
identified in cross-section likely due to intragranular
fracture during cleavage since grain boundaries are not

visible when the fracture surface traverses within a
grain. The increased surface roughness is due to face-
ting, which apparently reaches nearly complete termi-
nation, a fully developed hexagonal pyramidal geometry,
at 550 °C. The hexagonal morphology, consistent with
c-axis oriented ZnO having a wurtzite structure, can be
clearly identified in the image of the film surface. The
films deposited at 600 and 650 °C (Figure 2e,e′, respec-
tively) look much smoother than the film deposited at
550 °C, and the cross-sections reveal that the films are
highly dense. Interestingly, the grains visible in the
FESEM images for films deposited at 600 and 650 °C
have irregular shapes, and the grain boundaries as
observed on the film surface are not straight lines with
120° angle at triple junctions, as expected by the rule
of minimizing the surface energy20; this observation is
discussed later in the text.

To understand the faceting behavior seen in the film
deposited at 550 °C, two additional ZnO films were
deposited under sputtering conditions, which differ from
those typically used in this study (80 W constant
deposition power at various substrate temperatures).
One film was deposited at high temperature (650 °C)
and high power (140 W), and the other was deposited
at a lower temperature (450 °C) and low power (27 W).
The resulting film morphologies revealed by FESEM on
film surface and cross-section are presented in Figure
3.

The film deposited at high temperature and power
shows the same faceting features (Figure 3a,a′) as seen
in the sample deposited at 550 °C and 80 W power on
the target (Figure 2d,d′). In contrast, the film deposited
at lower temperature and power does not exhibit a clear
faceting on the surface (Figure 3b). However, an onset
of faceting can be seen, especially in the cross-section
image (Figure 3b′). These findings suggest that choosing
the optimum substrate temperature/sputtering power
combination could efficiently control the faceting mech-
anism.

Figure 1. XRD spectrum for ZnO thin film deposited at 600 °C on (111) textured Pt. The only reflection from ZnO is 0002, which
demonstrates a high degree of preferred orientation (texture). Reflections corresponding to λ/2 of the 400 reflection of Si and of
the 0002 reflection of ZnO were confirmed by determining the energies of the detected photons. Note the intensity is plotted on
a logarithmic scale.
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ZnO films deposited on Si with native oxide developed
a different morphology as compared with the films
deposited under the same conditions but on (111)
textured Pt. The FESEM micrograph of the film surface
presented in Figure 4a shows a much rougher surface,
and the cross-section image in Figure 4a′ shows a less
dense film than the film deposited on textured Pt under
the same processing conditions. This suggests that there
is a strong correlation between the morphology of the
deposited film and the nature of the substrate.

A TEM investigation of a cross-sectioned specimen
deposited at room temperature clearly shows the co-
lumnar structure of the film, as seen in Figure 5a. The
columnar grains are not perfect single crystals; the
grains have a large number of stacking faults that were
easily observed in bright- and dark-field images. The
contrast differences result from slight variations in
structural orientation, which locally change the Bragg
diffracting condition. The columnar grains have widths
of 40-50 nm estimated from FESEM and TEM images
and length equal to the film thickness.

The micrograph in Figure 5b shows rotational Moiré
patterns. Moiré patterns form from the interference
between two sets of fringe patterns with similar peri-
odicities.21 The grain boundaries that define the columns
are normal to the substrate surface, and the column
width is 40-50 nm. No amorphous or equiaxed layer is
observed at the interface with Pt. The micrograph also

reveals that the grains of the film deposited at room
temperature show a high degree of disorder. The lines
predominately lying in planes normal to the column
growth direction are associated with planar defects,
particularly stacking faults with a separation between
faults of approximately 10 nm. It is important to note
that these types of stacking faults do not change the
polarity and hence do not influence the piezoelectric
performance of the film.

