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Abstract

We report on the preparation and structural characterization of piezoelectric films of aluminium nitride onto diamond substrates. The samples
were fabricated by sequential radio frequency reactive diode sputtering processes, carried out at various temperatures, in a head vacuum system
starting from stechiometric targets. The structural characterization of the films was performed by energy dispersive X-ray diffraction analysis. The
deposition temperature was found to play a relevant role to obtain highly textured films with the c-axis perpendicular to the substrate surface, as
required by surface-acoustic-wave applications. In particular, a minimum substrate temperature of 300 °C was needed in order to obtain any
internal order along the c-axis while, increasing the temperature, the AIN <002> orientation becomes preferential. The rocking curve analysis
revealed a good crystalline quality of the AIN films whose degree of epitaxy can be well described by a linearly increasing function of the

temperature at which the films are grown.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The increasing volume of information and communication
media, such as mobile telephones and satellite services, has
brought to a growing demand of high-performance surface- and
bulk-acoustic-waves devices, operating in the gigahertz range
of frequencies. For such applications use of piezoelectric films
of aluminium nitride is very attractive because of its high
acoustic wave velocity, substantial electromechanical coupling
coefficient and good temperature stability, together with
excellent mechanical and chemical properties [1-3].

On limiting our attention to surface-acoustic-wave (SAW)
devices, AIN films have been successfully utilized on sub-
strates showing high SAW phase velocity, such as silicon and
sapphire to implement filters and resonators operating at high-
frequency [4—9]. From this point of view, thick diamond films
as substrates for SAW devices are very attractive because of
their high sound velocity, the highest observed among all
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materials, which allows higher frequency operation at a given
interdigital transducer line-width resolution technology. On the
other hand, AIN is an ideal piezoelectric layer for diamond-
based SAW applications, as its high acoustic wave velocity, the
highest among all piezoelectric materials, better matches that of
diamond. Moreover the AIN/diamond structure exhibits smal-
ler velocity dispersion with respect to other piezoelectric films
[10-16].

AIN films have been grown on a variety of substrates using
different deposition methods including chemical vapor depo-
sition techniques [17,18], molecular beam epitaxy [19], laser
ablation and reactive sputtering techniques [20—25]. Among
these methods, sputtering techniques allow to obtain c-axis
oriented AIN films with small surface roughness at relative low
temperatures [26]. The correlation between the conditions of
the sputtering process and the structure characteristics of the
films obtained has been widely investigated, even though the
results published are sometimes conflicting. This is probably
due to the complexity of the sputtering process, to an
inadequate validation of the models and to a lack in the
comparison between models. Specifically for applications to
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SAW devices, the orientation of the c-axis of the AIN film must
be perpendicular to the substrate surface. Consequently, the
comprehension of the origin of preferred orientation is of
crucial importance. The preferred orientation is caused by
anisotropy of certain properties, such as surface energy or
reactivity, depending on the crystallographic plane of the
deposited materials and influence the film formation processes.
Therefore many studies tried to relate such anisotropies to film
formation processes that finally determine the preferred
orientation [27].

The main process parameters that affect the growth of AIN
films are: the thickness of the film, the bias voltage, the
sputtering power, the gas mixture, the gas pressure, the target-
substrate distance and the temperature of the substrate.

In this work we focus our attention on the growth of
AIN thin films on diamond substrates by radio frequency
(RF) reactive diode sputtering technique. Energy dispersive
X-ray diffraction (EDXD) and reflectivity techniques [28-—
32] were used to investigate the growth behavior at various
substrate temperatures leaving all the other process condi-
tions unchanged. Highly textured films were obtained with
c-axis perpendicular to the diamond substrate showing
good reproducibility and extremely smooth surfaces, which
is an extremely important feature for low loss SAW
propagation.

2. Experimental section
2.1. AIN films deposition

The AIN films were deposited by RF reactive diode
sputtering technique, using a commercial MRC 8620 sputtering
head and a cryogenic vacuum system. The sputtering condi-
tions were as follows: RF power 500 W, target 6” Al (purity
99.999%), substrate to target distance 5 cm, gas composition
99.999% pure N, at a pressure of 3-10~ 2 Torr controlled, at a
constant flow rate of 90 sccm, by an MKS 647A gas flow
controller (Fig. 1). Several sputtering runs were carried out at
various temperature with substrates heated in the range 200 to
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Fig. 1. Schematic drawing of the sputtering system.

