Journal of Materials Science: Materials in Electronics (2020) 31:4473-4478
https://doi.org/10.1007/5s10854-020-02984-w

=

Check for
updates

Thermal annealing of AIN films for piezoelectric applications

Etienne Herth'

- Dame Fall? - Jean-Yves Rauch? - Virginie Mourtalier? - Grégory Guisbiers>

Received: 4 December 2019 / Accepted: 23 January 2020 / Published online: 14 February 2020

© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Aluminum nitride is an excellent electrical insulator and important piezoelectric material making it suitable for a wide range
of applications in electronics and optoelectronics. However, to exhibit and preserve those piezoelectric properties, care has to
be taken during manufacturing process. Indeed, the c-axis crystalline orientation of AIN is a necessary condition for piezo-
electricity. Therefore, the goal of this paper is to compare AIN films grown on (100) silicon substrate by pulsed reactive DC
sputtering at 400 °C on top of three different metallic underlayer electrodes (Ti/Pt, Ct/Pt, and AIN/Cr/Pt) by preserving the
crystalline properties not only at room temperature but also at high temperatures. Among all deposited AIN films on top of
the metallic underlayer electrode, only AIN/Cr/Pt has kept its crystallinity up to 950 °C.

1 Introduction

Obtaining high-quality Aluminum nitride (AIN) films on
different metallic underlayer electrodes has already been
demonstrated in several applications [1-8]. Indeed, there is
an increasing demand for high-temperature electronic com-
ponents for sensors in aerospace and aircraft applications.
AIN is a promising piezoelectric material able to maintain
its piezoelectricity up to 1200 °C [9]. The selection of mate-
rials in MEMS is an important topic [10—14]. The system-
atic approach to select the manufacturing process [15] and
materials applied to MEMS has already began [16, 17]. The
selection of underlayer electrode is essential to achieve high-
quality piezoelectric AIN films. The influence of the deposi-
tion parameters (i.e., temperature, power, and gas flows) and
the type of metallic underlayer electrodes on the film texture
were investigated by using the full width at half maximum
(FWHM) of the (002) rocking curve measurement. Sev-
eral bottom layers, such as Ti/Mo [18], Ti/TiN [19], Ct/Pt
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[20], Al [21], Ti/Pt [22], and AIN/Pt [23], were deposited
by a sputtering process in order to find out the best lattice
mismatch between the piezoelectric AIN lattice parameter
and the lattice parameter of the as-deposited bottom layer.
The piezoelectric properties of AIN films are obtained from
columnar grains with (0 0 2) crystal orientation, while the
crystal planes of the underlayer electrodes are Al (1 1 1),
Pt(111), Ti(002)and Mo (110), TiN (11 1), Cr (110).
Up to now, the best crystalline structure was obtained by
sputtering AIN films on platinum (Pt) substrates [24]. Fur-
thermore, heating AIN at a very high furnace temperature
(1100 °C) shows an improvement in its c-axis crystal ori-
entation [25].

In this study, the structural properties of the AIN and
bottom electrode (Ti/Pt, Cr/Pt, and AIN/Cr/Pt) films and the
effect of rapid thermal annealing were investigated by XRD
and AFM techniques for sustainability and reliability in
low- and high-temperature applications. Although the under-
layer electrodes of piezoelectric films are well tabulated
(e.g., stress, resistivity, thermal expansion coefficients, and
strength), few data are available on the grain rearrangements
caused by high-temperature annealing [26-28] as well as the
risk of diffusion [29, 30]. Our motivation was to demonstrate
that we can efficiently harvest the individual advantages and
limitations of the metallic underlayer electrodes and AIN
film. This work focused on the development of high-quality
AIN thin films with c-axis orientation. This reproducibility
requires a deep understanding of the crystallization mecha-
nisms and the critical processing parameters controlling
the pre-deposition conditions (viz. the precursors and the
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choice of the electrode) and the post-deposition (viz. anneal-
ing treatment) conditions. Experiments were performed in
order to understand the mechanisms by which such textures
were obtained on identical silicon substrates by using the
same depositions conditions.