The analysis of electron diffraction patterns yields
information about the crystallinity, orientation, and also
about the presence of defects in the ZnO films. An
electron diffraction pattern from the film deposited at
room temperature is presented in Figure 6, and the
inset shows the area selected for diffraction. The spot
patterns show that the film is crystalline and prefer-
entially oriented. The pattern shows additional reflec-
tions situated symmetrically around the primary spot
that do not belong to a basic ZnO pattern. Due to the
large area of the sample exposed to the electron beam,
multiple grains are diffracting simultaneously. The
observed diffraction pattern can be described by several
grains oriented with fiber texture. It is also possible that
additional reflections are caused by diffraction from
stacking faults or double diffraction.21

The film deposited at 600 °C exhibits a dramatically
different morphology observed by TEM than the film
deposited at room temperature, as seen in Figure 7. The

Figure 2. FESEM micrographs of ZnO film surface and cross-section deposited on Pt (111) coated substrates at different substrate
temperatures (ptotal ) 5 mTorr, deposition rate ) 0.38 µm/h).
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film shows a lower density of defects than the film
deposited at room temperature. The stacking faults, if
any, do not show as in the film deposited at room
temperature. The wavy features observed in Figure 7
are likely to originate from the presence of dislocations.
A dislocation produces distortion from the perfect crystal
arrangement and has an associated elastic displacement
field. Therefore, the Bragg condition for diffraction is
locally deviated, and accordingly, the image of the
dislocation has a depression in intensity.22 Thus, dis-

locations appear as dark curved lines and exhibit a dark
contrast relative to the matrix.

Selected area electron diffraction patterns of ZnO film
deposited at 600 °C are presented in Figure 8. Since the
grain size for this film is larger, the area for diffraction
could be selected to cover one grain, as seen in the inset.
One can readily see that the patterns are similar to the
film deposited at room temperature.

The mechanism described next for the morphological
evolution of ZnO thin films deposited in this study is

Figure 3. FESEM micrographs of ZnO thin film surface and cross-section deposited on Pt (111) at 650 °C/140W (high power) (a
and a′, respectively) and 450 °C/27W (low power) (b and b′, respectively).

Figure 4. FESEM micrograph of ZnO film surface (a) and cross-section (a′) deposited on (100) Si substrates at 650 °C; the film
has a rough surface and lower density than film deposited on (111) Pt.

152 Crystal Growth & Design, Vol. 4, No. 1, 2004 Mirica et al.



based primarily on surface diffusion. For bulk crystals,
minimization of the surface energy is the driving force
for evolution of crystalline morphology. Hence, in equi-
librium conditions, if there is no influence of epitaxy
between the film and the substrate, the films exhibit
self-texture and grow with the crystallographic plane
of the lowest free energy (i.e., the plane with the closest
packing of atoms, the highest reticular density) parallel
to the surface. ZnO tends to grow c-axis-oriented normal
to the substrate since the minimization of the surface
energy favors the texture along the [0001] direction.

Due to the high energy of impingement of sputtered
species, equilibrium conditions may not dominate mor-
phological evolution. We have found for ZnO films that
the morphological evolution can be described by a
mechanism mediated by surface diffusion.

The deposition rate, R, is linearly proportional to the
power, P, applied to the sputter gun under moderate
power limits, which assumes a linear increase in sput-
tering yield with voltage.23 The expression is

where a is a proportionality constant. Relating the
deposition rate to deposition time can be described in
terms of the surface coverage, θ, in units of atoms/unit
area

where A is the surface area, and t is time. Assuming
that the morphology is determined by the surface
displacement of an adatom before freezing into place by
subsequent adatoms (the degree of surface coverage is
arbitrary; however, when a full monolayer is deposited,
further surface diffusion is minimal), the surface dis-
placement, x, can be related to time via surface diffusion

Figure 5. Cross-section TEM of ZnO film deposited at room temperature. (a) Field of view and (b) higher magnification of the
film-substrate interface.

Figure 6. Electron diffraction patterns for film deposited at
room temperature on (111) textured Pt; the inset shows the
area selected for electron diffraction.

P ) aR (1)

Figure 7. Cross-section TEM micrographs of ZnO thin film
deposited at 600 °C on (111) textured Pt. (The field of view is
1.2 × 0.9 µm.)

