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Thin-Film Bulk Acoustic Resonators and Filters
Using ZnO and Lead-Zirconium-Titanate
Thin Films

Qing-Xin Su, Paul Kirby, Eiju Komuro, Masaaki Imura, Qi Zhang, and Roger Whatmore

Abstract—This paper presents the findings of a design, mod- TABLE |
eling, and fabrication study of ZnO and PbZrq 5 Tig.7 O3 thin-film MATERIAL PROPERTIES OFCANDIDATE PIEZOELECTRICMATERIALS FOR FBAR
bulk acoustic resonators and filters. Measurements of the high-fre- (DATA TAKEN FROM [2])
quency responses of ZnO resonators having different area are used
to develop an acoustic model that accurately represents resonator Materials AIN Zn0 PZT
impedance data. The models are also used to interpre§-param-
eter measurements on thin-film PbZf, 5 Tie_» O -based resonators Acoustic velocity 10400 6340 4500
and a value for the effective coupling coefficient deduced. ZnO (m/s)
and PbZrq 3 Tig 703 ladder filters were designed based on mea-
sured impedance data from single resonators. Ladder filters based 2.89% 7.84% 20.25%

on PbZrg 3 Tig 7Oz have been fabricated for the first time. It is Electro-mechanical
shown that the high coupling coefficient in PbZp 3 Tio.7 O3 leads coupling coefficient
to bandwidths in the range 106~120 MHz at a center frequency of k2

1.6 GHz, larger than the bandwidths of ZnO-based filters.

Index Terms—Acoustic modeling, FBAR, FBAR filters, mobile Dielectric constant 8.5 8.8 350
communications, PZT, thin-film bulk acoustic resonator. &
|. INTRODUCTION Candidate piezoelectric materials for FBARs and the mate-

OBILE phones are one of the major driving forces fofial properties that determine the operating frequency, band-
M advancement in miniature electronics. New types yyidth, and size of an FBAR element are listed in Table | [2].
advanced wireless transceivers are entering the commerdfaidate, AIN and ZnO thin films have been used successfully
market to meet the requirement of voice, data, and multimed@ the piezoelectric layer in FBARs [1], [3] and a range of filter
communications. With the development of very large scaf@nfigurations have been investigated. AIN and ZnO FBAR de-
integration (VLSI) and digital technology, tremendous imvices have material properties that make them suitable for cur-
provement has taken place in the miniaturization of wirele§gnt front-end filters for global positioning system (GPS) re-
communication subsystems. However, there seems to be liifivers and RF components in current personal communications
room for improvement in the miniaturization of the establishe®ystem (PCS) handsets, such as duplexers, and VCOs. However,
surface acoustic wave (SAW) and ceramic devices used fBe low electromechanical coupling in AIN and ZnO leads to
front-end RF filters, IF filters, and voltage-controlled oscillalow-bandwidth filters, making it difficult to meet the require-
tors (VCOs) since they are very difficult to fabricate on-chiphent for broad-band access and large data transmission in fu-
Thin-film bulk acoustic resonator (FBAR) technology repreture mobile phones.
sents a breakthrough in miniaturization of frequency-selectiveFerroelectric materials in the PhZr,Ti,Os (PZT) se-
devices. If FBAR devices of sufficient performance can bées can have high electromechanical coupling coefficients
fabricated, they will be the best choice to replace the currdfi- In recent years, there has been increasing research
ceramic or SAW devices due to their compactness and go@@ivity in the fabrication of ferroelectric films due to

compatibility with high-frequency Si or GaAs integrated-circuith® increased commercial interest in nonvolatile memory
(IC) processing [1]. and “micro”electromechanical devices [5]. The use of thin
films rather than ceramic PZT technology can offer fully
, _ _ “integrated” device manufacture with the active PZT layer
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[I. FBARS As BAsIC BUILDING BLOCKS FORFILTERS

