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ABSTRACT 
 

In this contribution, the mechanical stress and the 
Young’s modulus of highly textured aluminum nitride 
(AlN) films are investigated on (i) thin films, (ii) on thin 
membranes and (iii) on resonant microstructures. Aging 
and thermal cycling experiments reveal that stoichiometric 
AlN thin films are highly stable, while nitrogen deficient 
AlN films get oxidized in the atmosphere which results in 
change in the as-grown stress with aging. The fabricated 
suspended AlN microstructures show an outstanding high 
stability even for high bending forces. All the employed 
techniques yield the value for the Young’s modulus in the 
range of 310-350 GPa. The residual stress of the films and 
membranes is 300-450 MPa, while lower values were 
obtained for suspended microstructures. The good stability 
of  stress with aging, the stability of microstructures, and 
the piezoelectric properties indicate that the devices will be 
highly reliable without any deterioration in their 
performance, which could be related to the stress. 
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1  INTRODUCTION 
 

Wurtzite type AlN thin films have become of great 
interest in micro- and nanoelectromechanical systems 
(MEMS and NEMS), that have found unique applications 
in sensing, telecommunications, signal processing, data 
storage and more [1-6]. As-grown films always have a 
residual stress. The magnitude and sign (tensile or 
compressive) of the residual stress vary depending on the 
deposition conditions [7,8]. For most applications, the 
residual stress has to be minimized because it alters the 
bending in MEMS. It can also influence the film properties, 
hence, the characteristics of devices. On the other hand, 
some devices, such as resonant strain sensors, require 
residual tensile stress for proper operation [9,10]. Thus, in 
order to achieve desired properties of MEMS and NEMS, 
and for the reliability of these devices, an investigation of 
the residual stress and its stability is important. Recently, 
we have demonstrated the stress stability for thin 
stoichiometric AlN films [11]. In this contribution, we 
extend this study by including the analysis of suspended 
microstructures, such as membranes, cantilevers and 

microbridges and demonstrate the stress stability and hence 
reliability of the piezoelectric devices. 

 
2  EXPERIMENTAL 

 

The AlN films were grown on 3” Si(001) substrate 
in a commercial radio frequency (rf=13.56 MHz) 
magnetron sputtering system. Details can be found in Ref. 
[11]. Post growth thermal cycling was performed between 
room temperature and 400°C in N2 atmosphere. The 
thickness of the film was determined using Variable-Angle 
Spectroscopic Ellipsometer (Woolam Co.). Measurements 
were performed in a wide spectral range, from 190 nm 
(6.52 eV) to 1700 nm (0.73 eV), at three different incident 
angles, 65°, 70° and 75°. This thickness was confirmed by 
X-Ray Reflectivity (XRR) measurements. 

 
The stoichiometry of the film was determined by 

Energy Dispersive X-ray (EDX) and Rutherford 
Backscattering Spectroscopy (RBS) techniques. The 
structural analysis including the surface roughness and 
density were performed by X-Ray Diffraction (XRD) and 
XRR measurement techniques. The piezoelectric 
coefficient, d33, was determined by laser vibrometry with a 
precision of about 1 pm. 

 
Stress and Young’s modulus of the AlN films were 

determined by three different methods. First, by scanning 
laser reflection (SLR) the curvature of the Si substrate was 
measured. To convert the curvature to stress, the modified 
Stoney equation [12], 
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has been used, where Es, νs, and t are Young´s modulus, 
Poisson´s ratio and the thickness of the substrate, 
respectively, and R, R0 are measured radii of curvature of 
the wafer before and after deposition of the films of 
thickness d. 
 
 Second, the residual stress in the films has been 
deduced from bulging experiments on freestanding AlN 
membranes using the relation [13,14]: 
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where p is the uniform pressure applied to the membrane, r 
is the membrane radius, d is the membrane thickness, z is 
the maximum deflection measured at the center of the 
hemispherical membrane, and ν = 0.24 is the Poisson´s 
ratio. The geometrical coefficients c1, c2, and f(ν) for 
circular membranes are 4, 2.67, and 1, respectively. 
 

