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Abstract

The electro-mechanical properties of an acousticewaopa-
gating in a piezoelectric media can be tuned byutaiwn of
the resistivity of the piezoelectric material. Thg readily
available in piezoelectric semiconductor materiaiderein
acoustic phonons and charge carriers can intdratttis work,
we employ epitaxially-grown AlGaN/GaN hetero-stwres in
bulk acoustic wave resonators with Schottky ingitdted
transducers biased in the depletion region to sthdyinterac-
tion between piezoelectric strain and depletionrgbs. By
modulating the impedance of the depletion layemugaplica-
tion of DC voltages, we tune the acoustic properniebulk-
mode resonators and show signific§htenhancement as the
result of a depletion force added to the piezogteeictuation
force. Furthermore, we compare the performanceict seso-
nators with pure GaN piezoelectric resonators Hwate the
same geometry but with the AlGaN layer removed. kiVime
tegrated with AIGaN/GaN HEMTs (located on the aticus
cavity or next to the resonator), such resonatansbe used as
frequency references in oscillator circuits in afiequency
(RF) blocks or utilized in harsh environment sensapglica-
tions.

Keywords lll-nitride semiconductors, AlGaN, GaN, het-

erostructures, piezoelectric resonators

1 Introduction Epitaxially-grown AlIGaN/GaN het-
erostructures have attracted considerable attengicently
due to their superior material properties. AlIGaN\Gagh
electron mobility transistors (HEMTs) are being elid
used in power amplifiers in base stations and Gaded

electronic components [1-6]. A very unique chanastie
of GaN is the simultaneous presence of piezoetstytri
with semiconducting properties, which allows foos# in-
vestigation of interactions between acoustic phenand
charge carriers. In this work, we utilize high perance
depletion-mediated bulk acoustic piezoelectric nesors,
with Schottky interdigitated transducers (IDTs) dgited
on top of an AlGaN/GaN layer. The actuation mecni
of such resonators consists of piezoelectric at ageélec-
trostatic force caused by depletion forces. We shioat
significantQ enhancement of more than 240% is achieved
with the application of electric field as a resofittombined
actuation mechanisms. Furthermore, by applying [2C-e
tric field to the Schottky transducers, efficienbdalation
of depletion capacitance and resistivity of the al\Glayer
is realized, causing 108 ppm of frequency tuningimr
crease in the acoustic velocity and more than 180%n-
provement in transduction efficiency.

2 Fabrication and design Epitaxial AlIGaN/GaN
layers are grown on Si (111) substrate by metadairg
chemical vapour deposition (MOCVD). The total thieks
of the GaN epi-layer is ~1.8 um and the AlGaN isn20
thick. Schottky contacts (Ni/Au) are deposited @% Elec-
trodes. Access to the two-dimensional electron(gBEG)
at the AlGaN/GaN interface is provided by Ohmic temis
(Ti/AIITi/Au) deposited outside of the active resar re-
gion around the tethers and annealed at 800 °G Eni-
ronment. Trenches are made to define the contdutiseo
resonator by chlorine-based plasma etching of AlGaN.
To form suspended membranes, the Si substratenisvesl
using xenon difluoride (Xeff isotropic etching from the
front-side. More details about the epitaxial stackl fabri-
cation process can be found in [7]. A scanningted@cmi-
croscope (SEM) image and a cross-section scheofatie
fabricated AlGaN/GaN resonator is shown in Figab].
The resonator is 70 um wide, consisting of nine HDF
gers, each 5 um wide and spaced 3 um apart. ThHeedev
operates at its ninth-order width-extensional resae
mode at ~512 MHz. The mode shape and frequency re-
sponse of the resonator are shown in Fig. 1 (c,d).

LEDs comprise a large portion of the lighting marke

Since GaN exhibits strong piezoelectric properteeaum-
ber of groups have recently looked into GaN acousto-
nators and their integration with GaN electronid apto-
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Figure 3 Diode-embedded equivalent circuit model of depfeti
mediated AlGaN/GaN resonators.

In this circuit model, the motional branch, as wel
the electric components depend on applied eletigld.
R, Ly andC,, for a width-extensional piezoelectric resona-
tor with a width ofW, length ofL, and thickness of can
be estimated as [9]:
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Figure 1 (a) A SEM image of the fabricated AlIGaN/GaN resone :/msu>b<> m>I&LI\T/mII3 <m|l_>m;/m|> _LTSUE:TO i‘ipp
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Figure 2 Dependency of acoustic properties of piezoelectso- Brealki(rqlg{ I></mrow></msub 0 /mo 0>&Non

nators on DC voltage at,B -5 dBm. (a) Frequency (or acoustic ) ) ] . .
velocity) tuning, normalized to the resonance festpy at 0 v. SPace;</mo><mi>&rho;</mi><mfrac><mrow><mi>W</

(b) electromechanical coupling coefficiekf), (c) mechanica, ~Mi><Mi>L</mi><mi>T</mi></mrow><mn>2</mn></mfr
and (d)k? xQ vs. DC voltage. ac></mrow></math>)ks is the effective stiffnesg; is the
electromechanical transduction efficiency, or inpau



voltage to force transformation ratio.is the density of the
resonating material andk; is the piezoelectric coefficient.
Rn, Lm andC,,, depend orkg, which in turn depends on DC
voltage, as discussed in section. Loy aNdRenory de-
note the depletion capacitance and resistance/ofitput
Schottky IDTs which depend on the applied DC vadtag
C-V and DC |-V characteristics of the Schottky @uns
are shown in Fig. 4.

