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Abstract—In this paper, a new approach is proposed to
rapidly and accurately measure the electromechanical coupling
constant K2 of thin film piezoelectric material, which is criti-
cally important for real-time quality control of the piezoelectric
film growth in mass production. An ideal lossy bulk acoustic
resonator (LBAR) model is introduced and the theory behind
the method is presented. A high-tone bulk acoustic resonator
(HBAR) was fabricated on a silicon wafer. The impedance
response of the resonator was measured, from which the K;?
of the piezoelectric material was extracted. To illustrate the
potential of the proposed technique to extract material prop-
erties, two HBAR devices employing AIN as the piezoelec-
tric material were fabricated using an RF sputter system with
known good and bad deposition conditions; the extracted K;?
values of the piezoelectric material are compared.

I. INTRODUCTION

THE advancement of modern wireless communication
systems requires high-performance filters and fre-
quency reference elements with high operation frequency,
miniature size, and low cost. Bulk acoustic wave (BAW)
resonators are well suited for mobile telecommunication
systems operating at high frequencies from 0.5 to 10 GHz
and have been intensively developed for the past 20 years
[1]. A BAW resonator typically consists of a layer of piezo-
electric thin film sandwiched between two thin metal elec-
trodes. When an alternating electrical voltage is applied
between the two electrodes, the consequent electric field
between the electrodes interacts with piezoelectric mate-
rial to generate acoustic waves within the piezoelectric
material. Electromechanical coupling constant K2 of the
piezoelectric material is a parameter of exceptional impor-
tance for BAW filters [2]. A greater K> usually indicates
a larger separation of the series and parallel resonances,
which is crucial for producing RF BAW filters with wide
bandwidth [3].
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AIN is a desirable BAW material with relatively high
K2. 1t is frequently prepared by sputtering. The quality of
the deposited AIN film is often examined by X-ray diffrac-
tion (XRD) and presented in terms of XRD peak-width
rocking-curve full-width at half-maximum (FWHM) angle
[4]. It is important to note that a small FWHM angle is
a necessary condition to achieve high K2, but it is by
no means a sufficient condition. Even if XRD shows per-
fect crystal orientation and satisfactory FWHM angle, an
amorphous AIN starting layer could be placed during the
deposition process, which would greatly undermine the
K7 of the film [5].

The most obvious way to extract the K2 of the piezo-
electric material is to fabricate a thin film bulk acoustic
wave resonator (FBAR) or a solidly mounted resonator
(SMR) and then measure the resonant frequency and anti-
resonant frequency, from which the effective electrome-
chanical coupling coefficient K t?eff of the resonator is cal-
culated. However, the resonator structure is complicated
and there are many factors influencing the K feff of the
resonator in the fabrication process; ultimately, the ex-
tracted K72 of the piezoelectric material may be inaccu-
rate [6].

In this paper, a very intuitive and simple approach
based on a single-mask process high-tone bulk acoustic
resonator (HBAR) structure to extract K of thin film
piezoelectric material was developed. As shown in Fig. 1,
an HBAR consists of a piezoelectric layer sandwiched by
two metal electrodes, and a support substrate underneath
the sandwich structure. The bottom electrode serves as an
electrical ground plane, and the top electrode is patterned
in a ground-signal-ground configuration for probe mea-
surements. K2 of the piezoelectric material can be directly
extracted by measuring input impedance of the HBAR.
One can get an intuitive impression of the K2 character-
ization from the Smith circle measured and displayed on
a network analyzer.

II. THEORY

To get a high quality (Q) factor, the HBAR should have
a substrate that has a small acoustic attenuation, such as
sapphire, crystal quartz, etc. [7]. Because the thickness of
the substrate is large compared with the acoustic wave-
length, the device operates at a very high harmonic of its
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Fig. 1. (a) Cross-sectional schematic of a high-tone bulk acoustic resona-
tor (HBAR). (b) Photographs of a fabricated HBAR device.

fundamental. The electrical response consists of a series of
resonances and anti-resonances with frequency separation
that is approximately inversely proportional to the thick-
ness of the substrate [8]. In general, it is very difficult to
obtain a closed-form solution for the electrical impedance
of the HBAR because of the presence of a large number of
resonances. To simplify the theoretical analysis, a critical
assumption is made. The substrate is assumed to be infi-
nitely long or very lossy, which means that the wave inci-
dent to the substrate will never be reflected back. In other
words, no standing wave is supported in the substrate. We
define this type of device as a lossy bulk acoustic resona-
tor (LBAR).