2 Experimental

Piezoelectric AIN films have been deposited in a pulsed
reactive DC sputtering of pure Aluminum target (Al 99.99
% pure) in an Ar/N, gas mixture, on bottom metal electrodes
previously covered on the Si (100) substrate. Because Pt thin
films show poor adhesion to semiconductor and dielectric
substrates [31, 32], titanium (Ti) and chromium (Cr) were
chosen as an adhesion layer. Platinum (Pt) was chosen as a
metallic component of bottom electrodes due to its crystal
planes orientation, which present a hexagonal orientation
(002) for the growth of wurtzite AIN. As samples tests, we
used chips (1 X 1 cm?) of silicon-based (100) Si wafers. The
latter were first heated at 200 °C for 15 min in order to degas
the surface of all adsorbed species and stay at this tempera-
ture for the entire cycle of sputtering process. The silicon
wafer was then etched at 150 W RF for 5 min in a pure
Argon (Ar) flow of 10 sccm at a pressure of 7 X 107> mbar.
Two Ti/Pt electrodes (10/ 300 nm thick) and Cr/Pt (10/300
nm thick) were sputtered in a PVD Plassys machine on wafer
heated at 300 °C, using a pressure of 7 X 10~ mbar and a
flow Argon of 10 sccm. The Ti/Pt and Cr/Pt were sputtered
without bias power, respectively, at 1 A (adhesion layer)
and 0.6 A (bottom metal). The AIN was deposited at 400 °C
in another PVD machine (Sigma Fxp trikon) with an input
power of 5.75 kW, Ar/N, ratio of 125/500 sccm and a pres-
sure of 4 X 107> mbar.

The films have been characterized by X-ray diffraction
(XRD) and tapping mode atomic force microscopy (AFM)
as shown in Figs. 1 and 2.
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Fig.2 Typical X-ray diagrams of a 1-pm-thick piezoelectric AIN film
deposited onto different electrodes: Ti/Pt, Cr/Pt, and AIN/Cr/Pt

3 Results

First, the surface morphology (i.e., film surface roughen-
ing and grain coarsening processes) of the film’s layers
was analyzed by Atomic Force Microscopy (AFM) with a
Nanoscope II1a equipment (from Digital Instruments, CA)
operating in tapping mode under ambient conditions. In
Fig. 1, three AIN film surface morphologies were measured
by AFM as a function of underlayer electrode. These inves-
tigations revealed that the grain size was increased for AIN/
Cr/Pt. Table 1 shows that the average of the root mean square
(rms) surface roughness R, is within a range from 2.34 up
to 5.35 nm depending on the electrode. For Cr/Pt and AIN/
Cr/Pt, the R, is shown to gradually increase with the AIN
thickness.

Then, the morphology of the AIN film can be charac-
terized by its fractal dimension Dy, ., using the WSxM
software [33]. Considering the morphology of the film as
a surface containing lakes within islands and islands within
lakes, the fractal dimension measured is [34-36]:

rms

(XN

Si/AIN/Cr/Pt/AIN

Fig. 1 AFM pictures of surface morphologies (3 X 3 um?) of the AIN deposited by a pulsed reactive DC sputtering on different electrodes: a Ti/

Pt, b Cr/Pt, and ¢ AIN/Cr/Pt
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Fig.3 SEM micrographs of AIN/Cr/Pt/AIN thin films at various temperatures from 350 to 1000 °C

’

D fractal — D fractal — 1 (1)

The surface of the island A is linked to its radius R by the
relationship AcoR?. And the perimeter of the island P is

linked to the fractal dimension of the thin film D/fractal with
the relation PooRPew and is given by
P= MAafraclal (2)

where p is the proportionality factor between the perimeter
and the surface, a1 = D’fract /2. As shown in Table 1, the
fractal dimension of Ti/Pt/AIN films is turned to 1.26 and
close to 1.13 of Cr/Pt/AIN , while AIN/Cr/Pt/AIN is around
1.45. It has been shown that the fractal dimension is related
to the film growth mode [34]. A fractal dimension D
around 1.5 is a characteristic of a Volmer—Weber growth
mode. This confirms the columnar growth of AIN/Cr/Pt/
AIN.

After deposition of AIN and underlayer electrodes, the
crystalline structure was analyzed by XRD 8 — 26 pattern
in the range of 30° to 50°. Fig. 1 shows the XRD patterns
obtained by Ti/Pt/AIN, Cr/Pt/AIN, and AIN/Cr/Pt/AIN as
deposited on silicon wafer. The crystallites of the piezo-
electric AIN film are perfectly (0002) oriented onto the
electrodes. X-ray measurements presented in Fig. 2 show
that the adhesion layers Ti and Cr had no significant influ-
ence on the AIN c-axis orientation. Excellent crystallin-
ity was obtained on the Ti/Pt and Cr/Pt metal electrodes,
while a poor crystallinity of AIN deposited on the under-
layer electrode AIN/Cr/Pt was observed.

