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Development and Analysis of an RF Film Bulk Acoustic Resonator”
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Abstract: A high-Q diaphragm-structure film bulk acoustic resonator (FBAR) with a flat support diaphragm, made of

Siz N, /SiO, /Si; N, composite films.is proposed. The N/O/N composite diaphragm overcomes the wrinkling in the released

support diaphragm caused by the residual stress of a single Siz N, or SiO, diaphragm.ZnO piezoelectric film deposited em-

ploying a DC reactive magnetron sputtering method is used as the piezoelectric material for the FBAR device. The XRD 6-

20 scan indicates that the ZnO film has the preferred c-axis orientation growth,implying good piezoelectric properties.

The § parameter measurement shows that there are three primary resonances in the frequency range from 0.4 to

2.6GHz. The series resonant frequency, parallel resonant frequency, K% ,and quality factors of the three resonances are

calculated. The third one.with a frequency of about 2. 4GHz,has the highest quality factor about 500. Thus,it is expected

to be a candidate to form a 2. 4GHz low-phase-noise oscillator.
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1 Introduction

Recently, the rapid growth of wireless mobile tel-
ecommunication systems has led to an increasing de-
mand for high-frequency oscillators, filters, and du-
plexers operating in the frequency range from 0.5 to
10GHz. Microwave ceramic resonators and surface a-
coustic wave (SAW) resonators have been conven-
tionally adopted in these applications. However, the
former are usually bulky, while the latter suffer high
insertion losses and limited power handling capabili-
ties. Moreover, SAW devices can not be integrated at
the chip level'. Film bulk acoustic resonators
(FBARSs) , which basically consist of a thin layer of
piezoelectric material sandwiched between two elec-
trodes,work along the same principle as SAWs— elec-
trical energy is converted to mechanical energy, but
unlike SAW devices, the energy is directed into the
bulk'®'. Compared to microwave ceramic resonators
and SAW resonators, FBAR devices have the advanta-
ges of low cost,low insertion losses, high power han-
dling capabilities,high frequency operation,and com-
patibility with integrated circuit processing*~*/.

The structure of FBAR is largely classified into
three types, such as solidly mounted resonators
(SMR ), air-gap FBARs, and diaphragm-structure
FBARSs. As for the diaphragm-structure FBAR, Siz N,
or SiO; is usually used as the supporting material. In
our previous work,we found that the residual stress of
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a single Si; N, or SiO, diaphragm often caused wrink-
ling in the released support diaphragm,which degrad-
ed the Q factor dramatically. In this paper,a high-Q
diaphragm-structure film bulk acoustic resonator
based on ZnO picezoelectric film with a flat support
diaphragm, made of Si;N,/SiO,/Siz;N,
films,is presented. The performances of ZnO piezoe-
lectric film and FBAR device are analyzed by XRD ¢-

20 scan and S parameter measurement,respectively.

composite

2 7ZnOQO piezoelectric film deposition and
characterization

It is widely accepted that the (111) plane of Au
material has geometric matching to the (002) plane of
ZnO piezoelectric film. Thus, sputtered Au film is
used as the base layer for ZnO deposition in this
study. In order to improve the adherence between the
Au film and the Siz; N, film,a thin film of Ti was sput-
tered before the Au film’s deposition. ZnO film was
deposited using the DC reactive magnetron sputtering
method under the condition shown in Table 1. X-ray
diffractometer scanning was performed to find prop-
erties of ZnO. Figure 1 shows the XRD 6-20 scan re-
sult of ZnO film deposited on Au film. It indicates
that the (002) diffraction peak of ZnO film on Au
film has high intensity at 34. 2"and its full width half
maximum (FWHM) value is 0. 56°. When ZnO is ori-
ented towards the c-axis perpendicular to the sub-
strate, it has better piezoelectric properties. Figure 1
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Table 1 DC reactive magnetron sputtering condition for ZnO
deposition
Target Zn (99.99%)
Substrate Au(111)/Ti/SizNg/SiO /SizNy /Si
Substrate temperature 280C
Sputtering voltage 380V
Sputtering pressure 6.7Pa
0, /Ar 1:1
Target-substrate distance 100mm
Deposition rate 500nm/h
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Fig.1 X-ray diffraction of ZnO piezoelectric film deposited on
Au film

confirms that ZnO film has the preferred c-axis ori-
entation growth.