Third, mechanical microresonators in the shape of 
cantilevers and doubly clamped bridges have been 
fabricated using AlN films and an Al metallization with a 
thickness of 200 nm and 50 nm, respectively [2,15]. 
Typically these resonators had a length L of 10-500 µm and 
a width w of 1 – 12 µm. The resonant frequencies of these 
microresonators have been determined using 
magnetomotive (Lorentz-force) or external piezoelectric 
excitation and a displacement measurement by a laser 
vibrometry method. The measurements were analyzed 
analytically using the Euler-Bernoulli theory: 
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where ρ=3.255 g cm-3 is the density of the film, n is the 
mode number, kn and γn are mode dependent prefactors 
[16]. The residual strain ε is relevant only for doubly 
clamped bridges, while cantilevers are assumed to be 
relaxed.  
 

3  RESULTS AND DISCUSSION 
 

Using spectroscopic ellipsometry, parameters Ψ and 
Δ were recorded. The data were fitted to different layered 
structures, air/AlN/Si(001), air/AlN/SiO2/Si(001), and 
surface roughness/AlN/Si(001). The thickness of the SiO2 
at the interface was found to be zero. The surface roughness 
and a possible surface oxidation of the AlN are described 
by an effective medium approximation of the AlN layer 
containing 50 % voids. The dielectric function of AlN was 
modeled by two parametric oscillator functions [17] at 
energies of E0=6.2 eV and E1=7.8 eV to account for the 
band edge and the E1 transitions [18]. With respect to 
crystalline AlN, the transitions are characterized by 
enhanced broadening parameters. The calculations revealed 
that the thickness and the refractive index of the film were 
164 nm and 2.02, respectively. 
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Fig. 1: XRR measurements and simulation of 
a stoichiometric AlN film grown on Si(001). 

Fig. 1 shows the measurement and simulation of 
XRR scans probed by CuKa radiation. The simulation of 
the XRR scans yielded a film thickness value of 168 nm, 
which is in a good agreement with the ellipsometric value 
given above. Furthermore, the simulation yielded a root 
mean square surface roughness, rms, of 1.15 nm and a film 
density, ρ, of 3.25 g/cm³. 
 

Fig. 2 shows a typical XRD pattern (Θ/2Θ-scan) of 
AlN/Si(001) structures. The AlN related peaks are indexed 
on the basis of the hexagonal geometry of the unit cell. In 
addition to the 004 reflection of the Si(001) substrate, the 
pattern shows the 00.2, 00.4 and 00.6 reflections of AlN. 
The fact that only AlN reflections of the type 00.L are 
detected and furthermore, the reflections other than the AlN 
00.L-type are absent, indicates that the AlN grains are 
preferably oriented along the c-axis perpendicular to the 
film surface. From the 00.2 peak the c lattice parameter was 
determined to be about 4.98 Å, which is in a good 
agreement with 4.982 Å given in the literature [2]. Cross 
sectional scanning electron microscopy (SEM) and XRD 
pole figure measurements confirmed the fiber texture of the 
AlN films [11]. Rocking curves were recorded around the 
00.2 Bragg reflection. The relatively small value, 3.55°, for 
the FWHM for stoichiometric AlN/Si(001) indicates good 
crystal orientation, i.e., the tilt of grains away from the 
perpendicular to the surface is low. 
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Fig. 2: XRD Θ/2Θ pattern of 200 nm  

thick AlN on a Si(001) substrate. 
 
Fig. 3 illustrates the EDX measurement of the 

stoichiometric AlN film. Only Al and N signals could be 
detected in the sample. The extremely week signal of 
oxygen proves that the film hardly absorbs atmospheric 
water or oxygen. The composition of this film is calculated 
to be 50.7 at% N, 48.8 at% Al, and 0.5 at% O. The RBS 
measurements confirmed these values [11]. 
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Fig. 3: EDX spectrum of a stoichiometric AlN film. 
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 Fig. 4 depicts the change in stress on aging for a 
slightly nitrogen-rich (referred as stoichiometric) film 
grown at the flow ratio of Ar:N2=70:40 sccm and the 
slightly nitrogen-deficient (referred as non-stoichiometric) 
film grown at the flow ratio of Ar:N2=70:15 sccm. The 
thicknesses of the two films were identical. The as-
deposited stress in the stoichiometric film does not change 
when exposed to the atmosphere following deposition. The 
as-deposited tensile stress in the film grown with lower 
flow rate of nitrogen was slightly tensile, which changed to 
compressive within a couple of hours when exposed to the 
atmosphere following deposition. Although the XRD Θ/2Θ 
patterns were very similar for both films, the RBS 
measurements revealed that the non-stoichiometric film 
contains 3.2 at% oxygen which apparently got incorporated 
into the film due to oxidation when exposed to the 
atmosphere [11]. The growth rates of the stoichiometric and 
non-stoichiometric films were 16 nm/min and 25 nm/min, 
respectively. It is anticipated that the relatively high growth 
rate in the absence of sufficient amount of excited nitrogen 
species is the main reason for non-stoichiometry.  
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Fig. 4: Aging of stoichiometric and non-
stoichiometric AlN/Si(001) at room temperature. 

