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Design of thin film bulk acoustic resonator under unique mode
MO Shao-meng,CHEN Jian-ming, WU Guang-min,ZHAQO Jian-jun

(MEMS Research Laboratory, Kunming University of
Science & Technology, Kunming 10086 ,China)

Abstract: The spectra of input electric impedance for a four-layer (electrode/piezoelectric film/elec-
trode/substrate) thin Film Bulk Acoustic Resonator (FBAR) with the materials of Al/AIN/Al/Si and
the thickness of each layer of 0. 8 pm/1. 9 pm/0. 8 um/100 pm is researched by a transfer matrix
method. The distribution of the effective coupling factor (k%) versus the mode order is derived,and a
unique mode with maximum k%; is obtained in the 40th mode from 1 GHz to 2 GHz in simulation. The
effects of various electrodes and the substrates on the distribution of unique mode and the frequency
shift are studied,and the quality factor at series resonant frequency and the Figure of Merit (FOM)
which are the main parameters to indicate the features of the crystal resonator in a filter design are in-
vestigated. Experimental results show that the performance of the FBAR working in the unique mode
relies greatly on the sizes and the materials of layers. The unique mode shifts in a higher frequency are
from 1.2 GHz to 4. 8 GHz when the film thicknesses come from 0. 2 pm to 4. 3 pm in simulation; the
k% and Q, are from 3. 2% to 0. 8% and from 2 000 to 700 in simulation, respectively when the sub-

strate becomes thicker and the %%; of the unique mode declines and tends to a stable value when the e-
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lectrode becomes thicker. These conclusion gives some guidelines for the design of a proper FBAR.

Key words: Film Bulk Acoustic Resonator(FBAR) jeffective electromechanical coupling factor; quality

factor

1 Introduction

Among frequency control/selection devices, the
Film Bulk Acoustic Resonator (FBAR) consis-
ting of a piezoelectric thin film on a high Q sub-
strate in sandwich structures is an attractive can-
didate with high Q value reported to be the order
of 1014. Because of its integration with CMOS
process , it can be widely used in the field of
wireless network, such as Voltage Controlled
Oscillator (VCO)™. Several efforts for FBAR
based on the oscillator with CMOS integrated
circuits and discrete circuits have been reported
with very impressive performance?!.

In an FBAR, there are a few tens to a few
hundreds resonant modes in its frequency spec-
tra, so it is our goal to choose the unique one
with a maximum effective coupling factor k%,
where k% is particularly used in the filter design
literature as a convenient measure of bandwidth
for bandpass filters and determines the insertion
loss of the resonator used in the oscillator!.
For the FBAR design and performance evalua-
tion, it becomes important to precisely investi-
gate the effects of the size and material proper-
ties of the main parameters under the unique
mode.

In this paper, as the emphasis, the distribution
of maximum k% under the unique mode and fre-
quency shift as the thickness of substrate, the e-
lectrode and the piezo-film are comprehensively
studied. Furthermore, under the unique mode of
maximum kZ;, Quality factor, FOM, which is
crucial parameters in filter and oscillator designs

is evaluated in detail.

2 Performance parameters and

simulation procedure

In order to deduced the performance parameters
of the piezoelectric composite resonator, its in-
put impedance Z,, should be derived first. And
from the impedance spectrum, the series and
parallel resonant {requencies f, and f, can be ob-
tained, based on which the maximum %%, Q. fac-
tor, and FOM can be derived.