R ) θA/t (2)

x ) b(Dt)1/2 (3)
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where b is a unitless proportionality constant usually
in the range of 2-4, and D is the surface diffusion
constant. Finally, to relate the substrate temperature
to power, surface diffusion in this case is assumed to
be a thermally activated process that follows Ahrrenius
behavior; therefore

where EA is the activation energy for surface diffusion,
k is Boltzmann’s constant, T is temperature, and C is a
constant that equals ab2θADo/x2, where Do is the pre-
exponential factor for surface diffusion.

On the basis of the expression in eq 4, the activation
energy for surface diffusion is calculated to be 0.37 eV
from two films that demonstrate complete hexagonal
prismatic termination under low power, low tempera-
ture conditions (80 W, 550 °C) and high power, high
temperature conditions (140 W, 650 °C). Comparison
with literature values for the activation energy of
surface diffusion illustrates significant variation. Typi-
cal surface diffusion activations are the following: Si
on Si (001), 0.67 eV;24 surface grooving of CaTiO3, 3 eV;25

and neck curvature of Al2O3, 5 eV.26 The activation of
bulk diffusivity for O in ZnO is reported to be ap-
proximately 2 and 4 eV for two different ZnO single
crystals.27 Typically in metals, surface diffusion is
roughly 2/3 of the bulk diffusion activation; therefore, it
is likely that surface diffusion of O on ZnO can be less
than 2 eV. However, there are limitations to quantifica-
tion from observed microstructures. Close examination
of the two films described above reveals that the
microstructure is not exactly identical. Therefore, power
and temperature conditions to fabricate identical mi-
crostructures are subjective to visual inspection. Ad-
ditionally, some kinematic energy is transferred to the
deposited species due to the sputtering process, further
deviating from the assumption that the surface diffusion
is only a thermally activated process. Given these
limitations, it is still remarkable that surface diffusion
(thermally activated and kinematically enhanced) can
be characterized for sputtered films simply by examin-
ing the microstructure nondestructively after deposition.

This model takes into consideration the competition
between atomic mobility, flux of incoming particles

(deposition rate), and rates of nucleation and crystalline
growth. It has been well-recognized that at low deposi-
tion temperatures the film microstructure is determined
by the combined effect of atom shadowing and limited
atomic mobility. Under these conditions, the simplified
ballistic deposition model first introduced by Vold28 and
later refined by Ramanlal and Sander29 gives a reason-
able view of film microstructure evolution. According
to this model, the sputtered particles from the target
are added one by one on the substrate following trajec-
tories with the substrate in a line-of-sight impingement.
Due to limited adatom mobility at low substrate tem-
peratures, the particles adhere irreversibly on the
landing site. In this case, the sticking coefficient is close
to 1, neglecting backsputtering. The peaks formed in
this way on the film shadow the valleys, which leads to
an increasing roughness and low density of the film. The
ZnO films deposited at temperatures between room
temperature and 300 °C develop intercolumnar porosity,
which is an indicator of morphological evolution char-
acteristic of low atomic mobility. As a competing mech-
anism at high substrate temperatures, the surface
diffusion process leads to an erosion of peaks that
formed due to geometrical shadowing and filling of
valleys. If the deposition rate is low enough, there is
sufficient time for the deposited atoms to diffuse on the
surface before being frozen into place by other incoming
particles. The films in this case are smooth, as seen in
Figure 2e,e′, and dense, and the boundaries between
columns are not easily identified. The energy needed
for diffusion on the surface is regulated by the thermal
energy delivered to the substrate by intentional heating.

The pitted surface observed in the film deposited at
high temperatures, 600 and 650 °C (Figure 2e,f) is,
however, the result of still limited surface diffusion. The
pit density decreases with increasing deposition tem-
perature since the adatom mobility increases with
temperature, and the atoms have greater kinetic energy
to diffuse on the surface. Since the mobility of atoms
on the surface greatly exceeds that in the bulk for T <
0.5Tm, where Tm is the melting point, the interior of the
film is kinetically frozen, and all microstructural de-
velopment occurs at the free surface. These observations
suggest that increasing the particle (or adatom) energy,
as achieved by increasing the deposition rate, and
decreasing the substrate temperature will have similar
effects on film morphology.