A single FBAR is the basic building block of an FBAR
filter. There are two reasons for performing in-depth analysis
of FBAR structures: to understand the material properties that
limit the performance so that they can be optimized, and to

be able to m_odgl their performance to give parameters that g iom efectrode M b\ Top electrode
can be used in filter design. Three types of FBAR structures emprane
have previously been investigated [1]. These are termed (b)

edge-supported, composite, and solidly supported structungg. 2. Top view of: (a) ZnO FBAR and (b) PZT FBAR configured within
The edge-supported structure consists of a simple film 6PW transmission lines.
piezoelectric plus thin electrodes. The composite structure has
an additional nonpiezoelectric membrane layer. The funda-
mental frequency of both the edge-supported and composite
structure is determined by the acoustic round-trip through
the total thickness, implying similar overall thickness. The
solidly mounted FBAR (SMR) [1] uses many alternating layers
with high and low acoustic impedance as Bragg reflectors to
realize the acoustic isolation and form the resonant cavity. This
structure is favorable for integration, but needs strict thickness
control of the reflection layers. Spurious responses near the
resonant region are likely to be difficult to avoid in an SMR (a)
due to thickness variations in the reflection layers. Top electrode Bottom electrode
In this paper, the edge-supported structure was used to assess
the performance of ZnO and PZT FBARSs. In practice, for suc-
cessful fabrication, additional thin layers must be incorporated
into the simple membrane, making the structure nonsymmet-
rical. The extra layer is piezoelectrically inactive and acts as the
mass loading layer on the FBAR, resulting in a lower effective
coupling coefficient. For wide-band applications of FBARSs, the
thickness of the extra layer should be minimized. Ideally, the
same fabrication that is used for individual FBARs can be used
for FBAR filter construction. The following sections will show
that this is possible. (b)

Top electrode Bottom electrode

1. ZnO AND PZT RESONATORDESIGN Fig. 3. Cross section of: (a) ZnO FBAR and (b) PZT FBAR.

A. Coplanar-Waveguide Feeds asitics with CPWs also simplifies FBAR modeling. On-wafer
The use of coplanar transmission lines provides a veoy on-die measurements are also easily performed using
convenient method of making contact with a FBAR device [6fround—signal-ground probes. The effects of any parasitic
Coplanar waveguides (CPWSs) provide a well-defined groumdfects are easier to identify and measure if the characteristic
plain and avoid the introduction of stray inductances, whidmpedance of the CPW, i.eZy, matches the network analyzer

arise when wire bonding is used. The avoidance of such parput resistance and cable characteristic impedances Qf 50
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Fig. 4. Equivalent microwave circuit of composite FBAR.

Itis important to assess the influence of the CPW on the meémpedance of CPW transmission line is the same as the source
sured FBAR device response. An accurate circuit representatimpedance,
of an FBAR located within a CPW is shown in Fig. 1. THea-

N . Z
rameters of this circuit can be calculated by cascading the trans- S11 = 57~ 1 7
mission lines (with length of./2, whereL is the total length of (225 +2Z)( +9L)
CPW transmission line) and an FBAR. When the propagation Say = S %)

(275 + 2)(1 + L)

The effect of the CPW transmission line can be neglected be-
causey * L is small in our frequency range{B GHz). How-
ever, if Zy # Zs, the CPW transmission line will influence not
only the magnitude of;;, but also the series resonant frequency
osition, thus contributing to the overall FBAR response. Espe-
ially when theRe(Zy) < Zs, S11 can be adjusted to be very
small (~~80 dB) at the series resonance as the effect of the trans-
mission line cancels out the real part &f while S5 is only

constantyL is small, the following approximation is valid:

sinh(yL) =~L
cosh(vL) =1

Using these relations, it is possible to derive the foIIowing
s-parameters:

Z5 — 73 lightly altered
74 20 5 (vL) slightly altered.
Sy = Zo Ideally, the CPW connected to an FBAR would befh0rhe
Ot 7t ZZs+ Z3 + ng( L) dimensions of the CPW used in this paper were based on calcu-
s Zy i lations to achieve 5@ for metal lines on a high-resistivity sil-
274 icon substrate. Typical dimensions adopted are shown in Fig. 2.
S = 77t T 22 1) In our device design, the lines lie on the piezoelectric |
s+ 72+ 72 n our device design, the lines lie on the piezoelectric layer,
2Zs+ 7+ - Zy (vL) which, although only 1zm thick, has a high dielectric constant.

