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Propagation of a shear-horizontal surface acoustic mode in a periodically
grooved AIN /Al,O5; microstructure
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We investigate the shear-horizontal surface acoustic W@lgsSAWS generated on an AIN/AD,
microstructure by laser-micromachined grooves on the AIN film. In the absence of grooves, the
AIN/AI ,0O5 device shows resonance for only a lower velocity SAW mode. However, when grooves
of periodicity smaller than half the wavelength of the surface acoustic wave are micromachined, a
higher velocity resonance due to a SH-SAW mode is observed in the device. It is found that our
SH-SAW mode remains undamped and is able to propagate across the device when loaded with a
biofluidic mass. We have also measured the mass sensitivity of the SH-SAW mode under biofludic
load in terms of frequency shift. Measurements show that this mode has a very high mass sensitivity
of the order 1.35 ng/ml, which suggests that the device can be applied for the detection of a small
concentration of antigens in a biofluid. In this article, the fabrication and grooving techniques of the
device are also addressed. ZD04 American Institute of Physic§DOI: 10.1063/1.1753660

I. INTRODUCTION tions in the sagittal plane of the device with the biofluidic
| L t th ‘ ) EAW mass over it, which excites compressional waves in the
nvestigations of the surface acoustic waw 9 fluid.2 This coupling leads to an excessive damping of the

transduqers on epitaxially grown semiconductor rn‘fjlte”"’“%\/aves, which progressively increases as the waves propagate
have gained widespread attention recently because of their . . .
X . . ) X ) across the device and thus renders the device unsuitable for
potential applications in the field of biosensors, gigahertz . . . S .
) : : . sensing of antigens or other agents in a biofluidic material.

range analog filters/oscillators, and acoustically induced car=

rier transport in low dimensional electron systems. High fre-.Of cour.se,.lf SAW velomty is smaller than th? S.Ound velocity
quency SAWs can be generated either by employing vent the I|qq|d 'then there is no cgherent radiation of energy
narrowly spaced interdigital transducdi®Ts) for a given nto the !qu|q aqd SAW remains unda}mped even when
piezoelectric material or choosing material with high SAWIoaded with biofluid. Th|s situation |§ dl.ffICU|t. tq realize, in
velocity. Minimization of the spacing between the IDTs is gene_ral_, as the acoustic wave velocity in solid is larger than
limited by the resolution of the fabrication techniques andthe liquid. - .
becomes resource extensive below a certain limit. However, Boundary conditions—a stress-free surface and a semi-
a material with higher SAWSs velocity and properties suchinfinite elastic thin film—of a simple structure of the SAW
that it can be easily integrated with the substrate during fabdevice can only support SAWs and its various other over-
rication process is more desirable. For such applications, #nes, like Sezawa wavéstc., but they all suffer from the
thin piezoelectric film of an AIN semiconductor is well same damping problem when coupled with a fluid. However,
suited due to its higher SAW velocity compared to other if acoustic wave polarization is in the plane of the device
conventional piezoelectric materials like quartz and lithiumsurface then the only coupling that can cause damping origi-
niobate® Large band gap value of AIN semiconductor alsonates from viscous effects of the fluid in contact. Thickness
makes it attractive for the applications of high-power andof the layer involved in this drag can be determined frém
high-temperature electronic devices. In addition, AIN films=\27/pw.'® Here 5 and p are the viscosity and mass
are flexible in designing a piezoelectric device onto nonpi-density of the fluid respectively and is the angular fre-
ezoelectric substrates such as silitdand also have better quency of the waves. Damping due to this coupling is quite
mechanical properties, resistance to humidity, and higmegligible and decreases with increasing valuaafue to a

chemical stability. decrease in the amount of entrained biofluid. For this reason,
In biosensing applications, the sensor sensitivity to ant is also desired to use SAW of high frequency.
attached biomass of extremely small magnittofethe order A pure shear-horizontal mode of the surface acoustic

