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INTRODUCTION

The quality of thin GaN layers possessing goodg@éctric properties, grown or deposited on SiGnind, Sapphire
and Si substrates has improved drastically in #s¢ years [1, 2]. Also the radiation hardness agt femperature
functionality of GaN make this material appropriate operate in harsh environments. At the same ,time
nanolithographic techniques have been developedda the charging effects typical to electron bdéhography on
GaN [3]. Nowadays, resolutions lower than 50 nmlsameadily obtained on this material.

The operating frequency of surface acoustic wav@Np devices manufactured on bulk piezoelectric mate like

lithium niobate, quartz, lithium tantalite etc.lisiited to 2 GHz. SAW devices operating at freques@bove 5 GHz
can improve the performances of radar and commtioic@rocessing circuits. Moreover, GaN based SAVicks
working at high frequencies are reliable solutifmssensor applications as the sensitivity increasi¢h the operating
frequency. Surface acoustic wave devices manufdton classical non-semiconductor piezoelectricenss are
widely used for temperature [4], gas concentrafginpressure [6] and relative humidity [7] sensaige to their high
sensitivity and reliability [8].

In sensor applications, the sensitivity increaséh the resonance frequency. The sensitivity ipproonal with the
square of the resonance frequency for mass, hymadil gas sensors [9] while for pressure and tesyer sensors
the sensitivity is proportional with the resonarfioequency [10]. A higher operation frequency leadsincreased
sensitivities for sensor structures manufactureaN. There are three major advantages of using @& SAWSs in
sensor technologies: the possibility to use themmairsh environments (including high and low tempees), the fully
compatibility with wireless data transmission arattéry less operation and the potential advantdgeanolithic
integration with signal processing circuit elementduding HEMT transistors.

In the case of sensors a single-port resonator $yP& structure can be used as sensing elementP]1This avoids
the high transmission losses typically to faceacefresonators on GaN. These losses appear doe kot coupling
coefficient of GaN compared to the classical nomisenductor piezoelectric materials.

This work will present progresses obtained by eant in the manufacturing of temperature sensoctsiress based on
GaN/Si SAW resonators as well as on filter testcttres manufactured on the same material.

TECHNOLOGICAL DEVELOPMENT

Both types of presented devices (filter and sensmmsist of single-port SAW resonator structuresiumfactured using
advanced micromachining of GaN/Si and nano-prongstgchnologies. The GaN/Si wafers have belemined on a
commercial basifrom NTT-AT Japan. The first step in the manufaictgrof SAW devices was the patterning and
deposition of the connection pads using conventiphatolithography, e-gun metallization (Ti/Au 2én/800 nm) and
lift-off technique. A direct electron beam lithogtey (EBL) writing employing PMMA resist with a thiness of 200
nm was developed, for the IDT structure. A Ti/Au f&/75 nm) layer was deposited by e-gun evaporadioth
selectively removed by lift-off process. Ti is usealy to improve the adherence. Its small thickress no influence
on the behavior of the structure [13]. A third “olay mask” was used to eliminate possible inteinms between the
IDTs and the pad metallization layers because efdifferent metal thickness. A second 20/200 nrATilayer was
deposited and selectively removed using lift-offhieique [11]. A SEM photo of the single-port restmnaest SAW
structure, having 200 nm finger width and intertggiacing, is presented in Fig. 1.



The single-port resonator SAW structures, usedis work for temperature determinations, have titeva area (the
IDTs) supported on a membrane. After top size msiog, the 525m thick Si substrate was thinned down to 100

by lapping. A square backside mask with the eddgg06fum was applied, centering the topside IDeep reactive ion
etching (DRIE) has been used for selective remok#he Si substrate and SAW structures supported irin GaN/Si
(1.2pm / 10um) membrane have been successfully manufactured.