Several calibration “through” transmission lines were fabricated
where Z,, Z, and Z are the characteristic impedance of then top of the material layers that make up the FBAR structure.
transmission line, source impedance, and electrical impedafae ZnO, which has a dielectric constantpf~ 9, 5042 trans-
of FBAR, respectively. Whery = Z,, i.e., the characteristic mission lines resulted and, thus, should not perturb the extrac-
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tion of FBAR properties. The situation for PZT is more uncer- APLAC 7 51 Studentversiors':- e OMMERCLAL USE ONLY
tain because of its high dielectric constant and will be the subject . 0 —
of more detailed measurements in the future. s
dB ““"‘"-\\

B. ZnO and PZT Resonator Design -10 \ ! I

The area of a given resonator type determines its clamped -i3
capacitance value. For a given area, the clamped capacitance 20 \
of a PZT FBAR will be much higher than a ZnO FBAR since
the dielectric constant of PZT is much higher than ZnO. A -25
high clamped capacitance obscures the resonance peak of the .,
transmission coefficienS,;. A mask was produced having
FBARs varying in area from 45 to 28@m?. Fig. 2(a) and (b) B AL LA AR L LS AL LA SR AL LA MR
are schematics of the device layers of a ZnO FBAR and PZT LB 3B e g 1 16 165 17 173 18

MagdB(S(Z, L)  — MagdBE,) —

FBAR, respectively, centered in a CPW.
(a)
IV. FABRICATION OF ZnO AND PZT FBARS

- - - 511 Magnitude

Both ZnO and PZT FBARs were fabricated on high-resis . ) i
tivity silicon substrates to eliminate any parasitic contribution me“&DEmwi‘;f‘fi fgégsléff‘?f ~5@SGL1-54 MDF
from mobile charges. A schematic of the ZnO and PZT FBAI T
layer structures is given in Fig. 3. For both structures,;aNSi 0
(200 nm) layer served both as a support membrane and an e 3
barrier layer. PZT layers deposited oIS were found to have
poor surface morphology, including cracks. A thin layer of JiO 10
(~50 nm) was inserted between thgl$i and PZT to avoid this A8
cracking [7]. The metal electrode layers were 100-nm thick.

C-axis-oriented ZnO thin films were deposited by RF
sputtering [8]. A sol-gel preparation [9] route was used for th
PZT films. The PZT layer was formed by repeated spinnin 2
and baking of individual sol-gel layers. For FBAR fabrication. 3,
both ZnO and PZT layers were processed as blanket layers ¢
the only patterning these layers required was the opening

(=]=]]

-20

LOOORRE LR LRty nLiepnenl

large-area contact holes for access of the microwave prob 120 125 1.30 1.35 140 145 150 155 150 165 170 175 420
ZnO FBAR structures were prepared with Cr/Au electrode: [GHz]
while Pt was used for PZT FBARs. )

Inthe case of PZT FBAR structures, it is necessary to pole tp_e 5
PZT inthe active area of the device. To avoid membrane ru ptu{é'agéxberi
poling must take place before membrane formation. Suitable

(a) Comparison of modeled behavior for a ZnO FBAR. (b) Compared
mental data.

contacts holes through the PZT were formed to allow access for Motional Arm
poling voltages. Ae
V. FBAR MEASUREMENT AND ANALYSIS l

C
The most important filter design parameters are: 1) the

frequency of the mode of interest; 2) the frequency spacing
between the series and parallel resonances; 3) the loss in the -
resonator; and 4) the clamped capacitance of the resonator.
The spacing between the series and parallel resonances and the
acoustic loss are determined by the material constants of the
layers that make up the acoustic stack. The effective coupling
constants? .; and device) are defined as figures of merit to Be
give a measure of the series to parallel resonance spacing and I
the acoustic loss of an FBAR, respectively.