3 Film bulk acoustic resonator fabrica-

tion

In our previous work,we found that the residual
stress of a single Siz N, or SiO, diaphragm often caused
wrinkling in the released support diaphragm (as
shown in Fig. 2 (a)), which degraded Q factor dra-
matically (only about 80). In this work.,based on the
opposite stress characteristics of Si;N, and SiO,, a
high-Q diaphragm-structure FBAR with a flat support
diaphragm,made of Si;N,/SiO,/Si; N, composite films
(as shown in Fig. 2(b)),is proposed. Figure 3 shows
the fabrication sequence of the FBAR device. First,
LPCVD Si;N, films with a thickness of 0. 5um were
deposited on both sides of a general 50mm silicon wa-
fer. Then a PECVD SiO, film with a thickness of
0. 2pm was deposited. After that, LPCVD Si;N, films
with a thickness of 0.5ym were deposited on both
sides again. Thus Siz N, film,SiO, film,and Si; N, film
form the N/O/N composite support diaphragm of the
FBAR. The etching window for diaphragm structure
was fabricated by ICP. Au film and Ti film, with
thicknesses of 0.2 and 0. 03.m,respectively, were de-
posited by sputtering and patterned to form the bot-
tom electrode. ZnO piezoelectric film with a thickness
of Z2pm was deposited using DC reactive magnetron

Fig. 2 Morphology of single Si;N, diaphragm with a thickness
of 0. 5um (a) and N/O/N composite diaphragm with thicknes-
ses of 0. 5m/0. 2;m/0. 5pm (b)
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Fig.3 Fabrication process of the FBAR (a) LPCVD SizN,
deposition on both sides of a general 50mm silicon wafer; (b)
PECVD SiO;;(¢) Another LPCVD Si; N, deposition; (d) Win-
dow formation for silicon deep etching; (e) Bottom electrode

© (@

deposition and patterning; (f) ZnO film deposition and pattern-
ing; (g) N/O/N insulated layer deposition and patterning; (h)
Top electrode deposition and patterning; (i) Silicon deep etch-
ing in KOH solution to form the diaphragm structure
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sputtering method and patterned to form the piezoe-
lectric layer. Then another N/O/N composite film
with thicknesses of 0. 06,m/0. 08;:m/0. 06um was de-
posited as an insulated layer and was etched by ICP to
open the bottom electrode contact. After that, pat-
terned Au film and Ti film with thicknesses of 0.2
and 0. 03um, respectively, were deposited by the lift-
off method to form the top electrode. Finally, the sili-
con was deeply etched from the backside of the wafer
by a 30wt% KOH solution to form the diaphragm
structure. The etching temperature was 80C, and
etching rate was about 1.4um/min. Figure 4 shows
the morphology of the fabricated FBAR device. The
effective diameter of the device is 200pm and the size
is 1. 2Zmm X 1. 2Zmm X 0. 3mm.

4 Results and discussion

To evaluate the performance of the fabricated
FBAR device, the S parameter of the FBAR device
was measured using an HP8753D network analyzer.
and a one-port configuration was adopted,as shown in
Fig. 5. The FBAR device is bonded to a test CPW with
one pad bonded to the source while the other bonded
to the ground.

The ideal one-port resonator with negligibly thin
electrodes can be evaluated by a BVD model consis-
ting of a plate capacitance C, in parallel with a series
R ,-L,-C, circuit,shown in Fig. 6 (a). There is a se-
ries resonant frequency f,,set by L, and C,,defined
by Eq. (1);and a parallel resonant frequency f,,set
by C, in series with L, and C,,.defined by Eq. (2)".
In this case,because there is an insulate layer with N/
O/N structure between the top electrode and ZnO
film,a series capacitor C; is added at the input. For
the inductance and electrical losses induced by the
bonding wire, an inductor L, and a resistor R, are
added in series with C,. When the operation frequen-
cy of the FBAR device is high,the dielectric losses of
the piezoelectric material cannot be neglected. Thus,a
resistor R, is added in parallel with C, to evaluate
these losses. The modified BVD model to evaluate the
performance of FBAR device in our case is shown in
Fig. 6 (b).