of nanogramg*” is a crucial parameter. Biosensors based ofvaves(SH-SAWS does not exist on a free surface of a semi-
the measurements of variation in the SAWs characteristicgfinite elastic solid where particle displacements are in a
due to the binding of biomass on the film suffer from apjane perpendicular to the sagittal plane. If boundary condi-
serious drawback because of the damping of the SAWs whejfipns due to the film surface are altered by introducing peri-
the devige is loaded with a biofl_uidic material. This dz?\mp_ingodiC gratings on the surface, then propagation of the shear
effect arises because of coupling of surface acoustic vibra;grizontal acoustic mode across the periodic grating can be
stabilized">~1°0n the contrary, shear mode with polarization
dElectronic mail: jagdish@wayne.edu parallel to gratings is still damped. Contrary to the Rayleigh
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waves, SH-SAWSs exist only for a wavelength larger than the 20000 T T Y T T T T

gratings periodicity. In that case when SAW enters into the 18000 | AIN (0002) .
gratings (which destroy the semi-infinite elastic boundary 16000 F .
condition created by the surfgcéts vertical component is  —~ 14000 F A/ d

absorbed by the raised mass of the gratings and SAW®
emerges out of the gratings with only horizontal polarization. 3
These raised surfaces trap the Rayleigh wave'’s energy anwﬁ 10000 |- ALL0O; (0006) i
transform it into the shear horizontal surface waves. g 8000F / 1

Theoretical studig§~*® on the surface transverse wave & 6000 .
resonators showed that the scattering mechanism that caus 4000 I 1
damping of the surface wave not only depends on the value 2000 | .

12000 | -

of the ratio of wavelength to periodicity of gratings but also 0 " " a . A
sensitive to the relative values of height and periodicity of 30 35 40 45 50 55 60 65 70
these raised surfaces. It was shown that when the height o 2 Theta (deg.)

the gratings became larger than their spacing, then higher
frequency branches of dispersion curve of the shear- FIG. 1. X-ray diffraction data of the AIN on AD;(0001) substrate.
horizontal mode began to emerge in the frequency-wave-

vector plané®!"1 However, these high frequency modes _ , .
are highly damped due to their energy radiation into thehasaunlque design of deposition source, a rod-shaped anode
substrate? encircled by a hollow cathode material. By generating the

dargon plasma between the anode and cathode, a low energy

due to the relaxation of boundary conditions effects. For exlUx Of target atoms streams out of the cathode toward the
ample, in a thin platgthicknessh=530.m) of arbitrary _substrate. The flux_energy can be rea_d|ly controlled by vary-
elastic materials, the quasishear horizontal waves arl9 the substrate bias. A base ultra high vacuum at the level

79 . . . .
observed? even without gratings, when the ratio of wave- Of 10~ TorT is maintained in the PSMBE system.
length to plate thickness is less than unity. Al,05(0001) substrates with a surface roughness of less

The fabrication of the metallic gratings on the thin film than 1 nm are directly loaded into PSMBE chamber and

surface is a problematic process and also these metallic grzﬂ_reheated at 750°C for 1 h.,fand Ar gases are then deliv-

ings are known to produce electrical coupling with rest of thet"€d Into the chamber at a rate of 10 sccm and 40 scem,

device components. Their existence also affects the amoufgSPECtively. The generated plasma is maintained by a rf
of biomass binding on the film. However, if grooving is en- POWer supply with an input of 200 W at 13.5 MHz. During

graved on the film surface then there is no discontinuity iniNe 9rowth, the substrate temperature is fixed at 650 °C and

the electrical and other properties of the film. We investi-the chamber pressure is Sef[ _at 1 mTorr with a throttled cry-
gated the propagation of SAW on laser micromachine®PUmPp: These growth conditions are proved to be effective

grooves and its transformation into SH-SAW by varying the© Yield high quality AN in our PSMBE systerif. X-ray
separation between the grooves. The basic mechanism of tfidfraction measurement in Fig. 1 gives a pronounced AIN
conversion is similar to that of gratings, i.e., as the propagat 000_3 pea!<_W|th clean backgro.u_nd free of other onehtatlons
ing SAW meets the groove, it gets totally damped as there j&Nd impurities. The peak position at 35.96° here is 0.08
no propagation through the groovéampty region and the smaller than the characteristic peak of the powder AIN mea-
bulk waves running beneath emerge out from across théured. This indicates a narrow strained region at the interface
23 . .
groove with only shear-horizontal polarization and thus®f AIN and AlOz.* The full V‘c’"dth at half maximum of the
travel across the device as SH-SAWSs. This scenario is exX0CKing curve in Fig. 2 is 0.78°, which is comparable to other