As shown in Fig. 3, the FBAR structures used in this study9- - BVD equivalent circuit of an FBAR.
consist of: 1) membrane and buffer layer; 2) bottom electrode; 3)
piezoelectric layer; and 4) top electrode. Standard modeling fsrcalculated and converted to predictegarameters. The full
a composite FBAR starts with a one-dimensional Mason modEBAR model used in this paper is shown in Fig. 4 and includes
where nonpiezoelectric layers are treated as part of an acousiiE acoustic loss in each layer; electrode los$gs, dielec-
transmission line [10]. The electrical impedance of the FBARIc losses, and dc losseB{),..;c) of the piezoelectric layer can

Co
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Fig. 7. S-parameters recorded from ZnO FBARSs having areas from 45 tq:280

also be included in the model. It is possible to calculate tlreowave software packages. Fig. 5 shows the result of simula-
S-parameters for this model using commercially available miion of a ZnO FBAR for a ZnO film thickness of 1;2m. The
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ZnO acoustic parameters used in the model were taken fro
ZnO single crystal data [11], measured values were used for tl
thickness of the piezoelectric, barrier, and electrode layers. Ti
acoustic properties of SiOwere used to represent the silicon
nitride layer [4]. Fig. 5 reveals good agreement between mot
eled and experimental data.

A. Deduction of Values

The @-value of an FBAR can be obtained from two-port
S-parameters measurement. Fig. 6 shows the Butterworth—V:
Dyke (BVD) circuit of the FBAR. The input impedancg,, is

7 —jXeo[r + j(XL — X¢)]
" r 4+ (XL — Xe — Xeo)
whereX g, X¢ and X, andr are the reactance of the clamped

capacitor, motional capacitor, inductor, and resistance, respe
tively. At the parallel resonant frequency,

3

X — Xe — Xe, =0
r< X — Xc

the impedance reaches its maximum vatud-rom (1), we can
getR
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(6) becomes
Fig. 8. Simulation of ZnO FBARs with different areas. From top to bottom:
2 272 45, 110, 200, 250, and 296m?2.
W, — Wy 2
R=|22=2 or. (8)
Wpls Where theZ, is the source impedance 52 From (7) and
Therefore, (8), the@ value of the FBAR can be obtained frasaparameter
measurements
)
__ WpWs R Wp R <w_p> (1= ]Sa1min|) (1= [S1imin])
Qs = 2o\ T - O q,= )2 . (1)

Ws
- <_
Wp

R andr are the maximum and minimum value of impedance The advantage of this method for determiniygs that the

and can be obtained from the minimum valuessef and .S,

respectively,
1-|8 Iin
g (L= [Smanl) )
| S21 Min. |
S Iin
[Sunin|

" (1 = [S11Min.|)

10)

derivation takes full account of acoustic and electrical loss
mechanisms. From the above equation, the obtaihedlue of
ZnO FBAR in Fig. 5(b) is~350.

B. ZnO FBAR Results and Analysis

Fig. 7 showsS-parameter results obtained from ZnO FBARs
whose device area varied from 45 to 2802, As previously



SU et al: THIN-FBARs AND FILTERS USING ZnO AND LEAD-ZIRCONIUM-TITANATE THIN FILMS 775

S11 Magnitude 0 T
CACASCADEVWINCAL2AEEQS-3131-4-7-5 MDF 5 £ BANY . i e
01-27-1980 13:16:44 A "-Ii....l'..~~ ‘( —
; 1250C 10V polling 10 E 41 M /
AN A 15 Voo
E o F
40 : \\\ ‘\\ T .20 :
7 5 £ ™~ } \R‘ 25 k
TN :
20 £ -30 E
2L \/ 25 Blononolon oo o e s
s Foc o b e b e 1011 12 13 14 15 16 17 18 13 28
[GHz]
00 05 10 15 20 2§ 3D
[GHz] @)
(@) oo
i M
$21 Magntude S p——— ]
7.6 [ s21
CACASCADEWINCALINEKQS- 3131-4-7-6 MDF
01-27-1980 13:19:44 -10 < 1
1250 10V polling s11 L I \/’

AT - \f

111 12 13 14 135 16 17 18 19 =
f,/GHz

(b)

Fig. 10. (a) S-parameters recorded from a small area PZT FBAR. (b)
00 05 10 15 20 25 Compared to the predicted response.