The bimodal morphology seen in the film deposited
at 450 °C is a consequence of enhancement of grain
boundary mobility, which is, however, structure-sensi-
tive. Therefore, only a subset of grain boundaries is
mobile at a given temperature allowing certain grains
to evolve with a higher rate than others.30 Grain
boundary movement is an important process in the
evolution of thin film microstructure and occurs at
anomalously low temperatures relative to bulk mate-
rial.31

An interesting case of morphological evolution is
surface faceting, which is very pronounced in the film
deposited at 550 °C. The parameters influencing face-
ting and texture development are the following: proper-
ties of the sputtered atoms (i.e., the kinetic energies and
the angles of the sputtered atom trajectories), the
potential energies of atoms at the surface of the film,

Figure 8. Electron diffraction patterns of ZnO thin film
deposited at 600 °C; the inset shows the area selected for
diffraction.

P ) C exp(-EA/kT) (4)
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the binding energy of adatoms on different crystal faces,
the surface free energies of different crystal planes, and
the surface diffusion rates on different crystal faces.35,36

ZnO morphology is dominated by four faces: (0001),
(101h0), (112h0), and (0001h). There has been reported
densities of the surface energy for (0001), (112h0), and
(101h0) planes in ZnO as 0.099, 0.123, and 0.209 eV/Å2,
respectively15. These values suggest that the (0001)
plane has the fastest growth rate; hence, it disappears
first from the growth mode. Only surfaces with low
growth rates can form facets as typically observed in
crystal growth experiments. It can be concluded there-
fore that the (0001) plane does not facet in equilibrium
conditions. The following relationship between the
growing rates, v, of different crystallographic planes has
been reported32

This study showed that faceting behavior of ZnO films
can be efficiently controlled by simultaneously control-
ling the substrate temperature and the energy of the
incoming species. This finding confirmed our mecha-
nistic model. If the film was deposited under high power
and high substrate temperature, such as the film with
morphology shown in Figure 3a,a′ (650 °C/140 W), the
higher deposition rate overcame the enhanced surface
diffusion, and facets could form. In contrast, films
deposited at lower power (27 W) and lower substrate
temperature (450 °C), shown in Figure 3b, did not show
surface faceting. In this case the deposition tempera-
ture, although not high, provided enough mobility to the
particles to move on the surface before being buried
under a new incoming flux of particles that was about
20% of the flux for the specimen in Figure 3a. However,
an onset of faceting is readily observed in the cross-
section micrograph presented in Figure 3b′. Therefore,
the deposition conditions have not fully satisfied the
desired imbalance between the two sources of energy
on the substrate, and faceting could not develop. This
suggests that either raising the deposition rate for a film
deposited at 450 °C or lowering the substrate temper-
ature for a film deposited at 27 W would promote
faceting. If an experimental Wulff plot33 would be
available for the temperature range of interest for this
study, it would be possible to predict which crystal-
lographic planes would be more stable and thus lead to
faceting in ZnO.

As mentioned earlier in the text, irregular shapes of
grain boundaries seen in films deposited at high tem-
peratures, 600 and 650 °C on (111) textured Pt (Figure
2e,f), can be explained considering that grains grow with
different rates. When two neighboring grains nucleate
simultaneously and grow together at an identical rate,
they impinge along a straight line that is perpendicular
to the bisector of the line joining the nucleation points.34

It was found by computer simulation that if the two
grains nucleate at different times and grow with dif-
ferent rates, the grain boundaries are not straight
lines.34 Moreover, grains with a larger size will grow at
the expense of their neighbors. Considering that the
growth rate increases steadily with the grain radius,
the larger grains will eventually surround and enclose
the smaller grains that have a lower growth rate. This
microstructure evolution mechanism can overlap with

that of the grain boundary migration. If the larger
grains are surrounded by grain boundaries that have a
higher mobility than other grain boundaries in the
structure, the irregular shape of the grain boundaries
is even more enhanced. However, due to their curvature,
the irregular grain boundaries observed in the films
deposited in this study at temperatures of 600 and 650
°C are evidently in nonequilibrium. Therefore, upon
heating, their evolution toward the equilibrium shape
is expected.