In addition, the multilayer AIN electrode employed in
sensors applications should offer a thermal stability and
a good piezoelectricity response. Among them, surface
acoustic wave (SAW) sensors are a promising solution to
read temperature wirelessly in harsh environments up to
900 °C for a few tens of hours has been demonstrated
[37, 38]. Most of these devices are based on Langasite
(LGS), Langatate (LGT) bulk materials which do not lose
their piezoelectric properties at high temperatures. How-
ever, some efforts have been dedicated to explore the AIN
film performances at high temperatures [39, 40]. Indeed,
the annealing process strongly depends on the process

Table 1 AIN roughness and fractal dimension values were obtained
on different electrodes at ambient temperature

Materials Thickness (nm) D’ﬁacml R, (nm)
Ti/P/AIN 10/600/1000 1.26 2.52
Cr/Pt/AIN 10/600/1000 1.13 2.34
AIN/Cr/Pt /AIN 1000 /10/600/1000 1.45 5.35
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Fig.4 Material properties of the AIN and metallic underlayer elec-
trodes

parameters, which include temperature, ambient atmos-
phere, annealing ramp, and annealing time. At high tem-
peratures, this multilayer can be damaged due to the differ-
ence in the thermal expansion coefficient and/or diffusivity
between Si, AIN, and the metal underlayer electrodes (see
Fig. 3). Material properties such as thermal conductivity,
melting point, and thermal expansion coefficient of the
AIN and metal underlayers are presented in Fig. 4. AIN is
considerably better than others (Si, Pt, Ti, Cr) in terms of
thermal conductivity and melting point. Beyond this tem-
perature, diffusion, and cracks appear. Thermal diffusivity
= k/pC, where k = thermal conductivity, p = density and
C = heat capacity. One solution is to use the AIN/ metallic
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underlayers electrodes/AlN like a protective overlayer up
to 600 °C.
Much attention has been focused on the RTA process.
After deposition of the AIN piezoelectric thin films on
each underlayer electrode, the stacks were annealed in N,
atmosphere at temperatures from 350 °C, 450 °C, 650 °C,
950 °C, and 1000 °C during 30 min, 10 min, 5 min, 2 min,
and 1 min, respectively, and the ramp fixed at 10 °C/min.
Each sample was cut into several pieces (lcm x lcm) that
were subjected to different RTA processes. The multilayer
AIN metal electrode may be degraded by a high thermal
treatment. As shown in Fig. 3, for annealing temperatures
from 350 to 650 °C the grain sizes become larger while
for annealing temperatures of 1000 °C, cracks appeared in
the films. However, the crystallinity seems to be improved
by rapid thermal optimized annealing. X-ray investiga-
tion revealed that the film’s crystallinity was improved by
rapid thermal annealing. Indeed as shown in Fig. 5, AIN
films were purely oriented with the c-axis perpendicular to
the growth plane (i.e., AIN peak at 36°). For example, the
crystallinity of AIN/Cr/Pt/AIN increases as the annealing
temperature increases, we can note that FWHM decreases
while the intensity of X-Ray increases at high temperatures.
Thus, after annealing at 350 °C, the peak becomes more
intense and narrower, which indicates an increase in the
grain size of the original crystallites. According to Fig. 4,
the thermal diffusivity for Si substrate and the AIN films
are quite similar (close to 1.5 x 10~* m? s~!) and better than
the other underlayer electrodes. The disadvantage of the
metallic electrodes is mainly due to their high diffusivity.
Consequently, metallic atoms migrate at high temperatures
predominantly along grain boundaries through the AIN film.
This diffusion leads to a decrease the AIN film crystallinity,
especially at high temperatures. An important aspect of this
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Fig.5 X-ray diagrams of a 1-pm-thick piezoelectric AIN/Cr/Pt/AIN
coating on silicon as a function of annealing temperatures. Annealing
time was fixed to 10 min for all samples
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work was to provide thermal stability that would make it
an attractive AIN-stacked film material application in harsh
environments.

Moreover, all the deposited films have kept their crystal-
linity up to 950 °C with an annealing time of from 1 min
to 30 min. However, at 950 °C and 1100 °C annealing tem-
perature, the deposited AIN film on the metallic underlayer
electrodes Ti/Pt and Cr/Pt was no longer crystalline. Only,
the AIN film deposited, respectively, on the underlayer elec-
trode AIN/Cr/Pt maintained its crystalline properties up to
950 °C as presented in Fig. 6.

4 Discussion

Depositing AIN films at room temperature is a “must,”
since a high-temperature process during film growth is not
necessarily compatible with all the manufacturing steps of
device fabrication. Thus, reactive sputtering operating at low
processing temperature is the best process to control film
properties. As far as the substrate temperature is concerned,
Medjani et al. [42] showed that lower (below 400 °C) tem-
perature was favorable to the formation of (002) plane, while
Jin et al. [1] concluded that the 430 °C was the optimal tem-
perature to maximize the c-axis preferred orientation.