[GHz]
(b)

Fig. 9. .S-parameters recorded from a PZT FBAR having an area @fr5.

CE)
=

T T T
——__qh\‘\
}
RN
o (=]

S = -

oo L LV Lttt it

The PZT layer thickness was 0.78n. Typical poling voltages
used were 15 V, applied for 1-3 min at 126. Using (9), a

@ value of this resonator is estimated to ©84. The electro-
discussed, an increase in the area of the resonator leads tonaghanical coupling coefficient? can be estimated from the
increase in the minimum value ¢h; due to the increase in resonant frequencies, andw,, as well as from the modeled
the value of the clamped capacitance. This is evident from @juivalent circuit. A value of? ~ 19.8% is obtained, which is

and (8). The simulated results using the material values listeldse to the value that would be expected for the bulk ceramic
in Table | are shown in Fig. 8. The agreement between modeledT [4].

and measured data is very good and suggests that the equiv&ig. 10(a) reveals strong spurious responses measured within
lent circuit is providing an accurate representation of the rethe resonance region on a small-aregq2@* PZT FBAR. Such
onator. The agreement for the smallest area FBAR is not ssponses are probably responsible for the deviation of the mea-
good because of the appearance of extra spurious resonascesd and modeled data [see Fig. 10(b)]. It is probable that such
that lower the@ value of the pure extensional resonance. Apurious resonances are also responsible for the substantial dif-
more sophisticated model would be necessary to take accofgneénce between modeled and measured data for the small-area
of these extra resonances [12]. It is also possible to calculatZrsO FBAR, as revealed in Figs. 7 and 8.

value for the electromechanical coupling coefficiept For our

ZnO FBARs,x? is ~7%, which is very close to the bulk value

of ZnO, which is 7.84% [11]. VI. FBAR FILTERS

. There have been several approaches to constructing FBAR
C. PZT FBAR Resuits and Analysis filters [6]. In this paper, we have investigated the ladder filter
The circuit model developed for the ZnO FBAR was used twonfiguration, which uses series and shunt FBARs. To design
model PZT FBAR data. For PZT thin films, the material paransuch filters, we have used the equivalent-circuit representation
eters are not well established, and part of the purpose of thigviously described for both ZnO and PZT FBARs, as well
paper is to obtain values for the coupling coefficients. Fig. & the material properties derived from the analysis of single
shows recorded-parameters from a poled 46n? PZT FBAR. FBARSs using these models.
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whereZ; is the electrical impedance of a series FBAR derived
from equivalent-circuit modeling. The chain matrix for the shunt
FBAR is

M, = (; ‘1)) (13)

whereY,, the admittance of a shunt FBAR is the inverse of
the impedancé> = 1/Z,. The total chain matri can be
obtained by multiplying alM; andM,, as follows:

M:(A B):MSMP..... (14)

(b) C D

Fig.12. Opticalimage of fabricated: (a}22 and (b) 3x 4 PZT FBAR filters. . . .
9 P g (@2 ®) Therefore, theSy; —parameters of this circuit are given by

A. Modeling of FBAR Filters Sy = 2X Zs . (15)
AXZ +B+CxZ, xZ,+Dx Z,

_Fig. 11 shows the equivalent circuit of a FBAR ladder-type t,q insertion loss of a ladder filter is determined not only
f!lter consisting qf series and shunt FBAR.s. An FBAR Iadde)(Sy the Q value of each FBAR, but also by the accuracy with
filter can be designated a$ x B, whereA is the number of | hich the resonant frequencies of series and shunt FBARs can
Seres FBAR_ elements aridl is the number of shur)t FBAR _eI_— be modeled and achieved experimentally. The smallest inser-
ements. A simple way to calculate the transmission coefficiefi, 55 js obtained when the parallel resonance frequency of
S21 IS to use the chain parameters. For a series FBAR, the Chgygl shnt FBAR is adjusted to be equal to series resonance fre-

