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Abstract This paper proposes a new model for the lon-
gitudinal piezoelectric coefficient (LPC) measurement of
the aluminum nitride (AIN) thin film on (100) Si substrate,
the AIN thin film is fabricated by the direct-current mag-
netron sputtering and the piezoelectricity of the AIN thin
film is measured by the piezoresponse force microscopy
(PFM) in contact mode. In this model, the electric field
distribution is taken into account, and the electrostriction
displacement caused by the local field concentration is
excluded from the measured displacement by the PFM.
A LPC value of 4.22 + 0.34 pm/V is obtained for the
clamped AIN thin film by this model, and the deviation
between this value and that measured under homogenous
field condition is <5.7 %. Therefore, it is reasonable to
apply our model to the piezoelectricity characterization of
AIN thin films when using the PFM. Furthermore, piezo-
electricity of other thin films could also be characterized
using this model, which could simplify the measurement
process.
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1 Introduction

Aluminum nitride (AIN), as one of the Ill-nitrides, has a
wide bandgap, high acoustic velocity, high electrical
resistivity, excellent piezoelectricity, good thermal and
chemical stability as well as friendly compatibility with
traditional IC fabrication process [1, 2]. Due to these out-
standing properties, AIN has been widely employed to
manufacture electrodevices, such as energy harvesting
devices [3, 4], surface acoustic wave (SAW) devices [5-7],
thin film bulk acoustic resonators (FBAR) [8, 9], and Lamb
wave devices [10], all of which have found their applica-
tions in power generation, signal processing and sensing.
To improve the performance of these electrodevices, high
quality (002) oriented AIN thin films are in demand, for
their strong piezoelectricity in the (002) orientation which
is along the c-axis direction. AIN films can be fabricated by
different techniques, such as metal-organic chemical vapor
deposition (MOCVD) [8, 11], molecular beam epitaxy
(MBE) [12, 13], pulsed laser deposition (PLD) [14, 15],
and reactive magnetron sputtering [6, 16]. Among these
techniques, the magnetron sputtering can produce AIN
films in mass at a relatively low temperature compatible
with the micro-electromechanical systems (MEMS) tech-
nology [1]. Therefore, the magnetron sputtering has been
widely utilized in the AIN piezoelectric thin film
deposition.

As the piezoelectricity of the AIN thin films plays an
important role in electrodevices, how to measure the pie-
zoelectric coefficient of the AIN thin films, especially the
longitudinal piezoelectric coefficient (LPC) is essential to
assess the performance of the AIN film based electrode-
vices. Two main methods are usually used to measure the
piezoelectric coefficient of the AIN thin films, i.e. optical
interferometer [17] and piezoresponse force microscopy
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(PFM) based on atom force microscopy (AFM) [18-20].
Displacement of top electrode on the AIN thin films is
detected by a single-beam optical interferometer, but the
substrate would be strained with the expansion and con-
traction of the AIN film. To decrease the impact of the
substrate strain, a double-beam interferometer would be
applied with one beam focusing on the top electrode, the
other one on the back surface of the substrate. However,
strict alignment of the two beams must be satisfied in
double-beam method. Comparatively, the PFM technique
utilizes a conductive probe, and the tip of probe is in
contact with the sample surface. A voltage is applied to the
tip, and the piezoelectric displacement is monitored by the
tip simultaneously. In the PFM method, the voltage can be
applied between the conducting tip and the bottom elec-
trode, or between the top and bottom electrodes [18]. The
electric field is homogenous with the voltage applied
between the top and bottom electrode, which is of benefit
to the determination of piezoelectric coefficient. On the
contrary, the electric field is highly inhomogenous when
the voltage-applied tip contacts the surface of the AIN film
directly. Electric field is concentrated in the contact region,
where the electrostrictive effect takes place. Electrostric-
tion displacement would be added into the piezoelectric
displacement detected by the PFM, which would lead to
errors to the measurement of the piezoelectric coefficient in
this case. As far as we know, no research has been done on
this issue by now.

In this paper, we utilized a modified tip-film model to
measure the LPC of AIN thin film without top electrode by
the PFM. The AIN film was deposited on (100) Si substrate
by DC magnetron sputtering method, and the crystal
structure as well as the surface morphology was investi-
gated by the X-ray diffraction (XRD) and scanning elec-
trical microscope (SEM), respectively. To verify the
effectivity of this model, the LPC of the AIN film was also
measured under the homogenous-field condition with the
voltage applied between the top and bottom electrodes.