1
s = (1)
/ 21/ Ly Ch
fy = ! 2)

/ C.C,
2n, | L C. T C.
The resonant characteristics of the FBAR device
are shown in Fig. 7. Figure 7 (a) shows the typical
plot of the reflection coefficient (S,,) and Figure 7

(b) shows the Smith chart. It indicates that there are
three primary resonances in the frequency range from

EE ¢ %29 &
Fig.4 Morphology of the fabricated FBAR device (a) SEM

view from the top; (b) SEM view from the bottom;(c) Array of
FBARs in the 50mm wafer; (d) FBAR device bonded to the test
CPW

Fig.5 Sketch map of S parameter measure configuration
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Fig.7 Measured results of the resonant frequencies
flection coefficient (S;;);(b) Smith chart
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resonance, are fitted using the modified BVD model
(shown in Fig. 6 (b)) to extract the parameters of the
FBAR device and the parasitic parameters of the
bonding wire. Figure 8 shows the measured and fitted
curves of the three resonances,and Table 2 shows the
extracted parameters.

In this work, the resonant characteristic of the

Table 2 Extracted parameters using modified BVD model

R ) L R, [ON Co Ry Ln R Cn
esonance /nH  /Q /pF  /pF /Q /nH /Q /pF
1st 1.052 8.597 4.661 2.737 342.3 755.6 11.66 0.07712

2.667 3.209 4.426 2.346 384.2 430.0 19.91 0.02654
2.811 3.847 3.943 2.336 603.7 248.2 6.373 0.01820

2nd
3rd
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Table 3 Characteristics of the fabricated FBAR device

Resonance  f's/GHz f'»/GHz K oi? Qs [0
1st 0.6627 0.6685 2.12% 185 81
2nd 1.4927 1.4982 0.90% 131 102
3rd 2.3714 2.3772 0.60% 500 426

FBAR device is defined by parameters of C,,Cy, Ry,
L.,C,and R,.For the existence of C,,the equations
defining the series and parallel frequencies of FBAR
device need to be modified as follows:

3

h 2n, | L _CnCo v

Cn,+ C,
The figure of merit (FOM) of an FBAR device is
defined by KZ: and quality factor. KZ is the relative

frequency spacing between series resonance frequency
and parallel resonance frequency and also a dimen-
sionless measure of electromechanical energy conver-
sion efficiency. The quality factor is a measure of the
loss of a resonator"® . They can be derived using equa-
tions as follows' "

. _ /DD _

Kei = @ncm (F 0 )
dlzin

0., = %x 7, (6)

The series resonant frequency f’,, parallel reso-
nant frequency f”,, K% and quality factors of the fab-
ricated FBAR devices are calculated using Egs. (3) ~
(6) ,and are summarized in Table 3. The table shows
that the quality factor of the 3rd harmonic resonance.
with the resonant frequency of about 2.4GHz, is
about 500. Thus, it is expected to be a candidate to
form a 2.4GHz low-phase-noise RF oscillator. We
will fabricate this oscillator in our subsequent work.
Furthermore, the reason why the quality factors of
the 1st resonance and 2nd harmonic resonance are
much lower than the quality factor of the 3rd one will
also be revealed in our future work.