The substrate has a marked influence on ZnO film
nucleation and grains evolution, influencing the crystal-
line growth with its nature (textured vs amorphous) and
chemical behavior (oxidizing vs nonoxidizing). It is
obvious that the substrate nature influences the early
stages of film development, which in turn determines
the further evolution of film morphology and texture.
When deposited on unetched Si possessing a native
amorphous SiO2, the ZnO film is forced to self-nucleate.
Therefore, due to the amorphous nature of the nucleat-
ing surface, the first few atomic layers of the ZnO film
are randomly oriented, and the preferred orientation
along [0002] direction is gained later in the process,35

when the film thickness develops. This is the case of
evolutionary growth texture.36 ZnO deposited on tex-
tured Pt (111) behaves differently. Platinum, which has
a face-centered-cubic structure, does not readily oxidize
on the surface. Moreover, the (111) crystallographic
plane of Pt has a hexagonal array of atoms. This atomic
array allows hexagonal ZnO to nucleate along the [0002]
direction, determining therefore an enhanced film tex-
ture. This is the case of activated nucleation texture,36

in which the textured substrate activates the texture
development for the deposited film. Typically, oxide-
forming metals such as Al or Ti contain a thin layer of
amorphous native oxide. When deposited on such sub-
strates, ZnO must self-nucleate, similar to deposition
on unetched Si. The film texture is usually less devel-
oped than in the case of films grown on nonoxide
forming substrates.

An important factor that has to be considered in
explaining the microstructure development of ZnO is the
roughness of the substrate on which the ZnO film is
deposited. On a rough surface, the mechanism of texture
development is modified. The crystallographic orienta-
tion factor is shadowed in this case by the geometric
orientation. The substrate roughness offers a large
number of randomly oriented nucleation sites. There-
fore, although the film may be locally oriented with the
c-axis normal to the substrate within the undulation of
the surface roughness, the overall orientation would
display a broad rocking curve due to a range of crys-
tallite orientations with respect to the substrate surface.
However, the average roughness of (111) Pt on which
the ZnO thin films were deposited in this study was Ra

) 5 Å and a peak-to-valley height of 30 Å as measured
by near-field scanning optical microscopy.

In both textured and/or amorphous substrates, the
substrate temperature and the deposition rate are the
chief variables influencing the evolution of the film
microstructure. Considering that the deposition rate
was approximately constant in our experiments, the
substrate temperature remains the dominant variable

v(0001) > v(011h0) > v(0001h)

ZnO Thin Films Deposited by Reactive Sputtering Crystal Growth & Design, Vol. 4, No. 1, 2004 155



in determining the morphology of ZnO films deposited
on a given substrate.

Conclusions

In this paper, we have shown the possibility of
depositing by reactive sputtering ZnO thin films with
different morphological features, depending on deposi-
tion parameters, especially substrate temperature and
substrate type.

The main conclusions can be summarized as follows:
(i) The surface morphology of the ZnO films is strongly
dependent on the substrate temperature and its nature
(oxide forming vs nonoxide forming substrate), if the
deposition rate is maintained constant. The films show
enhanced crystallinity and texture when deposited on
textured nonoxide forming substrate (i.e., Pt (111)) than
when deposited on amorphous substrate and when
deposited at temperatures higher than 500 °C.

(ii) Film deposited at room temperature has a high
density of stacking faults lying in planes normal to the
growth direction as seen by TEM cross-section analysis,
whereas film deposited at 600 °C shows the presence of
dislocations. The electron diffraction patterns show that
the films are highly oriented.

(iii) A mechanistic model involving the interplay
between atomic mobility, flux of incoming particles
(deposition rate), and rates of nucleation and crystalline
growth was proposed.
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