2 Method

A voltage is loaded between the tip and the bottom elec-
trode in the measurement of the local LPC of the AIN thin
film by the PFM method. The out-of-plane displacement of
the AIN thin film is detected via the deflection of the
cantilever of the AFM. Combining the measured dis-
placement with the applied voltage Vi;,, the LPC of the
AIN film is usually calculated by the following equation:

At = dyzEt = d33Vﬁp (1)

where d33 is the longitudinal piezoelectric coefficient,
E = V,;,/t is the electric field in thickness direction and ¢ is
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Fig. 1 Schematic of the tip-film configuration. The thickness of the
AIN film is ¢, the equivalent charge of the tip g;, the induced image
charge g, with respect to upper surface of AIN as well as their image
charges with respect to the bottom electrode —g;, —¢g,, and these
charges are used to calculate the potential and electric field in air via
the method of charges; the potential and electric field in AIN film can
be obtained by another charge g5 instead of g, and its image charge
—q; by the same method

the thickness of the film. However, the distribution of the
electric field in the thin film beneath the tip is highly in-
homogenous, which may induce the error to the piezo-
electricity measurement of the AIN thin film. So the
nonuniformity of the electric field in (1) should be con-
sidered, and the LPC can be calculated under weak electric
field condition as in (2),

1

At = /d33E -ndz = d33Veq (2)
0

in which E is the electric field vector in the AIN film
beneath the detected point, n is the inward unit normal to
the film surface, V., is the equivalent voltage applied
between the tip and the bottom electrode, and the inte-
gration is implemented along the film thickness.

In this paper, we use the tip-film system model proposed
by C. Durkan as shown in Fig. 1 [21], and the tip-film
structure is regarded as a capacitance C:

2meoR?

c=_ T 3
t/8r2+d/8r|+R ( )

where d is the actual tip-surface separation and usually in
several angstroms, R is the radius of the tip, ¢, and ¢,, are
the relative permittivities of the medium above and in the
AIN film, respectively, and & is the permittivity in vacuum.
Here, the AIN film is surrounded by the air, so &, is
assumed to be 1.0. To work out the electric field distribu-
tion in the AIN thin film, the voltage-applied tip can be
simplified as an equivalent charge g; = CV, with the Vi,
being the tip applied voltage. By the theory of the image
method [22], ¢, is the induced image charge of g; with
respect to the interface between AIN film and the air, and
—q1, —q are the image charges of ¢, and g, with respect to
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Fig. 2 The electric field distribution of the AIN thin film along the
thickness direction beneath the tip with x =0, d = 0.5 nm,
R=40nmm, t =18 um, & = 1.0, ¢, =91 and V=1V

the bottom electrode as shown in Ref. [21]. All of these
charges are used to calculate the electric potential in the
air. In the same way, the electric potential in AIN film is
calculated by an equivalent charge g5 instead of g; as well
as its image charge —g3 as shown in Fig. 1. The electric
potentials ¢, » in the two mediums are expressed using the
q1, 42, g3 and their image charges as in (4):

1 9, ¢ @ q
P1=7 —t ===
TEYEF] r r r3 r4

__ (6 s
#2 dnegen, \ 11 14

where ry, 1, r3 and r,4 are the distances from the field point
to the charge locations of q; (q3), ¢2, —¢» and —q; (—q3).
The electric field E; , are given in (5):

Eip=-Vo,, (5)

(4)

Using the boundary conditions at the interface between
medium 1 and 2 as well as the zero potential at the bottom
electrode, the image charges g, g3 are given in (6) from
Ref. [21].

g =(1—¢e1/e2)q

1/d? —1/(1+d)*?
X
1/d32 =1/ (2t +d)*?

-1

1/d"?—1/(t+d)""?
1/d\/? 41/ (2t +d)"?
1/d"? —1/(t+d)"?
1/d'2 +1/(2t +d)'"?

(6)

432611—612[

The electric field distribution along the thickness
direction of the AIN thin film at x = 0 is calculated with
d=05nmm,R=40nm, t = 1.8 um, ¢, = 1.0, ¢,, = 9.1
[23] and Vi, =1V in Fig. 2. It can be seen that the
electric field in the AIN film increases very slowly with
z < 1.0 pm, then exponentially increases with z increasing
from 1.0 to 1.8 pm and exceeds 10° V/m as shown in

Fig. 2. In this case, electrostrictive strains would be
induced. The electrostriction, which could be neglected in
weak electric field, should be considered [24]. Therefore, if
the piezoelectric coefficient ds; is directly calculated under
the homogenous or inhomogenous field in model (1) and
(2), the electrostriction displacement may be introduced
into the piezoelectric displacement.