The active area of the LBAR is determined by the
overlap area of the top signal and bottom electrodes. The
lateral dimension of the device is significantly larger than
the thickness of the composite structure, to justify the
one-dimensional acoustic wave propagation assumption. A
one-dimensional Mason model [9] was applied to analyti-
cally calculate the electrical response of the device. The
piezoelectric layer was modeled as an electrical port and
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Fig. 2. Equivalent circuit of a lossy bulk acoustic resonator with thin
metallic electrodes.

two mechanical ports through the use of an ideal electro-
mechanical transformer, as shown in Fig. 2. With the ex-
ception of the piezoelectric layer, any layer in the acoustic
structure can be modeled as an ideal electrical transmis-
sion line with characteristic impedance equal to the acous-
tic impedance of the material. From the microwave theory,
the infinitely long transmission line can be replaced by a
resistance which is equal to the characteristic impedance
of the transmission line Z;. The equivalent circuit of an
LBAR with metallic electrodes thin enough to be negli-
gible is shown in Fig. 2.

The electrical input impedance of the LBAR is ex-
pressed as

1 (Zs/ Z1)sin(kd) + 2j(1 — cos(kd)) K?v,

-~ jwC sin(kd) — j(Zs/ Zr)cos(kd)  dw?C,
1

~ jwCy

7.

m

+7,
(1)

where Zg, Z7, d, v,, and k are the acoustic impedance of
the substrate, acoustic impedance of the piezoelectric ma-
terial, thickness of the piezoelectric layer, acoustic velocity,
and wave number in the piezoelectric layer, respectively.
() is the capacitance of the piezoelectric layer sandwiched
by the top and bottom electrodes. w is the angular fre-
quency of the applied signal. K2 is the electromechanical
coupling constant of the piezoelectric material.

Because 7' is a complex number, it can be rewritten as
a sum of the real and imaginary parts:

1 . K,
Zin - m + [Zr(w) + ]Zi(w)]dWQCO’

(2)

where Z. and Z; are the real part and imaginary part, re-
spectively, and are given by
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ZsZ1(1 — cos(kd))?
Z#sin(kd) + Z§ cos*(kd)
sin(kd)[1 4 cos(kd)](Z3 — 2Z3)
Z% sin*(kd) + Z§ cos*(kd)

(3)

Ziw) = (4)

Resonance is defined as the frequencies at which Z(w)
= 0; therefore, the fundamental resonant frequency is giv-
en by

w, = (5)

In the case of w, = mwv,/d, cos(kd) =
close to the maximum:

-1, Z(w,) is very

Zwy =BT = o 0

The corresponding electrical impedance 7, is

1 4 K,

Ziy = = .
jw,Co ~ Zs/Z1 dwlC,

m

(7)

R, is defined as the real part of Z, at the resonant fre-
quency:

4  Kp, 4Zy K} A Zp Kid®

Ro= o BiVa  2Zr Bi 22y AT
' ZS/ZT dwOQCO m ZS WOCO 71'2 ZS ’UagrEOA
(8)

From (8), we can get

R, 47y d? 9
K7~ 7 Zs v 9
where €., €y, and A are the relative permittivity, vacuum
permittivity, and the active area of the device, respec-
tively. According to (9), with fixed values of piezoelectric
layer thickness d and active area A of the LBAR, R,/K?
is a constant.

For the LBAR structure with negligible electrodes,
e.g., a simple two-layer structure, the ratio of R, to K2
is a constant value. However, in a practical piezoelectric
device, the electrodes cannot be too thin for a low se-
ries resistance. To verify whether these conclusions are
applicable to the multilayer structure, a program based
on the Mason model has been developed to simulate the
multilayer LBAR structure. Similarly, the substrate is as-
sumed to be infinitely long, and is replaced by a resistor
in the model. To verify the validity of the model, a high-
loss silicon wafer was used as the substrate to form the
multilayer device shown in Fig. 1. The simulation and
experimental results are in very good agreement over a
very wide frequency range, as shown in Fig. 3. Unlike
conventional high-Q HBARs, the series of resonances and
anti-resonances are nearly undetectable in the electrical
frequency response of the multilayer HBAR employing the

1000
- 900
measurement
800 - —— simulation
600 - - 600
<)
N
400
- 300
200
o+——7—"+—T—"—""TF"—F—"—TF T 77— 0
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0 45

frequency (GHz)

Fig. 3. Simulated and measured frequency responses of a lossy bulk
acoustic resonator.

high loss substrate, which indicates that almost all the
acoustic energy incident into the substrate is absorbed.

To study the relationship between the K2 and R, of a
multilayer LBAR structure, the value of R, is simulated
with the K2 variation, and the result is plotted in Fig.
4. The maximum of the real part of the input impedance
R, is plotted in the same figure. Both R, and R, are lin-
ear functions with respect to K2 ranging from 1% up to
30%, except the slopes of the two lines are slightly differ-
ent, which validates the conclusion that the ratio of R, to
K2 or R, to K2 is approximately a constant value for a
multilayered LBAR structure. Therefore, the value of K2
could be extracted from either the real part of 7, at the
resonant frequency or the maximal value of the real part
of the measured input impedance of the resonator.

