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Abstract—This paper concerns the design and the analysis of a
Surface Acoustic Wave (SAW) pressure sensor that is capable to
work in high temperature (up to 800°C) environment. Novel
structures of the device are also presented for self-temperature
compensation. Special attention is made on the different possible
multilayer structures that could be used, the behavior of the
sensor, the electromechanical coupling factor, the wave velocity
as well as the required RF matching circuit. These parameters
are critical issues for this special SAW sensor.

L.

Surface Acoustic Wave (SAW) devices play a key role not
only in today’s telecommunication systems but also in many
industrial applications. Although the telecommunication
industry is the largest user of these devices, SAW based
sensors have many attractive features to be explored. Due to
their small size, high sensitivity to external physical
parameters and from the properties of the film deposited on
the SAW substrate, they can react very fast to the changes in
the environmental conditions. In SAW pressure sensor, the
pressure induced static stress and strain, so modified the wave
velocity, and, therefore, the frequency. The pressure can be
obtained by measuring frequency change. An important
characteristic is the linear relationship between the frequency
variation and the pressure [4]. Besides, the effect of frequency
variation by temperature change [5], [6] is derived from that
properties of materials are affected by temperature variation.
For pressure application, this sensitivity must be avoided.
Usually, temperature compensation can be done by using one
port InterDigital Transducer (IDT) and at least three reflectors
to create several propagation paths of different lengths [7],
[8].In this work, we have developed a pressure sensor with
aluminum nitride (AIN) layer and SiO, on a silicon (Si)
substrate. The piezoelectric layer AIN is required to generate
the elastic wave.

INTRODUCTION

The multilayers structure AIN/Si02/Si is proposed for self
temperature compensation and for applications in very high
temperature (up to 800°C). AIN is chosen because its deposit
process is compatible with electronic process and it has good
behavior at high temperature.
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This paper is organized as follows. Section II presents the
design method for SAW device, methods for calculating
center frequency, wave velocity, electromechanical coupling
coefficient, transfer function as well as self temperature
compensated structure for SAW pressure sensor. Results and
comments from section II are also introduced in section III.
Conclusion is given in section ['V.

II. DEVICE DESIGN

A.  The center frequency, wave velocity and

electromechanical coupling factor

The important three parameters of the SAW material, the
center frequency, the phase velocity, and the
electromechanical coupling factor (K?) were calculated
numerically.

The center frequency is determined by the period of the
IDT fingers and the acoustic velocity. The governing equation
that determines the operation frequency is

(M

where A is the wavelength at fo, determined by the
periodicity of the IDT. For the technology being used in this

paper

fO = VSAW/ A

A =p = finger width x 4 )

where the finger width is determined by the design rule of
the technology which sets the minimum metal to metal
distance, fo center frequency of the device, vsaw surface
acoustic wave velocity.

The wave velocity and therefore, the frequency are
determined by matrix method proposed by Cambel and Jones
(1968) and Ingerbrigtsen (1969).

Fig. 1 shows the
AIN/Si02(1.3um)/Si(4um).

wave velocity of structure

Electrical conditions in the matrix method are used to
calculate the electromechanical coupling factor K as follows:



K =2(vo-vs)/vo 3)

where vy, vy are respectively velocities when the plane of
IDTs is electrically open or short-circuit.

Figs. 2 and 3 show the electromechanical coupling factor
K in different-thickness structures AIN/SiO,/Si.

B.  Analytical methods

To analyse the device, some behavior models and Finite
Element Method (FEM) are used. Today, with FEM tools, to
simulate the complete devices, simulation time would be very
large or the necessary computer resources would exceed the
available amount. Besides, there is existence of the number of
references for behavior models. So, they are used for
analysing the device. As the behavior models, the equivalent
circuit model, Coupling-Of-Mode (COM) model, and P-
matrix model are widely used. The difference in these models
is how one period IDT is expressed in a three-port element
shown in Fig. 4, where U,.(x) is the SAW amplitude
propagating to the (+/-) x direction; V and I are the applied
voltage and current, respectively.
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Figure 1. Wave velocity in structure AIN/SiO2(1.3um)/Si(4um) with

different thicknesses of AIN
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Figure 2. Electromechanical coupling factor in structure
AIN/SiO,(1.3um)/Si(4um) with different thicknesses of AIN
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Figure 3. Electromechanical coupling factor in structure
AIN(1um)/Si02(1.3um)/Si with different thicknesses of Si
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Figure 4. Three-port element for one period IDT