To measure the piezoelectric coefficient of the AIN film
accurately, both of the electric field distribution and the
electrostriction displacement in the film should be taken
into account by the following equation:

t t

At = —/d33 . Egzdz + /M . EzzEzde (7)
0 0

where E,, is the component along the z-axis of electric field
vector in the AIN thin film and M is the electrostrictive
coefficient related to the out-of-plane strain. The first
component in the right of (7) is corresponding to the pie-
zoelectric displacement, and the minus is due to the
opposite direction of the electric field to that of the z-axis.
The second one is the electrostriction displacement. The
LPC can be obtained:

t
At — / M - By E>dz|—oy—0 = d33Veq (8)
0

with the equivalent applied voltage Veq = — f(; Ey.dz.

3 Experiments

AIN thin films were deposited on the Si (100) substrates by
a direct-current (DC) reactive magnetron sputtering
instrument (MP500, Plassys Int.co., France). To fabricate
AIN films, a 4-inch aluminum target was employed, and
the argon and nitrogen were used as the sputtering and the
reactive gas, respectively. First of all, the Si substrate was
cleaned ultrasonically in acetone, ethanol and deionized
water with each step for 5 min, and then the substrate was
rinsed with the nitrogen. After the cleaning, the substrate
was loaded into the chamber, and the chamber was evac-
uated to a base pressure of 8.4 x 10™° Torr. Prior to the
deposition of AIN thin film, a titanium layer of 160 nm in
thickness was first sputtered onto the Si substrate with a
sputtering power of 430 W and Ar flow rate of 30 sccm for
2 min. The sputtering parameters are listed in Table 1.
After the AIN thin films were deposited, the sample was
kept in the chamber for 1 h at the temperature of 400 °C,
which served as annealing process. Then the sample was
cooled to room temperature. Aluminum electrodes at four
different areas with a diameter of 200 m were patterned on
the top of the AIN thin film. The crystal structures of the
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Table 1 The sputtering parameters

Parameters Values
Substrate (100) Si
Substrate heating temperature 400 °C
Substrate-target distance 75 cm

Targets 4-in 99.999 % pure Al

Ar (99.999 %)/N, (99.999 %)
8.4 x 107® Torr

3.0 mTorr

460 W

Ar (3.4 sccm)/N; (19.4 scem)
(i.e. 85 % Ny)

Deposition time 4 h

Sputtering/reactive gases
Base pressure

AIN sputtering pressure
AIN sputtering power
Gases flow rate

Photodetector Tockon

amplifier

Tip bias
voltage

Si(100)

AC
driving /\/
voltage

Fig. 3 The schematic diagram of the PFM setup. AC driving and DC
bias voltage is applied to the bottom electrode and the tip,
respectively. The displacement of the AIN thin film is sensed by
the deflection of the cantilever. The deflection signal proportional to
the displacement is collected by the photodetector and detected by the
lock-in amplifier. The sign of the LPC is dependent on the phase of
the deflection signal. If the phase of the deflection signal is in phase
with that of the AC applied voltage, the sign is plus, and if the signal
is out of phase with that of the AC applied voltage, the sign is minus.
The sign of LPC is plus in this paper

AIN thin film were analyzed by XRD (Bruker D8/Disco-
ery) technique, and its surface and cross-sectional mor-
phologies were investigated by SEM (Hitachi S4800).

To characterize the piezoelectricity of the AIN thin
films, the PFM method based on the AFM (Multimode
VIII, Bruker) was used to measure the out-of-plane dis-
placement of the AIN film in the contact mode using a
conductive probe (MESP-HM from Bruker AFM probes,
40 nm in tip radius). Prior to the measurement, the PFM
was calibrated by applying a series of known displace-
ments onto the tip. AIN thin film without top electrode
were detected by the PFM method as shown in Fig. 3, and
the LPC was calculated by different models discussed
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Fig. 4 XRD pattern of the AIN thin film deposited on the (100) Si
substrate with Ti bottom electrode at a sputtering power of 460 W, a
sputtering pressure of 3.0 mTorr, a nitrogen flow ratio of 85 % as well
as substrate heating temperature of 400 °C. The inset shows the
rocking curve of the (002) orientation of the AIN film

above. Then to verify the effectivity of the model in this
paper, the LPC of the AIN thin film with top electrode was
measured.