2.1 Input impedance of FBAR

For a four-layer FBAR"', i. e., a piezoelectric
film sandwiched by two electrodes and deposited
on a substrate, as shown in Fig. 1, the electric

input impedance can be given by

_V_
Zinil

1 [7ﬂ (2, +=2,)sin y+3j2(1—cos r) ](1)
jwCo y (z1+2)cos r+j(1+z12,)sin y ]’

Where ¢, =¢}; s/ is the clamped capacitor of the

resonator with a area s, 2, = spv is the acoustic
impedance of the piezoelectric layer with a densi-
ty p,v is the longitudinal acoustic wave velocity
in piezoelectric layer along the direction normal
to the resonator surface; w=2nf is the angular

frequency , ¥ = wl / v is the phase delay of the

Piezoelectric  film

Electrode

Substrate

Fig. 1 Schematic of four-layer structure FBAR
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acoustic wave in the piezoelectric film, &7 is the

electromechanical coupling coefficient of thin

film piezoelectric material, Z, =—>=jZ., tan ¥.
Ug

_ B Zgytan Y4+ Zotan Ye

Z u; - 1—(Z,/Z,)tan y,tan yg

,sand 2, =

Z./Z, and 2, =Z,/”Z,are the normalized acoustic
loading impedance on both sides of the piezoelec-
tric layer.

2.2 Performance parameters of unique mode
The performance parameters of a FBAR operat-
ing in the unique mode can be derived from f,
and f, of the impedance spectrum. For the
FBAR using as a frequency selection device, the
BVD equivalent circuit parameters can be used to
characterize its features, as shown in as Fig. 2.
In this paper k%, Q, in series resonant frequency
, and FOM are emphasized. They can be defined

as follows :

2 __ 12
(1)/?.%”:(%)“1; (2)Q5=%

[6]
»where ¢, is the phase angle of in-

‘ dg,
df |

put impedance; (3) FOM=Q.C,/2C,=Q, (f; —
/215
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—

Fig. 2 BVD equivalent circuit of FBAR

2.3 Simulation procedure
]

The simulation procedure is as follows"

(1) For a FBAR with fixed layer sizes and ma-
terials, calculate the input impedance spectrum,
from which the series resonant frequency f,,
parallel resonant f{requency f,, and the phase
angle ¢Zi“ of all modes can be calculated, and the
distribution of k%; versus the mode orders can be

obtained.

(2) The unique mode M with maximum £
(M) and its two resonant frequencies f,(M) and
f» (M) can be obtained from the distribution.

(3) Q. at the series resonant frequency and the
FOM under the unique mode can be derived.

(4) The distribution of £% (M), Q., and FOM
versus layer sizes can be studied by changing pa-
rameters of the electrodes, films and the sub-
strates. In this paper, the effective thickness of
substrate, that is the impedance ratio of sub-

strate to that of film, is primarily studied.

3 Results and discussion

The input impedance responses of a four- layer
FBAR consisting of AIN film sandwiched by two
Al electrodes on a Si substrate are shown in Fig.
3,in which the thickness of each layer is 0. 8
pm/1.9 pm/0. 8 um/100 pm. Fig. 4 shows the
distribution of k% with mode orders, which can

be seen that the 40th mode has maximum &%,
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Fig. 3 Input impedance spectrum
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Fig. 4 k% distribution of four-layer FBAR
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with a f, of 1. 680 0 GHz and a f, of 1. 681 9
GHz.

Fig. 5—7 are the simulation results of maxi-
mum kZ; distribution with the different thicknes-
ses of the piezo-films, electrodes, and sub-
strates. It can be seen that the maximum k%
tends to raise when the film comes thicker, and
a higher frequency can be gotten with a thinner
film; the maximum k% becomes smaller when
the electrode comes thicker, and the operating
{frequency shows a periodically descend with e-
lectrode changes; when the film is deposited on a
thicker substrate, maximum k% comes smaller;
and the operating frequency shows a disorder

distribution.
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Fig. 8—13 are the simulation results for the
effective thickness of substrate and the thickness

of electrode on the distribution of maximum &%,

Q. factor, and FOM. Three different kinds of
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substrate and electrode materials are used in the
calculation. It can be seen that the three parame-
ters drop smoothly with the increase of the sub-
strate thickness, and decline vibrantly with the
electrode coming thicker. And the performance

parameters of a better FBAR deposited on a
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Fig. 11 Q. distribution on different electrodes
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