(a) B
Fig. 1. SEM photos of the single-port SAW struct(agand detail of the nano-lithographic procegs (b

NOVEL TEMPERATURE SENSORS STRUCTURES BASED ON GAN &AW RESONATORS SUPPORTED
ON THIN MEMBRANES

The SAW structure supported on a thin GaN/Si (210 um) membrane, used also as pressure sensing elEgnt
was characterized as temperature sensor. The ivariat the resonance frequency for the Rayleigh enpdak vs.
temperature was determined in a cryostat setupgin268 °C - +150 °C temperature range. The abdaiesults for the
20 °C - 150 °C are presented in Fig. 2. The lirmggproach of the resonance frequency vs. temperahowed a
sensitivity of s = 627 kHz/°C (TCF = 120 ppm/°Chid value was about 2.5 times higher than thosairdd on bulk
SAW devices in our previous results [11, 12, anfd 15

5.22

_ 521

N

T

O 519

>

o

§ 5.7

=

o

S 5145 S=627kHz/°C

TCF= 120 ppm/°C

5130 20 60 80 100 120 140 160
Temperature [°C]

Fig. 2. Temperature sensitivity determinationstfer SAW structure supported on a 12 thin GaN/Si membrane.
MICROWAVE FILTERS BASED ON GaN SAW RESONATORS

In the last decade, a lot of effort has been doraetelop AIN and GaN SAW devices based filterhwéasonable low
losses dedicated to real applications, but, updw,'SAW filter structures based on GaN or AIN, useh real
applications have not yet been fabricated.

The highest resonance frequency reported befor@,26da SAW structure on GaN (on Sapphire) wa22 GHz [16].

The first resonance occurred at 1.62 GHz and it idastified as Rayleigh, the second resonance2252GHz being
Sezawa type. The structure was a face-to-face Séathator with an acoustic wavelength of 2.4 pngéifinterdigit

spacing 600 nm wide). The resonator shown -27 @dRsmission losses and 30 dB out-of-band rejectowntte

Rayleigh resonance as well as -35 dB losses ardB26ut-of-band rejection for the Sezawa resonaimcepth cases
the bandwidth was about 30 MHz.

SAW filters having 28 pm wavelength, fabricated 2mm-thick piezoelectric GaN layer grown on unitigmally
doped LT GaN buffer layer, were reported in [17permting at much lower frequencies (Rayleigh modakpat



200 MHz and Sezawa mode peak at 350 MHz). FoRtndeigh mode peak (200MHz) the insertion lossesewg6
dB and the out-of-band rejection was 10 dB. Fora8gezmode peak (350 MHz), the insertion losses w28edB and
the out-of-band rejection was 20 dB.

In 2011, at Ann Arbor Univ. Michigan a special restorffilter structure based on GaN-on-silicon thilm
piezoelectric on substrate (TP0S) has been repft&d The structures have been fabricated on ®pit€&5aN layer
grown on a silicon-on-insulator (SOI) substrateislta single-port filter with a complex structufepricated on a
membrane with an active area of 260 x 24 |itme Si layer is etched from the backside). Thsran interdigitated
transducer (IDT) type structure on the top consisiof electrodes 10 um wide and interdigit spa@h@ pum. The
fifth-order thickness resonance mode occurs aGHz, the band-pass response having -14 dB transmiksses and
15 dB out-of-band rejection, with 20.2 MHz bandvidt

In 2014, Fe-doped GaN epitaxial films with wurtziteucture were grown on (0001) sapphire substgmatkinterdigital
transducers (IDTs) of SAW delay lines were fabedaf19]; the reported insertion loss was -25.5 al8237.8 MHz
center frequency for the Fe-doped GaN, with 25 dBaf-band rejection.

SAW structures resonating at 5.7 GHz have beerrteghby our group in 2010 [20], using IDTs withders/interdigit

spacing 200 nm wide. This represents the statheoétt with respect to the resonance frequencBiid based SAW.
The structure was manufactured using face to fasenators, this representing the simplest filtercstire based on
SAW resonators. The transmission losses were -38t@&B7 GHz and the out-of-band rejection 10 dB.