4 Results and discussion
4.1 The AIN piezoelectric thin film deposition

The XRD pattern and the (002) rocking curve (inset) of the
AIN thin film are shown in Fig. 4. It demonstrates that only
the (002) diffraction peak of the AIN thin film at
20 = 36.0° is displayed except for the diffraction peaks
from the Ti bottom electrode and the Si substrate, which
indicates that the AIN thin film has wurtzite structure and
grows in c-axis preferred orientation under the sputtering
condition listed in Table 1. The full width at half maximum
(FWHM) value of the rocking curve is 1.63° from the inset
of Fig. 4. It is can be concluded that the c-axis of the
deposited AIN thin film is mostly consistent with the nor-
mal direction of the substrate.

The surface and cross-sectional morphologies of the
AIN thin film are shown in Fig. 5. Pebble-like grains
appear on the surface with size ranging from 40 to 200 nm
in Fig. 5(a), which is attributed to the extra heating at
400 °C in the chamber after deposition. Heating in the
chamber would improve the growth of the crystal grains
along the surface, and small grains merge into larger ones
as shown in Fig. 5a. Column-structures can be observed in
the cross section as shown in Fig. 5b, and the structures are
along the normal direction of the surface, which is con-
sistent with the fact that the AIN film grows in (002) ori-
ented direction perpendicular to the substrate surface
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Fig. 5 The surface (a) and
cross-sectional (b) SEM images
of the deposited AIN thin film
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Fig. 6 The displacements of the AIN thin film with the tip bias
voltage applied between the tip and the bottom electrode under three
different conditions: homogenous field (square), only considering
nonuniformity of the field (triangle) and subtracting the

depicted in Fig. 4. The thickness of the AIN thin film is of
1,800 £ 50 nm from the cross-sectional SEM image of the
film.

4.2 The measurement of the longitudinal piezoelectric
coefficient

The piezoelectric coefficients at eight different detected
regions of the AIN thin film were measured by the PFM.
The tip bias voltage was increased from 0O to 10.0 V, and
the out-of-plane displacements of the AIN were recorded in
the same time. The displacements of the AIN thin film
versus the voltages under three conditions in (1), (2) and
(8) are displayed in Fig. 6, which are corresponding to the
measurement done in the homogenous field, inhomogenous
field containing the electrostrictive component and ruling
out the electrostriction displacement, respectively. The
LPC is calculated by the linear fitting of the data, and the
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electrostriction component from the detected displacement in the
inhomogenous condition (circular). a-h are corresponding to the
eight different detected regions

results of the LPC are summarized in Table 2. The elec-
trostriction displacements are calculated with the electro-
strictive coefficient M to be 0.24 x 1072! m*/V? [25]. It is
shown that the displacements measured under the inhom-
ogenous field in (2) increase with the voltages simulta-
neously with that under homogenous field in (1), and no
obvious deviation can be observed in these two measured
condition. The average values of LPC under the homoge-
nous and inhomogenous fields condition are 8.08 & 0.36
and 7.61 + 0.34 pm/V, respectively, both of which are
larger than the reported value of the AIN thin film [26]. It is
useless to just consider the electric field distribution in the
AIN thin film. If we subtract the electrostriction displace-
ment from the detected displacement by our modified
model, a rational LPC value of 4.22 £ 0.34 pm/V is
obtained. It can be seen that the electrostriction displace-
ments account for comparatively large component in the
detected displacements, and will be enlarged as the tip bias
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Table 2 The piezoelectric coefficient of the AIN thin film without top electrode for different detected areas

Parameters® LPC values for different regions (pm/V) Average (pm/V)
(@) (®) (©) (d) (e) () (® (h)

&5 7.81 7.37 9.26 7.46 8.46 8.29 7.26 8.73 8.08 + 0.36

d53i 7.36 6.94 8.72 7.03 7.97 7.81 6.84 8.22 7.61 + 0.34

&5 3.97 3.54 5.33 3.64 4.57 4.41 3.44 4.83 4.22 +0.34

4 All the calculated LPC values are for the AIN films clamped on the Si substrate, and values for the bulk materials can be obtained using the

method in Ref. [28]

° Calculated based on the hypothesis that electric field between the tip and bottom electrode is homogenous

¢ Values calculated in inhomogenous-field condition without excluding the electrostrictive component