Table 1
AIN sputtering conditions
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RF power

Substrate temperature range
Gas pressure

Gas composition

Gas flow rate

Target

Target substrate distance
Growth rate

Background pressure

500 W

200 to 500 °C

3-1072 Torr

100% 99.999 pure N,

90 sccem

Al 99.999 pure 6” diameter
~50 mm

0.3 pm/h

<1-10"7 Torr

500 °C, in order to evaluate the most favourable deposition
conditions. The background pressure of the system was better
then 1-10~ 7 Torr; a 30-min pre-sputtering in 100% N, was
performed before each deposition run, followed by 1 to 2 h of
thermal annealing and slow cooling. The main deposition
conditions followed during the sputtering runs are reported in
Table 1.

The diamond/Si substrates, provided by Sumitomo Chemi-
cals Japan, consisted of 2” polycrystal Si wafers, ~800 um
thick, coated with a 23 pm thick diamond layer with the free
surface optically polished. The substrates used to perform the
AIN deposition tests where 5 x 5 mm squares, sliced from the
wafers. Before being introduced into the sputtering chamber,
all the samples were carefully cleaned using a standard
cleaning procedure including detergent bath soak, DI water
rinse and drying, followed by exposure to an O, (purity
99.999%) plasma in order to remove residual organic
contaminants, for 3 min, at an RF power of 200 W and a
pressure of 100 mTorr.

2.2. Diffractometer/reflectometer

A schematic sketch of the energy dispersive non-
commercial diffractometer/reflectometer used in the present
work is shown in Fig. 2 [33]. The non-monochromatized
(white) primary beam is produced by a W anode X-ray tube
and is collimated by two tungsten slits upon the sample
which is placed in the optical centre of the instrument. Two
more slits define the acceptance angle of the detector
selecting a small portion of the diffracted beam. The detector
is an EG and G ultra pure Ge solid-state device, capable to
perform the energy scan of the diffracted photons. In this
way the reciprocal space scan, necessary to collect the
diffraction pattern, is carried out electronically rather than
mechanically as in the ordinary angular-dispersive X-ray
diffraction. The energy resolution is about 1.5% with a
maximum count rate of 10 kcounts/s. Source and detector
arms are moved by two linear actuators driven by step
motors, leading to a minimum scattering angle increment and
reproducibility of 0.002°.

2.3. Experimental methods
The experimental set-up described above was used to

measure the rocking curves of all the samples, allowing the
investigation of their structural properties. In an X-ray
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Fig. 2. Schematic drawing of the energy dispersive X-ray diffractometer: (1) X-ray W anode tube; (2) collimation slits; (3) sample position; (4) Ge single crystal solid

state energy sensitive detector.

diffraction experiment the intensity of the radiation collected
at the detector is a function of the scattering parameter
g=aEsing where 29 is the deflection angle, £ the energy of
the X-ray beam used for the measurement and a=1.014 A~/
keV [34]. This means that two different possibilities to
perform a ¢ scan are possible: to make an angular scan,
keeping the energy fixed (4ngular Dispersive Mode — AD)
or to keep the experimental set-up fixed and make use of the
bremmsstrahlung white beam (Energy Dispersive Mode —
ED). In this way, the diffraction angle is fixed before starting
the measurements. After this, the machine geometry is no
longer modified and the data collection is performed in
stationary conditions.

In the ED diffraction mode, the whole diffraction pattern is
obtained in a single measurement, providing a fast recording of
films Bragg peaks and, consequently, of their rocking curves.
This is particularly useful when thin films are to be investigated
or, in general, samples of small size. Moreover the fixed
geometry, not requiring any mechanical movement, makes the
measurements extremely accurate and reproducible, not being
affected by possible systematic errors induced by the angular
scan. A full description of the EDXD method, together with a
detailed discussion of its advantages, is reported elsewhere
[34].
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Fig. 3. Diffraction pattern of the diamond/Si substrate. These reflections of the
polycrystalline Si are visible: (1) Si <111>; (3) Si <220>; (4) Si <311>. In the
inset the diamond DLC <111> reflection (2) is highlighted.

3. Experimental results

AIN films are polycrystalline with a wurtzite hexagonal
structure, showing a preferred orientation of the c-axis along
the normal to the substrate surface. The aim of this work was to
find out the best conditions to grow the films along this
direction, corresponding to the <002> AIN reflection, mini-
mizing the contributions of the domains oriented in different
directions.