Band-pass and band-stop filters based on single-paresonators

The architecture of ladder type filter has beenl webwn in the design of ceramic filters and quditters. As the
equivalent circuit of component resonators of thesehanical filters is similar to that of singlefp8AW resonator,
the idea of the ladder type filter can be simplplagal to SAW filter design [21, 22].

The regular ladder type SAW filter which has SAVEaeators both in the series arms (S) and the ph(&l) arms is
shown in Fig. 3 (a). Both resonators are single-B&\W resonators and their resonant frequencieslayetly different
from each other. The basic section of a ladder fij{ee is shown in Fig. 3 (b), where the equivaleicuit of the SAW
resonator without lossy elements is used. In thiecthe impedance of the series-arm resonadpafd the admittance
of the parallel-arm resonator g)rare imaginary.
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Fig. 3. Ladder type filter with SAW resonators (aperation of the basic section of a band-pas<slagge filter:
lossless equivalent circuit (b); position of resurfaequencies for the two resonators (c).

For a band-stop filter, the resonant frequencyhefghunt resonator ) is designed to nearly equal the anti-resonant
frequency of the series-arm resonatars(f



Single-port GaN SAW resonators

To build ladder type structures single-port GaN SA&¥onators will be used as unit cells for theesednd parallel
elements. The parallel resonators are designedremdifactured for a slightly different frequencyrthe series one.
This is obtained by changing the fingers width artdrdigit spacing of the parallel resonator conegawith the series
one or by changing the thickness of the fingersattigation.

Single-port resonator structures have been sindjlaiesigned and fabricated in order to analyzeldpendence of the
resonance frequency on the physical characterisfitise resonators and to establish the equivaiectit of the GaN
SAW single-port resonator structures.

SAW cell 200
Fig. 4. Single-port series resonator for “on-wafe@asurements.

We fabricated single-port SAW resonators having fiBfers and interdigit spacing and 50 reflect@ia¢ed at 0.95
pm distance to the interdigitated transducer). Whdth of the fingers varies between 200 and 206 e length is 50
pm and the thickness of the Ti/Au metallizatiod @80 nm or 10/90 nm. The structures are fed bynmi@® 50 Ohm
coplanar waveguide transmission lines for “on-wafeeasurements (Fig. 4).

In Fig. 5 are presented the results of S-parammiesisurements performed on single-port series ressnavith
different widths of fingers and interdigit spaciag well as for different values of metallizatioickmess.
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Fig. 5. S-parameter measurement results for sipgteseries resonators: with 90 nm metallizatiookihess
and various widths of fingers and intgitdspacing (a) §, (b) S$1; with 200 nm widths of fingers and
interdigit spacing and different values of metaltian thickness (c) 3 (d) S:.



S parameters have been measured with a Vector Netwalyzer 37397D from Anritsu with a PM5 “on wafeet-up
from Suss Microtec, using the measuring pads ofthetures.

As shown in Table 1, the measured values of resEn&requencies are in very good agreement withsttmilated
values for different widths of fingers and interitigpacing as well as for different values of mieation thickness
(errors are less than 1%).

Table 1. Resonance frequency extracted from simoastind experiment

Electrode width [nm]; case (a) Frequency extracted from Frequency extracted from
(metallization thickness 90 nm) simulation [GHz] experiment [GHz]
200 541 5.44
202 5.36 5.39
204 5.32 5.33
206 5.27 5.29
Metallization thickness [nm]; case (b) Frequency extracted from Frequency extracted from
(electrode width 200 nm) simulation [GHz] experiment [GHz]
90 5.41 5.44
100 5.34 5.37

According to simulations and to all measurements peeformed, the effect of technological parametensthe
resonance frequency of the single-port GaN/Si SAWéwsr a frequency shift of 46 MHz / 2 nm change of
finger/interdigit spacing width and a frequencyfstif 65 MHz / 10 nm change of metallization thielas. A
combination of these two parameters will be usedbmin smaller differences between the resonawojuiencies. The
resolution of this procedure (to obtain reprodueitdsults) is 2 nm as concerns finger/interdigitcapg width and 4 nm
as concerns metallization thickness.