5 Conclusion

In this paper,we fabricated a high-Q diaphragm-
structure FBAR with a flat support diaphragm, which
is made of Si;N,/SiO,/Si; N, composite films. The N/
O/N composite diaphragm overcomes the wrinkling

in the released support diaphragm caused by the resid-
ual stress of a single Si;N, or SiO, diaphragm. The
FBAR device is based on ZnO piezoelectric film. We
deposited the ZnO piezoelectric film employing a DC
reactive magnetron sputtering method, and the XRD
0-20 scan indicates that the ZnO film has the pre-
ferred c-axis orientation growth. The § parameter
measurement shows that there are three primary reso-
nances in the frequency range from 0.4 to 2. 6GHz,
namely the 1st resonance, 2nd harmonic resonance.
and 3rd harmonic resonance. The series resonant fre-
quency, parallel resonant frequency, KZ;,and quality
factors of the three resonances are calculated. The 3rd
one among the three resonances, with the resonant
frequency of about 2. 4GHz, has the highest quality
factor about 500. It is expected to be a candidate to
form a 2. 4GHz low-phase-noise oscillator. In our fu-
ture work, we will fabricate a 2. 4GHz oscillator based
on this FBAR device. Furthermore, the reason why
the quality factors of the 1lst resonance and 2nd har-
monic resonance are much lower than the quality fac-
tor of the 3rd one will also be revealed.

The authors would like to thank
Mr. Wang Chenghao, who is an academician of the

Acknowledgements

Chinese Academy of Sciences,for his advice in desig-
ning the FBAR device.

References

[1] Huang C L, Tay K W.Wu L. Aluminum nitride films deposited
under various sputtering parameters on molybdenum electrodes.
Solid-State Electron,2005,49(2):219

[ 2] Ruby R C,Bradley P,Oshmyansky Y,et al. Thin film bulk wave
acoustic resonators (FBAR) for wireless applications. IEEE Ul-
trasonics Symposium,2001,1.:813

[3] Larson]J D,Ruby R C,Bradley P,et al. Power handling and tem-
perature coefficient studies in FBAR duplexers for the 1900MHz
PCS band. IEEE Ultrasonics Symposium,2000,1:869

[4] Ruby R,Bradley P,Larson J,et al. Ultra-miniature high-Q filters
and duplexers using FBAR technology. IEEE International Solid-
State Circuits Conference,2001:120

[5] LarsonJ D,Ruby R,Bradley P.et al. A BAW antenna duplexer
for the 1900MHz PCS band. IEEE Ultrasonics Symposium, 1999,
2.887

[6] Kang Y R,Kang S C,Pack K K, et al. Air-gap type film bulk
acoustic resonator using flexible thin substrate. Sensors and Actu-
ators A,2005,117(1) .62

[ 7] Lakin K M,Kline G R,McCarron K T. High-Q microwave acous-
tic resonators and filters. IEEE Trans Microw Theory Tech,1993,
41(12):2139



%11

Tang Liang et al.: Development and Analysis of an RF Film Bulk Acoustic Resonator

2231

S5 570 0 S R SRS R SR RO TR B RO A

#oR FRL OREE S EKE

Cp EBL 22 BT 22 WEFE BT 2L S2 90 4, Jbat 100190)

WE: OB T — MR R A A/ AR A A IRAE D SRR IR Y . Q IR IACAS S IR i . 24 SR T AR )2 AR f ek R i — S A i R
P8I 1 U 85 11 SCRF MBI bR T3 A I 3 1 10 T B8 5 1 SRS 1 2 o B A1 B 4R AR R St e AR T B4R S R IR AR 1Y O A 1
R O A TR K S5 A e T oA TR SR R AL A T S T A e T e TS L XS R A A 4G R A AR A R IR R AR
Y ¢ BEROUIROA) - 38 Ok 5 S A0 B v B R A B i L . S 2 B o 2R R W0 v A 7 R IR AR 1E 0. 4~ 2. 6G Hz #4515 i Bl
HA 3 AW A PR 20 31 55 1 30k 09 A A A P IR IR A0 R B R TR A AL S R BOR O B 7EIX 3 AU LB 3 A
WP TAEMR 2y 2. 4GHz, HA e w9 Q {8 (£979 5000, 1] R il % 2. 4G Hz () {0 AR W4 555 J71 i 157

R WA POR IR IR AR DAY A AR

PACC: 0710C; 7760
FESES: TNO1S

XHERFRIRAS: A XEHS: 0253-4177(2008)11-2226-06

* B K H AP YT BT Gtk :90607012)
i % /E# . Email : tangliang@mail. ioa. ac. cn
2008-06-02 i #],2008-07-23 & i

©2008 H [H 72