The first step consisted of collecting a diffraction pattern
of the diamond/Si substrate, to confirm the polycrystalline
nature of the silicon component, the presence of the
diamond deposited on it and the accuracy of our measure-
ments compared to literature data. Fig. 3 reports the ¢ range
of the pattern, showing the presence of silicon domains
oriented along different directions: (1) Si <I11> at ¢=2.039
A7, (3) Si <220> at ¢=3277 A™' (4) Si <311> at
¢=3.838 A™"; all these values are in good agreement with
published data [35]. In the inset, the ¢ range containing the
diamond signal is expanded, to point out the presence of the
diamond <111> reflection at ¢=3.056 A~', and to show the
intensity ratio between the two materials that form the
substrate.
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Fig. 4. Diffraction patterns of AIN films grown at different temperatures as a
function of the scattering parameter: (A) AIN <002>, (B) AIN <101>.
Increasing the temperature, the desired <002> reflection gets dominant and
the <101> signal progressively tends to disappears.
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In Fig. 4, the diffraction patterns of a set of AIN thin films
deposited on diamond/Si substrates in different heating
conditions of the substrate are shown. The peck at ¢=2.485
A~!, indicated as (A), corresponds to the AIN <002>
reflection, while the one at ¢=2.625 A", (B), can be assigned
to the AIN <101> reflection, as expected.

Passing from the sample deposited at 200 °C up to the one
deposited at 500 °C, a progressive enhancing of the AIN <002>
reflection can be noticed as well as the disappearance of the
<101> AIN reflection, considered undesirable in order to
obtain a good surface wave transducer. In fact, at 200 °C no
evidence of any preferred orientation along the c-axis is
observable; at 300 °C the AIN is still polycrystalline and the
contributions of the two domains are comparable; at 400 °C
and, more evidently, at 500 °C the film shows to be oriented
along the <002> privileged direction. Moreover, the <002>
Bragg peak gets higher and narrower as the deposition
temperature is increased.

Then, to find out the statistical distribution of the orientation
of these <002> domains, i.e. the degree of epitaxy of the c-axis
oriented AIN film, a rocking curve analysis was performed.
The measurements were carried out by recording the intensity
of the diffracted radiation as a function of the asymmetry
parameter o= (0; — 0,)/2 while the scattering angle 260 was kept
unchanged. Each point of a rocking curve, i.e. the value in
correspondence of a generic «, is calculated as the ratio
between the intensity of the Bragg peak in correspondence of
that «-value with respect to the maximum intensity of the same
peak along the o-scan. In this way no normalization to the
primary X-ray beam spectrum, usually required in EDXD
measurements, is necessary. The peaks on the diffraction
pattern are fitted by the sum of a Gaussian and a linear function
to model, respectively, the convolution of the Bragg peak with
the diffractometer transport function and the almost flat
background (containing also the Compton contribution) [36].
The integral of the Gaussian components are used to calculate
the rocking curve. In the case of the ED mode, since the
diffraction pattern is collected in parallel at any ¢ value, all the
rocking curves of the peaks visible in the explored ¢ range are
collected simultaneously [35-38]. This means that all the
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Fig. 5. Rocking curve analysis of the AIN <002> reflection is reported as a

function of the sample growth temperature. The red line is a Gaussian fit of the
rocking curves: the FWHM is reduced as the temperature increases.
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Fig. 6. The trend of the FWHM of the rocking curves, deduced from the
Gaussian fit, is plotted as a function of the deposition temperature (dots) and
fitted by a linear function (straight line).

structural information about Si, diamond, and AIN were
collected in a single set of measurements. The two substrate
components exhibit a flat-top rocking curve, since the domains
are all randomly oriented.

In Fig. 5, the rocking curves relative to the AIN <002>
reflection are shown for the samples grown at a deposition
temperature of 300, 400 and 500 °C. The rocking curves are
fitted by a Gaussian curve, as well; the epitaxy degrees are
deduced by the mean values of fit full width at half maximum
(FWHM) of the rocking curves of all the Bragg reflections
associated to each family of lattice planes (Fig. 6).

For all of them, when the asymmetry value « increases, the
peak intensity decreases quite rapidly, showing a good
crystalline quality of the films. In particular, the higher the
temperature is, the better the AIN growth is, as can be observed
in Fig. 6. The relationship between the substrate temperature, at
which the AIN films are grown, and their degree of epitaxy can
be described by the linear function: y=0.750 (5)-0.014 (5)x.
Moreover, the X-ray reflectometry analysis revealed that the
films are characterized by very low surfaces roughness, below
20 A, as required for SAW applications.

4. Conclusions

Highly textured and well reproducible AIN films were
grown with c-axis perpendicular to the diamond substrate.
They show an extremely smooth surface, feature very
important for Rayleigh waves propagation. The systematic
EDXD structural characterization revealed that both the films
mosaicity and their degree of epitaxy are enhanced by
increasing the substrate deposition temperature. In particular,
when the deposition is performed above the threshold
temperature of 300 °C, AIN films with a preferential <002>
orientation and characterized by a very narrow rocking curve
(i.e. highly oriented) are obtained.
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