Single-port GaN SAW Resonator Equivalent Circuit

Starting from the classic equivalent circuit repdrfor bulk FBAR and SAW resonators [23], an egl@ntcircuit for
single-port GaN SAW resonators was developed, aigwus to understand the influence of various ptalsi
parameters of the resonators and to design beiéf fdter structures.

The configuration of the equivalent circuit thasfthe behavior (S-parameters vs. frequency) okthgle-port series
GaN SAW resonator is shown in Fig. 6. It is représd by a motional capacitor,Cin series with a motional inductor
Ln, and together in parallel with a static capaciigr the acoustic loss can be represented simply lgidering a

series resistor Rto the other two motional elements,(1C.,).
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Fig. 6. Single-port GaN SAW resonator equivalentugt.

Compared with the original one, the equivalentuiirof single-port GaN SAW resonator includes deseresistor B
that represents the resistive loss due to the lzetédn of the structure (IDT electrodes, transsioa line segments)
and a series capacitoggdwhich is essential to model the capacitive bebraof the single-port GaN SAW resonator).

The values of equivalent circuit lumped elementgaimed by model extraction, for the five typesS#W resonators
(with 300 / 150 / 75 / 50 fingers, 50um and 30pnglovith 200 nm width) are presented in Table 2 Wreasured S-
parameters for all five types of single-port regorg have shown an excellent agreement with thar8rpeters that
have been computed using the extracted parameters.



Table 2. Equivalent circuit elements extracted fiimulation and experiment

Symbol | 300 fingerss /30um 300 fingers / 50pum  18@efrs / 50um| 75 fingers / 50um 50 fingers / 50pum
Lm 185.2 nH 184.5 nH 186.4 nH 189.6 194.5 nH
Cn 4.62 fF 4.65 fF 4.60 fF 457 fF 452 fF
Rm 12.4Q 17.6Q 24.7Q 31.4Q 33.9Q
Co 1.454 pF 1.536 pF 1.106 pF 0.802 pF 0.653 pF
Rext 3.45Q 3.72Q 6.67Q 9.67Q 10.82Q
Coer 0.704 pF 1.536 pF 0.542 pF 0.236 pF 0.151 pF

One can notice that resisto, Ras rather high values, which increase the inseltiss of the GaN SAW filter equipped
with single-port resonators, but — to a greateerixt- also affect the rejection depth on both sufethe pass-band,
without any possibility to be compensated by using external components (transmission lines or korgdements). It

is important to mention that the increase of thenber of fingers leads to lower values of the semssstor R,.

T-shape andIlI-shape filter structures based on GaN SAW single-pbresonators

Based on single-port GaN SAW resonators, severgblsiladder filter structures (T-shape dihape — Fig. 7) have
been designed, manufactured and tested.
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Fig. 7. T-shape (a) ardd-shape (b) SAW filters for “on-wafer” measurements.

In Fig. 8 (a), (b) are presented the S-parametasorement results for a T-shape pass-band filtidr series resonators
(described above, 90 nm metallization thickness)inga 200 nm finger width and a shunt resonator (taene
configuration as the series one) with 202 nm findgRasults for dl-shape band-stop filter with 200 nm finger width
shunt resonators and a series resonator with 20&ng@r are shown in Fig. 8 (c), (d). Similar resulbut with wider
frequency responses) were obtained for band-pakbamd-stop filters with 200 nm finger width antkeidigit spacing,
having metallization thickness 90 nm for the seresonators and 100 nm for the shunt resonator.

One can notice the band-pass and band-stop shapeassier characteristics, with acceptable insartbss values, but
the filters show low values of the ratio betweea thsertion loss and rejection. This behavior iasea by several
factors: rather high value of the series resistgr(®4.7 Q is the value found for the single-port resonateith 150
fingers, 50 um long), the presence of the seripaator G.,, and the poor matching between the filter striectamd
the 50Q characteristic impedance of the measurement setup.