pected to hold for deep and widely separated grooves com-

pared to the wavelength of SAW. As the SAW encounters the 40000
groove edge, part of it is scattered from the edge. But due tc

the roughness and other effects at the groove’s edge thi FWHM=0.78°
waves are scattered in random directions and do not form ¢ __ 30000
coherent superposition to interfere with the incoming waves. =

In this article, we have studied the propagation of the shear-&
horizontal waves by fabricating grooves using laser micro- & 20000
machining and their frequency dispersion. We also investi-
gate their damping behavior when loaded with fluid.

For a thick film, shear-horizontal mode can be excite

Coun

10000

Il. FABRICATION METHODS OF SAW DEVICES ON
AIN/AI,O; MICROSTRUCTURE 0 f L

15 16 17 18 19
A. AN thin film growth 20 21
Theta (deg.)

AIN thin films are grown by a method of plasma source
molecular beam epitaxyPSMBB.?! The PSMBE system FIG. 2. Rocking curve of the AIN on AD; (0001) structure.
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FIG. 3. AFM image of the micromachined grooves made with Eximer laser.
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experimental result& The results show that our AIN film is 2
high quality epitaxial film withc-plane orientation. K. Kaya =
et al?* also found that further improvement of the crystal g
orientation was possible with increasing film thickness. = -
2
[a .
B. Design and fabrication of the device E
Two-port delay line devices with different wavelengths

have been fabricated on AIN/fD; structure. A standard -80330 ™ 0 o
photolithography lift-off process is used to produce desired

IDT patterns. Aluminum is deposited as IDT electrodes by
magnetron sputtering. The thickness of Al is about 150 nm.
Each device consists of two identical IDTs containing either
20 or 40 pairs of fingers. The center-to-center spacing be- A=8 um
tween IDT ports is 95.. The acoustic aperture is 50and
finger width to space ration is 1:1.

For the generation of SH-SAW, a periodic grooving
structure is formed between the input IDTs and output IDTs.
The structure contains 120 periodic grooves. The spatial pe-
riod is 10 um, which is 5/8 of the IDT period and the groove
width to space ratio is set at 1:1. Figure 3 shows the AFM
image of grooves in the depth of 150 nm micromachined by -65 L L L L L
a pulse KrF excimer laser micromachining system. This sys- 660 680 700 720 740
tem has demonstrated the capability of clean cutting with Frequency (MHz)

less thermal effect and precise control over customized . .
FIG. 4. Frequency response of the SAW devices for different wavelengths

; 5
micropatterr? marked in each graph.

Frequency (MHz)

-50 T T T T T

60 b 4
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I1l. RESULTS AND DISCUSSION
The characteristics of the SAW and its type can be stud-

ied from the velocity-dispersion by varying eitheior thick-

In a SAW sensor, the operational frequency is deternessh of the film. Relative variation of the SAW wavelength
mined by its acoustic phase velocity and lithographical resowith respect to the film thickness not only affects the SAW
lution of the IDTs fabrication technique. It is given by a phase velocity but also the effective value of the piezoelec-
simple relation,f =vg,,/\, where the phase velocitys,, tric constantk. Over this limited range ok variation, we
depends on the elastic properties of the film through whictstudied phase velocity dispersion behavior with respect to a
the wave is propagating. The level of disorder or the qualitynormalized variablé&h expressed in terms of changing wave
of a film can also significantly affect the value of phase ve-numberk=2x/\ for a fixed value oth=1.4um (Fig. 5.
locity due to modification of the crystal symmetry and elasticFor the determination of the phase velocity, we perform the
constants. Figure 4 shows frequency responses of the SAYime domain filtering to distinguish the SAW mode from the
devices for varying IDTs separation without any signal pro-electromagnetic feedthrough and triple transit reflection. A
cessing and impedance compensation attempts &mual to  sinx/x characteristic is clearly observed in the measured data
32, 16, and 8um, respectively. The ripples in the frequency shown in Fig. 6. The calculated phase velocities from the
passband are due to the electromagnetic feedthrough amtbserved central frequencies and the corresponding wave-
triple transit reflections between input and output IBs. lengths vary from 5567 to 5590 m/s. With decreasing wave-

A. SAW-mode and its damping
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FIG. 5. Phase velocity of the SAW devices as a functiotlof FIG. 7. Damping of the SAW-mode when loaded with fluid\at32 pm.