In this work, XRD measurements on AIN films show
that an annealing treatment with the temperature range
from 350 to 400 °C improves the crystalline quality (see
Table 2). Without an annealing treatment (viz. ambient
temperature 25 °C, and/or as-deposited films), the higher
quality of the AIN films observed was obtained mostly
on the bottom electrode. Herein, the crystallinity of the
electrodes Cr/Pt and Ti/Pt is mainly influenced by the
sputtering parameters and not by the substrate(Silicon or
AIN interlayer ). This means that the AIN interlayer has a
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Fig.6 X-ray diagrams of a 1-pm-thick piezoelectric AIN/Cr/Pt/AIN
coating on silicon substrate as a function of annealing temperatures
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Table 2 Comparison between

. Annealing treatment Sample Thermal stability Optimized FWHM
our work and previous research
cor.lcitrning ;h;ltlflngll)erattl)]rc ) Our work Si/Ti/Pt/AIN 950 °C — 30 min 0.170° @ 25 °C/as-deposited
zentlsn?l{clz;:ir?g treatm;)lts inyI\lIJQS e 0.160° @ 350 °C/30 min
atmosphere of each sample Si/Cr/Pt/AIN 950 °C — 30 min $0.186° @ 25 °C/as-deposited
0.164° @ 350 °C/30 min
Si/AIN/Cr/Pt/AIN 1100 °C — 5 min 0.221° @ 25 °C/as-deposited
0.170° @ 350 °C/5 min
Reference [25] Si/Mo/AIN/Mo 1100 °C — N.C. 0.184° @ 25 °C/as-deposited
0.1673° @ 1100 °C
Reference [39] Si/SiO,/AIN 1300 °C—30s N.C.
Reference [41] Sapphire/AIN 1000 °C —10's N.C.

minor role on the crystallization of Ti/Pt and Cr/Pt elec-
trodes. Furthermore, as shown in Table 2, thermal anneal-
ing improved the AIN crystalline quality, as confirmed by
the lower FWHM value. The FWHM of an AIN deposited
on the Cr/Pt electrode was improved from 1.7° to 1.6°.
The deposition conditions (viz. the choice of the metal
electrode) and the post-deposition annealing treatment
give some insight into the orientation of the AIN films
and their reliability.

Compared with other common annealing treatment [25,
39, 41], our data suggest that Cr/Pt/AIN would display a
good FWHM at lower temperature treatment, while AIN/Cr/
Pt/AIN can be stable until 1000 °C during 5 min. Although
we show the advantages of the annealing treatment, it is
difficult to prepare stable and high-quality crystal-oriented
AIN films on bottom electrodes at high temperature for long
period of time. Moreover, we also grew AIN films on Cr/
Pt/AIN electrodes by inserting AIN interlayer between the
bottom electrodes and silicon substrate, such as AIN/ Cr/Pt/
AIN/Si. We observed that at high temperatures, the stability
and orientation of the AIN film and Cr/Pt electrode were pre-
served by the AIN interlayer, because this interlayer is very
effective by decreasing the diffusion of the Cr/Pt electrode.

The study of the thermal stability of the metallization
electrodes summarized in Table 2 revealed that no microc-
racks were observed. Ayazi et al. show that an improvement
in FWHM translates into better transduction efficiency from
the AIN layer and should result in lower insertion loss and a
higher quality factor for sensors [25]. The successful prepa-
ration of well-oriented crystalline AIN films with optimized
FWHM suggests AIN film having a low-loss, good high-
frequency characteristics together with a high piezoelectric
coupling coefficient. By the comprehensive characteriza-
tion of the AIN/Cr/Pt/AIN films, it is shown that the pro-
cess conditions did not degrade the above-discussed device-
relevant material properties. In order to see the potential of
the bimorph piezoelectric system, for piezoelectric energy
harvesting, we demonstrate herein that AIN/Cr/Pt/AIN will
be a promising candidate [43].

5 Conclusion

In summary, highly c-axis-oriented AIN thin films have been
investigated as function of the different metallic underlayer
electrodes deposited by the well-established PVD technique
with annealing post-treatment. Meanwhile, the reduction in
(002) diffraction peak reveals that higher annealing tempera-
ture can deteriorate the crystalline quality, which is due to
enhanced diffusion. The choice of temperature and annealing
time must, therefore, be carefully chosen in order to avoid
damaging the AIN film and consequently enhance its crystal
quality. In conclusion, the FWHM width of 1-pm-thick AIN
deposited on Ti/Pt shows a better crystal quality with low
roughness, while the use of AIN/Cr/Pt/AIN is one possible
solution to strongly hinder the cracks up to 950 °C.
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