To decrease the series resistor value, singlerpsanators with shorter fingers and interdigit pg¢30 pm length)
and large number of fingers (300 fingers) were u§gd= 12.4Q). The S-parameter measurement result§fshape
bandpass filter with 202 nm width of fingers antemdigit spacing for the shunt resonators and 280fer the series
one are shown in Fig. 9 (a). Using high charadierimpedance (10Q) transmission lines (1.25 - 1.26 mm length) to
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Fig. 8. S-parameter measurement results for: Tesbapd-pass filter with 200 nm wide fingers for tleeies
resonators and 202 nm for the shunt @)eS 4, (b) S1; TT-shape band-stop filter with 200 nm wide
fingers for the shunt resonators and 202 nm fos#rees one: (c):§ (d) Si.

compensate the series capacitangg & the single-port resonators as well as siniplsections (with L = 0.86 nH
series inductances and C = 0.56 pF shunt capgcitora better matching of the filter, the transtbaracteristics of the
filter are significantly improved, as shown in Fgy(b): -5.4 dB insertion loss at 5.4 GHz, 31 MHmbwidth (at -3dB)
and about 14 dB out-of-band rejection close to phss-band region. Similar results were obtainethéf series
matching inductances are replaced with 1.4 mm B0 transmission line segments. The matching soludigpends
on the connections to adjacent circuits or to thekpge (for stand-alone filters).
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Fig. 9. S-parameter results fidrshape band-pass filter with 300 fingers (30 pngtenhaving 202 nm wide fingers
for shunt resonators and 200 nm for thieesene: (a) filter built only with SAW resonatp(b) filter built
with SAW resonators and elements to comgterthe series capacitotfand to improve filter matching.



More complex ladder-type filter structures are undievelopment in order to increase the out-of-bagjelction (with
some cost as concerns the insertion loss values).

Band-pass filters based on face-to-face resonators

In order analyze the solutions to obtain a bettexpe (the ratio between the attenuation in the-stom and the
insertion losses) of the transfer characteristithef GaN SAW band-pass filters, we designed andctaied face-to-
face SAW resonators and band-pass filters (Fig. 10)

The face-to-face GaN SAW structures consist ofrdiggtal transducers (IDT) with 100 electrodes & Bm length,
with 20 um distance between the two IDTs; each Ha$ 50 reflectors (placed at 0.95 um distancedartterdigital
transducer, outside of the face-to-face structurbg widths of fingers and interdigit spacing af® 2im for the face-
to-face SAW resonators and 200 nm and 202 nm fobdnd-pass filter. The thickness of the Ti/Au iliettion is
10/80 nm for both types of structures. The striedware fed by means of $Dcoplanar waveguide transmission lines
for “on-wafer” measurements (similar with the cgpfiations used for single-port structures).

202nm

(a) (b)
Fig. 10. Face-to-face SAW resonator (a) and faeiate SAW filter structure

The behavior of the face-to-face resonator from Ey(a) is shown in Fig. 11.
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Fig. 11. S-parameter measurement results for fadaee SAW resonator: (a) S(b) Si.

One can notice that the,|Sswing between the series and the parallel resenfrequencies (about 20 dB) is much
higher than the swing for single-port resonatord (8B), but the losses are also much larger.

The S-parameter measurement results of the fataceSAW filter from Fig. 10 (b) are shown in Fi (blue traces)
The insertion loss of the filter is 26.6 dB and tagction of the out-of-band signals is 17.5 dBe@an notice that the
input/output impedance is far from %D — as shown on the Smith diagram in Fig. 12 (b).improvement of the
insertion loss can be obtained by matching therfilblack traces) using sections with L = 1.2 nH and C =0.56 pF; a
compromise between the loss improvement and dex@fabe out-of-band rejection was made. The malkditter has
shown 23.6 dB insertion loss and about 16 dB otiasfd rejection.
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In order to improve the insertion loss and to iaseethe out-of-band rejection of the face-to-faedGAW filters,
more refined structures are under development.