This mode gets completely damped on loading with fluid.

length, in a layered structure, the SAW will emerge out of the , . ,
sapphire layer into the AIN film as a first-order Rayleigh acoustics velocities for the bulk AIN semiconductor are
mode whem\~h and the value of the phase velocity will larger than the sapphire but it seems that the presence of a

change from that of the sapphire to that of the film. Sikce thip film, glthough with higher acqustic velocities, can sig-
variation is small in our experiments, we only observed an'f'clintly |nflugnce th_e SA|V(\1/ Vﬁlocﬁ/w loci b .
corresponding small increase in the SAW velocity. In our oran amsi)tr/(mt & SAW velocity can be esti-
experiments, films are thinner thanfor all the samples, so Mated fTOMusay=VCaaf (0)/p, Wherec,, is the elastic con-

the acoustic wave energy remains confined mainly to th&@nt andf(o) is a function of Poisson ratio which deter-
substrate. mines the effective SAW velocity for tgg surface and its
For a Rayleigh mode, the slow transverse bulk mode ofalue lies "218 the range o.?Sf(o)<0.92. Using ela§t|c
a defects free material sets the approximate upper limit of itSONStantcss™ and mass density from Al,O3, we find
velocity and in the hexagonal structure of,@ the slow | (¢)=0.83 for our experimental value of the SAW velocity.
transverse mode propagates along thexis. Its velocity ~SINCe our samples aceaxis grown, there is no possibility of
6090 m/s is much smaller than its longitudinal counterparf® Gulyaev—Bluestien waves;” which exist when the
11160 m/€728 For SAWS, the coupling between the longi- C-@XiS of the hexagonal crystals lies in the plane of the sur-
tudinal and the slow transverse polarizations determines it ce.

effective speed of propagation in the sagittal plane. Our We also investigate the damping behavior of the SAW to

much smaller measured experimental SAW velocity comN€ fluidic load. We find that for all from 8 to 32um, SAW

pared to the slow mode suggests that our SAW is dominatel§ tot.ally. damped by thg fluid. This shows that the SAW

by transverse polarization rather than by the longitudinaPPlarization is in the sagittal plane of the device and dissi-
component. The presence of a dominant transverse polarizB2(€S its energy into the fluid by generating compressional
tion in the SAW is also supported by the strong damping ofVaVes: In Fig. 7 we show the device response when loaded

these waves when loaded with fluid as discussed below. TH¥Ith @ fluid forA=32 um. , o
The temperature sensitivity of this SAW mode is inves-

tigated by mounting the SAW device on a thermal-electric
-50 . ' T ' . stage and monitoring the fractional change of the operating
frequency as a function of temperature at a 10 °C interval.
Here f, is the device operating frequency at 24 °C &id
value of the SAW is 0.55. A linear relation is demonstrated in
Fig. 8 and the measured temperature coefficient of frequency
is —87 PPM/°C.

B. Generation of SH-SAW mode with grooves

Insertion loss (dB)

In Fig. 9 we show the excitation of the higher velocity
mode at\=32 um due to the presence of grooves. The de-
vice shows two resonances—the lower frequency Rayleigh