The equivalent-circuit model is chosen because it is simple
and it can determine the frequency response, impedance
parameters and transfer characteristics of SAW device. This
allows the designer to determine the major dimensions and
parameters in number of fingers, finger width, aperature, delay
line distance.

There are two different circuit models for analysing IDT
[9]. Both of them are based on the bulk-wave three-port
models originally published by Mason [1]. The crossed field
model is selected for the modeling of the devices because it
was shown in the literature that the crossed field model
yielded better agreement than the experiment when compared
to the in-line model when K is small. In our device, AIN is
used as piezoelectric layer and K in any our different
configurations are less than 7.2% (Figs. 3 and 4).

Each IDT is represented by a three-port network shown in
Fig. 5[9], where

Go the electrical characteristic admittance of a one-period
IDT, Go= 1/Zo= K*Csfo (mho) “)

Zo electrical characteristic impedance;
K electromechanical coupling factor;
Cs static capacitance of one periodic section;

N the number of sections in IDT;
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Three-port equivalent admittance network representation for an
IDT in the crossed field model
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Figure 6. Equivalent circuit for SAW device

Applying the circuit theory for the current voltage relations
on input and output, transfer function is calculated for SAW
device (Fig. 6) and is modeled in Matlab

v R
H(f)=7k= e )
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Where
Yaa =j2ﬂ.fCT +Ga(f)
Yy = J2TC + G ()
i i - f=1o
Sin x Sin y eM(l_(NHW)To
X y
. 2
A L
g fo

:Mﬁ—f_f”
fo

Ya =8NMG,

. 2
ou Sln
G’ ’(f)=8MZGO[ yyj oy

C, = NC,;C" = MC,

N, M the number of sections in input and output IDTs
respectively.
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Figure 8. Phase of transfer function for SAW device

C. Temperature stability

Temperature stability is a critical issue for SAW sensor.
Table I presents the temperature coefficients of AIN, Si and
Si0,. The temperature coefficient of mass density p of Si also
is presented in [2]:

P(T)=pm —1.69.10%(T-T,) — 1.75.107(T-T,,)* (g/em’) (6)
Tow= 1687 (K), pn=2.56 (g/cm’) at T,, (7)

The temperature dependence of Young’s modulus of AIN
also is presented in literature (Fig. 9).

Both AIN and Si have negative temperature dependence of
coefficient elastic constants and mass density. On the contrary,
SiO, has positive temperature dependence coefficient of
elastic constants and negative temperature dependence
coefficient of mass density. So, temperature compensated
structures of SAW sensor are constructed based on these
properties. Our self temperature compensated structure must
include multilayers Si, AIN and SiO..

From (1), temperature coefficient of frequency (TCF)

TCF:iizﬂ_ld_D (®)
f,dT vdT DdT

where D distance between 2 fingers which have the same
potential.

dv Wt +5°C)—v(t-5"C)

vdT v(t).10
substituting velocity calculated at temperature t, (t+5) and (t-
5).

is obtained by

1 dD

———=0«,, where «, is the thermal expansion
D dT
coefficient of AIN, ¢, =4.2.107°(°C™") in structure where

IDTs are on the AIN surface. So,

Wi+5°0)-v(t=5'C)

TCF = g
v(?).10

)

Fig. 10 shows the frequency shift versus temperature
change in no pressure applied condition with structures
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composed of three layers: AIN(1um)/ Si02(0.5; 0.7; 0.9; 1.1
and 1.3um)/Si(4um). The best self temperature compensated
structure can be obtained with AIN(1pum)/
Si02(1.3um)/Si(4pm) in which TCF=-0.8 ppm/0C.