CONCLUSIONS

In the first part of the paper, a novel temperag@esor structure consisting of a single-port reasanSAW having the
Rayleigh mode resonance at about 5 GHz, supporteal thin GaN/Si membrane with a total thicknes4bfum, is

presented. A very high sensitivity (627 kHz/°C esponding to 120 ppm/°C) has been obtained, vallish are
about 2-2.5 times higher compared with similarctrites manufactured on bulk material.

In the second part of the paper, first experimeeigloped in order to obtain reliable ladder-typsvall as face-to-face
type band-pass SAW filter structures on GaN/Si,rafieg at frequencies above 5 GHz, are describaddér-type

filters based on single-port SAW resonators have@vshoptimistic results regarding insertion losses fore efforts

have to be made as concerns out-of-band rejeclioa.face-to-face resonator topology provides muetteb out-of-

band rejection but with rather high insertion Iasddore complex configurations will be developedtitain a proper
balance between insertion losses and out-of-bgadtien characteristics of the band-pass SAW ln GaN/Si.

Acknowledgment
The Romanian authors acknowledge ESA project (N008115202/15/NL/CBi) for the support in developiBgWwW
filters on GaN/Si.

REFERENCES

[1] A. Dadgar, P. Veit, F. Schulze, J. Blasing,kA.Witte, H. Diez, and A. R. Clos, “MOVPE growth &aN on Si
— substrates and straifhin Solid Films, vol. 515, no. 10, pp. 4356-4361, Mar. 2007.

[2] E. Arslan, M. K. Ozturk, A. Teke, S. Ozcelikn E. Ozbay, “Buffer optimization for crack-free i&&pitaxial
layers grown on Si (111) substrate by MOCVDPhys. D, Appl. Phys., vol. 41, no. 15, pp. 155 317, Jul. 2008.

[3] T. Palacios, F. Calle, E. Monroy, and F. Munt&ubmicron technology for lll-nitride semiconducsty J. Vac.
ci. Technol. B, Microelectron. Process. Phenom., vol. 20, no. 5, pp. 2071-2074, Sep. 2002.

[4] A. Binder, R. Fachberger, “Wireless SAW tempeara sensor system for high—speed high-voltage nsiptdEEE
Sensors Journal, vol. 11, pp. 966-970, 2011.

[5] N. Dewan, S.P. Singh, K. Sreenivas, V. Guptafltience of temperature stability on sensing prbps of SAW
NOx sensor” Sensors and Actuators B: Chem., vol. 124, no. 2, pp. 329-335, 2007.

[6] A. Binder, G. Bruckner, N. Schobernig, D. SchkimiWireless surface acoustic wave pressure ampégature
sensor with unique identification based onLiINBQEEE Sensors Journal, vol. 13, no. 5, pp. 1801-1805, 2013.



[12]

[13]

[14]

[15]

[16]

[20]

[21]
[22]

(23]

A. Buvailo, Y. Xing, J. Hines, E. Borguet, “Tinipolymer film based rapid surface acoustic waveildity
sensors” Sensors and Actuators B: Chem., vol. 156, pp. 444-449, 2011.

J.-H. Lin, Y.-H. Kao, “Wireless temperature sérg using a passive RFID tag with film bulk acaust
resonator”Proc. |EEE International Ultrasonics Symposium, Beijing, 2-5 Nov., pp. 2209-2212, 2008.

M. Pasternak, “Overtone oscillator for SAW gietectors”|EEE Sensors Journal, vol. 6, pp.1497-1501, 2006.
J.G. Rodriguez-Madrid, G.F. Iriarte, O.A. Wilhs, F. Calle “High precision pressure sensorecas SAW devices
in the GHz range"Sensors and Actuators A: Physical, vol. 189, pp. 364-369, Jan. 2013.