-120 A A A L 1 mode observed without grooves and a new higher frequency
660 680 700 720 740 mode. The high frequency mode stabilizes at 206.500 MHz
Frequency (MHz) when grooves period becomes larger than half the wave-

length. The calculated phase velocity of this mode is 6608
FIG. 6. Frequency response of the device after time domain filtering. mM/s, which is much higher than the first-order SAW velocity.
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FIG. 8. Relative frequency shift behavior as a function of temperature.
FIG. 10. Damping of the shear-horizontal mode under liquid loading. This
mode remained undamped under loading with fluid.
Since the wavelength of the SAW is much larger than the
film thickness, most of the acoustic wave energy is trans- ) 2831 )
ported through the substrate layer. The velocity 6608 m/s ofi'€ not uniquely determined.™*"The velocity of the shear

the higher frequency mode is close to the transverse bulRulk wave with polarization in the c-.plarl1e of AIN is found in
velocity 6466 m/s of the sapphire with polarization in the the range of 6318 to 644 m/s, which is smaller than that

c-plane?® The fast SAW mode in our device seems to be a°f thg_sapphire—6466,28 648727_”‘/5- According to these

shear-horizonta(SH) wave with polarization in the-plane velocities, .the physical mechanism for the excitation of our

of the sapphire whose velocity is increased by the thin filmSH-mode is analogous to that of the LQVG'Wa%’We' also
Our SH-SAW has features similar to the higher-orderStudied the velocity dispersion of this higher velocity mode

excited modes of the SAWSs, which are having transvers®Y varying the wavelength but we found it a dispersionless
polarizations and velocities larger than the first-order SAWMode. _ _ _ _

velocity. However, these higher-order modes can only be ex- e investigate the damping of the higher velocity mode

cited in a layered structure where upper layer thickness i8Y Studying its propagation response to a fluidic load. In Fig.

larger than the wavelength of SAR a requirement not 10 we show the frequency response of the device when
created in our device. Since the film thickness is smaller thafP@ded with a fluid. The damping effect is very small as seen
the wavelength of the SAW, there is no possibility that ourn the weekly damped higher velocity mode. Survival of this

SH-SAW is a guided wave. In order to unambiguously iden-mode shows that it has shear-horizontal polarization in the
tify this mode, accurate estimates of thekiN and Al,Os) plane of the device. In our experiments the_ propagation mea-
shear-velocities are required, particularly when their valueSurements are taken perpendicular to ¢rais.

are close to one another and it is the relative difference in

their shear velocities that determines the type of mode and itg. Mass sensitivity of the SAW-modes

stability. Certain amount of disorder due to AINA&L; inter-

face and other effects can also affect the values of the elastic € investigate the mass sensitivitg=A ¢/ksA p, of
constants for the AIN film deposited on the,® and thus our SAW device by depositing Al onto the central region of

its velocities. The elastic constants for both AIN angd@d the device._ Herep andg are the phe_lse delay_ and surface
mass density of the device. Geometrical fadtors the frac-

tion of the IDT spacing under mass loading, which-i8.4 in
-46 . . ' our samples. The initial phase 6f83.1° corresponds to 30
nm thick Al layer on the surface to rule out the
acoustoelectrit perturbation due to a change in surface con-
ductivity. In Fig. 11, we show the phase shift induced after
each deposition of 25 nm Al onto the inner IDT surface of
area=0.016 ci. Our device shows a linear relationship be-
tween the phase shift and mass loading consistent with
Aol pg=—Avlvg=Aplpgy. From our measurements, we get
mass sensitivityg=6.4° cnf/ ug. Given 0.1° the phase reso-
lution of our instrument the smallest mass deposition, which
S8 1 ] can be detected is about 16 ngfcwhile the corresponding
-60 : A ) frequency sensitivitys= — Af/k;Ap, based on linear phase
200 205 210 215 220 SAW relation is about-34 Hz cnf/ng.

The typical short-term instability of oscillator circuits is
within 1 Hz, that corresponds to the mass detection limit of
FIG. 9. Frequency response of the shear-horizontal mode=&2 um. 0.029 ng/crﬁ, but that is an ideal situation where noise level

Insertion loss (dB)

Frequency (MHz)

Downloaded 30 Aug 2004 to 160.36.32.230. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 1, 1 July 2004 Xu et al. 217

-60 Y T Y highly sensitive =3 Hz cnf/ng), to a very small mass at-

tachment due to the fast sound velocity in AIN and can be

_. 80 employed for the detection of small concentration of biologi-

%Io cal agents in a fluidic medium.

= .100
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