The simulated S, parameters of LBARs with different
K2 values are plotted in the Smith chart, as shown in Fig.
5. The S1; of an LBAR plotted in the Smith chart is a
resonant circular curve. If the piezoelectric layer thickness
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Fig. 4. Relationship between R and K/ of a multilayer lossy bulk acous-
tic resonator structure.
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Fig. 5. Smith chart showing simulated Sj; parameters of lossy bulk
acoustic resonators with different values of K2

d and active area A of the LBAR are fixed, the size of the
resonant circle is determined by K2 of the piezoelectric
material. The bigger the resonant circle is, the larger is
the K2 Therefore, one would get an intuitive impression
about the value of K2 by reading the measured impedance
of the resonator plotted in the Smith chart.

In the Mason model and the preceding simulations, a
resistance representing the complete absorption of acous-
tic waves in the substrate, equivalent to the acoustic im-
pedance of the substrate material, was adopted. However,
the commonly used substrates such as silicon have a finite
thickness, and also many of them do not present signif-
icant attenuation to the acoustic wave. Therefore, in a
more realistic model, the thickness of the substrate should
be finite, and the loss factor of a propagating acoustic
wave in the substrate is introduced. The simulation results
are displayed in Fig. 6, which are the real part of the input
impedance Z of an HBAR formed on low-loss substrate
and an ideal LBAR. The dark gray curve is the result of
the LBAR using the ideal model in which the substrate is
replaced by a resistance, and the light gray curve is that
of the HBAR using the realistic model. The lighter curve
is fatter than the dark curve because a large number of
harmonic resonances are excited which are densely spaced
in the frequency spectrum of the low-loss HBAR. With
the increasing substrate loss, the harmonic resonances be-
come weak, and the fat, lighter curve becomes slimmer,
ultimately matching the darker curve. The darker curve is
approximately the mean of the lighter curve.

An LBAR is an ideal device and is not convenient to
fabricate. A low-loss HBAR is a more realistic device for
practical use. After a low-loss HBAR is fabricated and
measured, the noisy raw impedance data are then aver-

aged using a moving square or Gaussian average window
to get a smooth data curve, from which the K2 of the
piezoelectric material is extracted. Taking into account
that the frequency interval of the resonances and anti-
resonances superimposed on the electrical response are ap-
proximately inversely proportional to the thickness of the
substrate, an alternative approach is to design a low-pass
filter to filter out the high-tone components of the sig-
nal produced by the substrate resonance. A clean spectral
curve is obtained at the output of the filter, which is then
used to calculate K, using the same procedure.

III. EXPERIMENTS

To illustrate the potential of the proposed technique
to extract material properties, two HBAR devices were
fabricated, using AIN as the piezoelectric material. The
AIN thin films in the two devices were prepared in an
RF magnetron sputtering system. One AIN film was de-
posited using known good deposition conditions, and the
AIN film in the other device was deposited using known
bad deposition conditions. The deposition conditions in-
clude substrate temperature, RF power, process pressure,
surface roughness, etc. The substrates used to fabricate
the two devices were 500-pm-thick silicon wafers, polished
on one side. A 0.3-pm molybdenum thin film is deposited
on the substrate as the bottom electrode. Following the
deposition of the bottom electrode, an 0.8-pm AIN layer
is deposited in the RF sputtering system. A 0.3-pm mo-
lybdenum thin film is then deposited and patterned as the
top electrode. The active area of the device is an irregular
polygon of about 3 x 10% pm?.

In Fig. 7, the measured real part of the input impedance
of the two HBAR devices are plotted in light gray. The
data after performing the averaging function are shown
in darker gray in the same figures. From the maximum
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Fig. 6. Real part of the input impedance of the low-loss high-tone
bulk acoustic resonator (HBAR) and the lossy bulk acoustic resonator
(LBAR).
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Fig. 7. The measured real part of the input impedance of the two high-
tone bulk acoustic resonator (HBAR) devices employing the AIN piezo-
electric films prepared in a sputter system with known (top) good and
(bottom) bad deposition conditions.

resistance R,, and the relation between R,, and K as de-
scribed in Fig. 4, the electromechanical coupling constants
K2 of the two AIN films are extracted as 6.3% and 5.0%.

IV. CONCLUSION

A very simple method to extract K2 of thin-film piezo-
electric material was developed in this paper. In the new
method, K2 can be directly extracted by measuring the
input impedance of an HBAR. The theory behind the
method was presented and experiments were performed
to validate the theory. This study provides a new tool to
evaluate the quality of a grown piezoelectric film.
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