A. Miller, G. Konstantinidis, V. Buiculescu,. ®Dinescu, A. Stavrinidis,A. Stefanescu, G. Stadis) I. Giangu,
A. Cismaru, A. Modoveanu, “GaN/Si based single SA&8onator temperature sensor operating in the GHz
frequency range”Sensors and Actuators A, vol. 209, pp. 115-123, 2014.

A. Miiller, G. Konstantinidis, I. Giangu, V. Bulescu, A. Dinescu, A. Stefanescu, A. Stavrini@s Stavrinidis, A
Ziaei "GaN-based SAW structures resonating withé%.4-8.5 GHz frequency range, for high sengjtiéimperature
sensors”"2014 |EEE MTT-SInt. Microwave Symp. Dig., pp. 1-4, 2014.

A. Stefanescu, A. Mller, I. Giangu, A. Dinestnfluence of Au based metallization on the phealecity of GaN on
Si Surface Acoustic wave resonatdesctron Devices Letters, IEEE, vol. 37, no. 3, pp. 321-324, 2016.

A. Miuller, A. Stavrinidis, I. Giangu, A. Staefascu, G. Stavrinidis, A. Pantazis, A. Dinescu, Bsldeiu, G.
Konstantinidis, “High sensitivity, GHz operating BApressure sensor structures manufactured by méafoiming
and nano-processing of GaN/Si016 IEEE MTT-SInt. Microwave Symp. Dig., 2016.

A. Mdller, I. Giangu, A. Stavrinidis, A. Stefiascu, G. Stavrinidis, A. Dinescu, G. KonstantisidiSezawa
propagation mode in GaN on Si surface acoustic wgpe temperature sensor structures operating a GH
frequencies”] EEE Electron Device Letters, vol. 36, no. 12, pp. 1299-1302, Dec. 2015.

T. Palacios, F. Calle, J. Grajal, E. Monroy, Bickhoff, O. Ambacher, F. Omnes, “High freque@4W devices
on AlGaN: fabrication, characterization and intéigra with optoelectronics”|EEE Ultrasonics Symposium, pp.
57-60, 2002.

S. Petroni, G. Tripoli, C. Combi, B. Vigna, NDe Vittorio, M. T. Todaro, G. Epifani, R. Cingolarand A.
Passaseo, “Noise reduction in GaN-based radio émryusurface acoustic wave filter&pplied Physics Letters,
vol. 85, no. 6, 1039, 2004.

A. Ansari, V. J. Gokhale, V. A. Thakar, J. Rots, and M. Rais-Zadeh, “Gallium Nitride-on-Silico
Micromechanical Overtone Resonators and FiltetEEE International Electron Devices Meeting (IEDM),
Washington, DC, pp. 20.3.1 - 20.3.4, 2011.

Y. Fan, Z. Liu, G. Xu, H. Zhong, Z. Huang, ¥Yhang, J. Wang, K. Xu, “Surface acoustic wavesé&mis
insulating Fe-doped GaN films grown by hydride vapbase epitaxy’Applied Physics Letters, 105, 062108
(2014).

A. Midller, D. Neculoiu, G. Konstantinidis, (eligeorgis, A. Dinescu, A. Stavrinidis, A. Cismarlv.
Dragoman, A Stefanescu, “SAW devices manufactunedsaN/Si for frequencies beyond 5 GHElectron
Devices Letters, vol 31, no. 12, pp. 1398-1400, 2010.

D. Morgan,Surface Acoustic Wave Filters, 2" ed., Elsevier, pp. 335-339, 2007.

K. Hashimoto, T. Omori, M. Yamaguchi, “Applitan of SAW devices to matching elements in RF wi<,
2003 |EEE Ultrasonics Symp., vol. 1, pp. 407-410, Oct. 2003.

H. Jin, S.R. Dong, J.K. Luo and W.I. Milne, éBeralised Butterworth-Van Dyke equivalent cirdaitthin-film
bulk acoustic resonatorElectronics Letters, vol. 47, no. 7, pp. 424-426, 2011.