matrix is guency of the series FBAR. This can be achieved by adjusting
the thickness of any of the layers within the shunt FBARs. The
M. — <1 Z1> (12) out-of-band rejection is determined by ti$g; of the series
FT\0 1 FBARs and the5s; of the shunt FBARs. From Figs. 6 and 7, it
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821 Magnitude the minimum value ofS,; for the shunt FBAR does not occur
c;mscaDEWJINS;IIg?;ﬁ;iﬁg;%ﬁS-SB'ﬁEﬁ-m.MDF at the same frequency as the maximum valuesgf for the
1250¢ 10V polling series FBAR. In this situation, additional signal power will leak
o through the shunt FBAR, increasing the insertion loss.
Fig. 14 shows the modeled and experimental results for a
£ 2 x 2 PZT FBAR filter. The predicted modeled filter perfor-
mance was based on experimental data from a FBAR, which
-‘ showed no spurious resonator responses. The measured pass-
4 band insertion loss and the close-in rejection differ consider-
\/ /"—' ably from the design values. An insertion loss~06.5 dB is
\ measured compared to the predicted 2.5 dB. Possible reasons
include those already discussed for ZnO FBAR filters, where
e e L S e Ralhion Rn s & the resonant frequencies for the series and shunt elements differ
10 11 12 13 14 15 16 17 15 13 20 from their designed values. Measurements on process control
[GhHz] resonators did, in fact, reveal deviations from design frequen-
(€Y cies; however, the difference is not sufficient to explain all of
o O the extra insertion loss. Another contribution to the increased
- loss is the lowering of thé? value due to spurious responses.
The spurious resonances’ losses are particularly high for PZT
FBARSs having small area.
-5 Comparing ZnO and PZT FBAR filters, larger 3-dB band-
. oe =20 widths can be obtained for a PZT FBAR filter, as shown by
comparing Figs. 13 and 14. Depending on the exact filter de-
sign, 3-dB bandwidth of60 and~120 MHz can be expected
=30 for ZnO and PZT FBAR filters, respectively.

=35 35
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VII. CONCLUSIONS

(b) Processes were developed for fabricating both ZnO and PZT
Fig. 14. Measured transmission coefficients: (a) for-a 2 PZT FBAR filter FBAR S_trUCtureS' Both ZnO and PZT FBARs were fabricated
compared to (b) predicted behavior. and their frequency responses compared. Typitahlues of
~350 for ZnO FBARs and 54 for PZT FBARs were obtained.

is apparent that a smaller area for the series FBARSs and a lar8r equivalent microwave-circuit model was developed that

area for the shunt FBARS will help to increase the out-of-bart@uld accurately model composite FBAR performance. A
rejection. Therefore, series and shunt FBARs having differeYfilué of & ~ 19.8% was obtained for the effective coupling

areas in the FBAR ladder filter is a design variable. coefficient of thin-film PZT. _ _
Bandpass ladder filters were designed using ZnO and PZT
B. Filter Fabrication and Results FBAR data. Both ZnO and PZT filters were fabricated having

The FBAR filter fabrication processes and their sequencgsgoé gnl_g N%?g I;:\g;z bz-r? d?/vizan?(\;\fdlit’hzsf ::;Egt?;gm tﬁte

are very similar to those used to fabricate the single FBAR ) . -
y g er electromechanical coupling coefficient of PZT compared

g7 I
shown in Fig. 2, except now, several resonators are formed o ! .
single membrane. Different resonant frequencies for the ser@?no and confirms that PZT FBARs and FBAR filters are

. . . mising candidates for future wide-band application, espe-
and shunt structures was achieved by using different electrooclfg”y if the losses can be reduced. Compared to the designed

thickness. This involved using separate liftoff processes for tﬁ : . X .
metallizations of the shunt and series elements ilter performance, a higher insertion loss was observed in the

Fig. 12 shows images of fabricatedk22 (two series and two fabricated FBAR filters, which was attributed to the deviation

shunt FBARs) and 3 4 (three series and four shunt FBAng the resonant frequencies of the used FBARs compared to

PZT FBAR filters. Generally, the filters are small, and everez gizlgg?rtcj:)rxalluBe:ﬁsa\?vimes”n:gﬁgaasriz loss due to spurious
higher order filters can be placed within a 686¥ membrane. P '

Fig. 13 compares the modeled and experiment results for a
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