To show the importance of self temperature compensated
structure in SAW pressure sensor, frequency shift due to a
temperature and pressure variation are compared. The pressure
dependence of frequency shift is calculated from the
perturbation method proposed by H.F.Tiersten [14],[15].

Fig. 11 shows the frequency variation versus pressure in
structure  AIN(1um)/Si02(0.9um)/Si(4um). The frequency
change versus temperature variation of 500C in structure
AIN(1um)/Si02(0.9um)/Si(4um) is shown in Fig. 12.

TABLE I. TEMPERATURE COEFFICIENTS OF MATERIALS
Temperature coefficients Si SiO, AIN
Elastic (1/C11)(dC11/dT) | -0.53 2.39 -0.37
constants (1/C12)(dC12/dT) | -0.98
4 1l
& 107 K7) | (1/c13)dC13/dT) | -0.75 | 5.84
(1/C33)(dC33/dT) | -0.53 2.39 -0.37
(1/C44)(dC44/dT) | -0.42 1.51 -0.57
Mass density (1/p)(dp/dT) 2.6 -1. 65 -13.7
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Figure 11. Calculated frequency variation versus pressure, structure
AIN(1um)/SiO2(0.9ptm)/Si(4pm)
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Figure 12. Calculated frequency change versus temperature variation of
500C, structure AIN(1um)/SiO02(0.9um)/Si(4pm)

II1.

Figs. 11 and 12 show that frequency shift due to a
temperature variation of 50 OC is equivalent to a pressure
variation of 0-900 mbar in structure AIN(1um)/
Si02(0.9um)/Si(4um). So, it is very important to determine
the thickness of every layer in multilayers structure for seft

RESULTS AND COMMENTS

temperature compensation used in pressure  sensor
applications. However, self temperature compensated
structure AIN(1um)/ Si02(1.3um)/Si(4pm) has

electromechanical coupling factor, wave velocity smaller than
no-temperature  compensated  structure, for instance
AIN(1.2um)/SiO2(1.3um)/Si(4pm);
AIN(1um)/SiO,(1.3um)/Si(3um) (shown in Figs. 1, 2 and 3).
In SAW device, one of the most important purposes in
designing SAW device is to increase the center frequency. So,
at the same lithographic resolution for fabricating IDT, to
increase the center frequency, increasing the SAW velocity is
taken into account.

Besides, with self temperature compensated structure, the
pressure sensitivity is also considered and compared with
another structures. The pressure sensitivity is better with
thinner layers thickness by the acknowledged equation:

P
A s (10)

where P: the pressure, and h: layers thickness.

IV. CONCLUSION

The design, calculation and modeling of SAW sensor are
presented. By using three materials AIN, Si and SiO2, a self
temperature compensated structure has been obtained with
AIN(1um)/SiO2(1.3um)/Si(4um). However, compromising
between temperature compensated structure, wave velocity,



electromechanical coupling factor and pressure sensitivity is
also taken into account.

(1]
[2]
[3]

(4]

[3]

(6]

[7]

(8]

9]

[10]

REFERENCES

Warren P.Mason, Electromechanical Transducer and Wave Filters,
second edition, D.Van Nostrand Company Inc, 1948.

Robert Hull, Properties of Crystalline Silicon, INSPEC publication,
ISBN: 0-85296-933-3, 1999.

Yu.Goldberg, chapter 2 “Properties of Advanced Semiconductor
Materials. GaN, AIN, InN, BN, SiC, SiGe”, ISBN: 0-471-35827-4,
John Wiley & Son Inc.

A.Talbi, F.Sarry, L.Le Brizoual, M.Elhakiki, O.Elmazria, P.Alnot,
“Pressure sensitivity of Rayleigh and Sezawa wave in ZnO/Si(001)
structures”, IEEE Ultrasonics Symposium, pp. 1338-1341, 2003.