4 Calculated using the model proposed in this paper

Fig. 7 The piezoresponse of 50 T T 50 ——F———F———F—————"+—T—T—T7
the AIN thin films sandwiched 4| (a) ] 45L
by top and bottom electrodes at prye [USEN ] a0l

different areas of a, b, ¢ and

d. The amplitude of tip voltage
was increased from —10 to

10 V, then back to —10 V with
the vibration amplitude of the
AIN film recorded meanwhile.
The solid and dash lines are 0l
corresponding to the increasing
and decreasing courses,
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voltages increase in Fig. 6. Although the displacements
increase with the applied voltage, lags are observed in (c),
(e) and (h) of Fig. 6 with the applied tip bias voltage
<2.0 V, which may be caused by the presence of AIN
particles with opposite polarity in the detected region [27].
Additionally, the fluctuation of the displacements in
Fig. 6b and f are attributed to the tip location at the grain
boundary. The LPC values detected in region (c) are much
larger than that in other areas in Table 2, and it is estimated
that this is due to the out-of-surface AIN clusters on the
surface as shown in Fig. 5a. These clusters are not con-
strained by the surrounded grains, and free to expand and
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shrink, so the displacement would be increased when the
voltage-applied tip is located on these clusters.

To evaluate the result of our measurement, the LPC
value measured by PFM method is first reviewed. Rodri-
guez et al. [18] reported a d3; = 3.0 = 1 pm/V for AIN/
SiC. A LPC value of 5.4 pm/V for AIN thin film on (111)
Si substrate and 4.9 pm/V on (100) Si were reported by
Tonisch [11] and Mortet [19], respectively. All these val-
ues were measured with top electrode patterned on the AIN
thin film surface. Shin et al. investigated the piezoelec-
tricity of AIN thin film without top electrode by PFM
method and a clamped LPC value of 3.44 pm/V was
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accessed [29]. Moreover, the LPC of AIN thin film of
1.7 pm in thickness sandwiched between Ti electrodes was
studied by doppler vibrometer, and a value of
291 = 0.31 pm/V for clamped film was obtained [30].
Compared with these reported values, our measured result
d3z = 4.22 pm/V is theoretically reasonable, however, the
effectivity of our model can not be confirmed, because of
the fact that the piezoelectricity of the AIN thin film is
greatly influenced by several factors, such as the fabrica-
tion processes [31], thickness of the film [32], oxygen
concentration [33], etc. We should bear in mind that the
LPC of the AIN thin films deposited under different con-
ditions would vary in values. So a common method should
be used for the piezoelectricity characterization of films.

A universal method to measure the LPC of thin films
with top electrode in four different areas by the PFM has
been utilized [34]. In this method, an AC voltage is applied
between the top and bottom electrodes. The amplitude of
the applied voltage ramped from —10 to 10 V, and then
back to —10 V, meanwhile, the vibration amplitude of the
top electrode was recorded. The relationship between the
vibration amplitude and the applied voltage amplitude in
four different areas is displayed in Fig. 7. Obvious dis-
placement-voltage hysteresis loops are observed. The LPC
values in the four top electrode areas are calculated from
the slope of the linear parts of the hysteresis loops as the
Ref. [34], and a average LPC value of 3.98 + 0.15 pm/V
for the AIN thin film by this method is obtained, which is
close to that measured by our modified model with a
deviation of 5.7 %. The deviation can be explained that the
coefficient values of the AIN thin film sandwiched by
electrodes is the global effect across the top electrode,
while the values of the AIN thin film without top electrode
is just the local piezoresponse of the tip-film contact
region. Furthermore, the size and thickness of top electrode
as well as the test capacitor feature would influence the
measured result [35, 36]. Considering these factors, the
deviation between LPC value calculated by our model and
that by the universal method is <5.7 %. Therefore, it is
proved that it is reasonable to utilize our modified method
to measure the LPC of the AIN thin film by the PFM
without patterning top electrode.

5 Conclusion

When the PFM is used to measure the longitudinal piezo-
electric coefficient of the DC reactive magnetron sputtered
AIN thin film without top electrode, the electric field is
highly inhomogenous in the film, and electrostrictive effect
would take place, which influences the measurement
accuracy of the piezoelectric coefficient. In this paper, a
modified model has been used to take the distribution of

electric field and the electrostriction displacement into
account in such case. A value of 4.22 + 0.34 pm/V has
been obtained by this model. To verify our modified model,
the piezoelectricity of the AIN thin film has been measured
using a common method, i.e. with top electrode patterned
on top of the AIN film. It has demonstrated that the devi-
ation between value obtained from our modified model and
that from the common method is <5.7 %, which confirms
that it is reasonable to use this modified model for the
characterization of piezoelectricity of the AIN thin free of
patterning top electrode using the PFM method. The
modified model can also be used to analyze other piezo-
electric thin films without top electrode, which can sim-
plify the measurement process.
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