 
Fig. 5 shows linear decreasing of the stress in the 

stoichiometric AlN film due to heating from room 
temperature to 400°C. Upon subsequent cooling from 
400°C to room temperature the stress changes follow the 
same path as of heating, thus, exhibit no hysteresis. The 
elastic behavior indicates that the device will be reliable in 
the above temperature range without deterioration of their 
performances, which could be related to the stress. 
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Fig. 5. Temperature cycle dependence of stress in 
 stoichiometric AlN films grown on Si(001) [11]. 

Mechanical microstructures have been fabricated 
from the stoichiometric AlN films. Fig. 6 shows the SEM 
image of an AlN circular membrane of 3 mm in diameter at 
the bottom of the Si substrate, fabricated by the 
conventional lithography and plasma-based dry etching. 

 

 
 

Fig. 6: SEM image of an AlN membrane fabricated 
by a deep reactive ion etching process. 
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  Fig. 7: Load-deflection curves measured by bulging of  

     200 nm thick AlN membranes of various diameters 2r. 
 

The variation of the deflection, z of the center with 
hydrostatic pressure applied on one side of the membrane is 
shown in Fig. 7. A relatively large deflection already at a 
low pressure has been observed. By fitting the experimental 
data to the equation (2), values of the residual stress and 
Young´s modulus are obtained to be 410 MPa and 336 GPa, 
respectively. The Young’s modulus is in good agreement 
with those given in the literature [2,19,20], which were 
obtained for single-crystal AlN. 

 
 Finally, resonant oscillating microstructures were 
analyzed. For the determination of Young’s modulus, 
cantilevers were employed, where the residual stress is 
assumed to be zero (strain ε = 0 in equation (3)). The results 
for the first vibration mode as a function of the geometry 
factor (d/L2) are shown in Fig. 8. From these data, the 
Young´s modulus E is calculated to be 310 GPa. Moreover, 
from the linear fit of the experimental data (Fig. 8) sound 
wave propagation velocity, ρ/E , is determined to be 

9760 m/s, which is in a good agreement with the value 
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given in the literature. Using these values, the resonant 
behavior of doubly clamped microbridges has been 
analyzed and the residual stress has been calculated to be 
270 MPa. 
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Fig. 8: The first mode resonant frequency  

as a function of cantilever geometry factor.  
 

Object of 
measurement   

Al/Si(001) Membrane 
Cantilever
/Bridges 

Measurement 
technique 

SLR Bulge 
Resonant 
frequency 

s    [MPa] 310 410 270 

E    [GPa] 342 336 310 

d33  [pm/V] 5.5   

  

 
Table 1: Summary of mechanical properties  
of our AlN obtained by different methods. 
 

Table 1 summarizes the results of measurements of 
the mechanical properties of AlN carried out on free-
standing membranes, films and on microcantilevers. Also 
included in the Table is the piezoelectric coefficient d33. 
The high value of d33 indicates an excellent piezoelectric 
property of our AlN film. 

 
4. CONCLUSIONS 

 
The aging and thermal cycles dependences of the 

mechanical stress in rf sputtered wurtzite-type AlN films 
revealed that the stoichiometry of the film is an important 
factor. Thermally induced stress changes in stoichiometric 
films exhibit no hysteresis with thermal cycles. A stress 
reduction is observed on free-standing microstructures. The 
bulge test performed on a stoichiometric AlN membrane 
shows an extremely sensitive dependence of the deflection 
on pressure. The Young’s modulus of sputtered AlN 
measured on (i) thin films, (ii) on thin membranes and (iii) 
on resonant microstructures was determined to be in the 
range of 310-350 GPa, which is in a good agreement with 
literature. The good stability of stress with aging, the 
stability of the microstructures and the piezoelectric 
properties indicate that the devices will be highly reliable 

without any deterioration in their performance, which could 
be related to the stress. Due to these unique properties, the 
sputtered AlN film is a promising material for reliable 
sensors. 
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