A.Talbi, M.Elhakiki, F.Sarry, O.Elmazria, L.Le Brizoual, P.Alnot, “A
study of surface acoustic wave pressure sensor in ZnO/quartz
structure”, Sensors, Proceedings of IEEE, pp. 550-553, 2004.

N.Tirole, A.Choujaa, D.Hauden, G.Martin, “Lamb waves pressure
sensor using an AIN/Si structure”, IEEE Ultrasonics Symposium, pp.
371-374, 1993.

Holger Scherr, Gerd Scholl, Franz Seifert, Robert Weigel, “Quartz
pressure sensor based on SAW reflective delay line”, IEEE Ultrasonics
Symposium, pp. 347-350, 1996.

G.Schimetta, F.Dollinger, G.Scholl, R.Weigel, “Optimized design and
fabrication of a wireless pressure and temperature sensor unit based on
SAW transponder technology”, IEEE Microwave Symposium Digest,
pp. 335-358,2001.

W.R.Smith, H.M.Gerard, J.H.Collins, T.M.Reeder, H.J.Shaw,
“Analysis of Interdigital Surface Wave Transducers by Use of an
Equivalent Circuit Model”, IEEE Transactions On MicroWave Theory
and Techniques, Vol. MTT-17, No.11, pp. 856-864, Nov 1969.

Glen A.Slack, T.F.McNelly, “Growth of high purity AIN crystals”,
Journal of Crystal Growth 34, p.263-279, 1976.

[11]

[12]

[13]

[14]

[15]

(1e]

[17]

[18]

[19]

[20]

Johan Bjurstrom, Daniel Rosen, Ilia Katardjiev, Ventsislav M.
Yanchev, Ivan Petrov, “Dependence of the Electromechanical Coupling
on the Degree of Orientation of c-Textured Thin AIN Films”, IEEE
Transactions On Ultrasonics, Ferroelectrics, And Frequency Control,
Vol. 51, No. 10, October 2004.

Kuo-Sheng Kao, Chien-Chuan Cheng, and Ying-Chung Chen,
“Synthesis and surface acoustic wave properties of AIN films deposited
on LiNbO3 substrates”, IEEE Transactions On Ultrasonics,
Ferroelectrics, And Frequency Control, Vol. 49, No. 3, March 2002.

Y.Takagaki, T.Hesjedal, O.Brandt, K.H.Ploog, “Surface-acoustic-wave
transducers  for the extremely-high-frequency range using
AIN/SiC(0001)”, Institute Of Physics Publishing, Semicond. Sci.
Technol. 19, p.256-259, 2004.

H.F. Tiersten, Perturbation theory for linear electroelastic equations for
small field superposed on a bias", J. Acoust. Soc. Am., Vol. 64, No. 3,
Sept., 1978 pp 832-837.

H.F. Tiersten, B.K. Sinha, A perturbation analysis of the attenuation
and dispersion of acoustic waves, J. Appl. Phys. 49 (1) (1978) 8§7-95.

G.Schimetta, F.Dollinger, G.Scholl, R.Weigel, “Optimized design and
fabrication of a wireless pressure and temperature sensor unit based on
SAW transponder technology”, IEEE Microwave Symposium Digest,
2001.

Wolf-Eckhart Bulst, Gerhard Fischerauer, Leonhard Reindl, “State of
the art in wireless sensing with surface acoustic waves”, IEEE
Transactions on Industrial Electronics, Vol.48, No.2, April 2001.

Leonhard Reindl, Gerd Scholl, Thomas Ostertag, Holger Scherr, Ulrich
Woff, Frank Schmidt, “Theory and application of passive SAW radio
transponders as sensor”, IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, Vol.45, No.5, September 1998.
G.Bu, D.Ciplys, M.Shur, L.J.Schowalter, S.Schujman, R.Gaska,
“Temperature coefficient of SAW frequency in single crystal bulk
AIN”, Electronics Letters, 01 May 2003, Vol.39, No.9.

Richard M. White, “Acoustic sensors for physical, chemical and

biochemical applications”, IEEE International Frequency Control
Symposium, p.587-594, 1998.



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