Figure 4 Schottky characteristics: C-V (measurement take
at 1 MHz) and DC [-V curves between one Schottky K&t and
Ohmic GND. -1.65 V marks the threshold voltage hicl point
the depletion region pinches the 2DEG. 0.75 V ménksturn-on
voltage of the Schottky diode. In case (i), at ZBfd voltage, the
depletion layer depth in the z-direction is setthy thickness of
the AlGaN layer; in case (ii) the depletion layasipinched the
2DEG sheet and penetrated into the high-resistvéii layer.

Two regimes are observed in the depletion region
the C-V profile shown in Fig. 4. In regime (i) tloapaci-
tance reflects the effective thickness of the S&lgdiarrier.
As the 2DEG gets depleted and the charge is remdked
capacitance decreases. In regime (ii) the edgheofieple-
tion layer has entered the high-resistivity GaNetagnd the
capacitance value has dropped significantly dudeple-
tion of the 2DEG channel. Under zero external \gdthi-
asing, the depletion layer extension in z-direci®ualeter-
mined by the thickness of the AlGaN layer, heneejtimc-
tion capacitance is:

<msub><mi>C</mi><mn>0</mn></msub><mo>=</
mo><msub><mi>C</mi><mrow><mi>j</mi><mn>0</mn
></mrow></msub><mo>=</mo><mo>&NonBreaking-
Space;</mo><mi>n</mi><mo>&NonBreakingSpace;</m
><mo>&times;</mo><mfrac><mrow><mi>&straightepsil
on;</mi><msub><mi>&straightepsilon;</mi><mn>0</mn
></msub><mi>A</mi></mrow><mi>d</mi></mfrac><m
0>,</mo></mrow></math> (4)

where n is the number of Schottky fingers (n=5dne
IDT set),is the relative permittivity of the AlGaN layer,
reported as (8~9.5) at low frequencies [19]s the free

stretchy="false">)</mo></mrow></msqgrt><mo>,</mo></
mrow></math> (5)

whereq is electron chargdyy is the carrier densityp, is
the barrier built-in potential andis the applied voltage. It
must be noted that in a 2D hetero-structure witantum
confinement, the carrier density is not uniformligtdb-
uted along the thickness (z-direction) of the AlGlaier.
Thus Eq. 5 does not accurately model the extersfighe
depletion layer in regime (i) in z-direction. Inder to gain
additional information about the peak carrier conicgtion
and its depth, particular to our AlGaN/GaN hetero-
structure, we utilize the C-V profile shown in F@to de-
rive the carrier concentratiomNé,) as a function of depth
(zcv) in the depletion region based on the method &
in [13, 14] and shown in Fig. 5(b).

<msub><mi>N</mi><mrow><mi>C</mi><mi>V</mi></
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</mo></mrow></math> (6)
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n></msub></mrow><mi>C</mi></mfrac><mo>,</mo><
mo>&NonBreakingSpace;</mo></mrow></math> (7)
where C is the measured capacitance in the C-V profile,
when voltage (V) is applied to the Schottky contddie
2DEG sheet carrier concentration can then be cledilas:
<msub><mi>n</mi><mi>s</mi></msub><mo>=</mo><
munderover><mstyle display-
style="true"><mo>&Integral;</mo></mstyle><mrow><m
0>&minus;</mo><mo>&infin;</mo></mrow><mo>&infi
n;</mo></munderover><msub><mi>N</mi><mrow><mi
>C</mi><mi>V</mi></mrow></msub><mo

space permittivityA is the area of each finger (5 um x 200stretchy="false">(</mo><msub><mi>z</mi><mrow><mi

pm) andd is thickness of the AlGaN layer (20 nm). Plug-
ging in the measured value of 15 pF @rat zero external
voltage bias from Fig. 4 into Eq. 4, the relatirpittivity
of the AlGaN layer at 1 MHz is derived as 6.8, ajng
well with the reported values in [10]. The deplatigidth
(Z4) under Schottky contact for a uniformly-doped skmp
is defined as [11, 12]:

<msub><mi>Z</mi><mi>d</mi></msub><mo>=</mo><
msqgrt><mrow><mfrac><mrow><mn>2</mn><mi>&strai
ghtepsi-
lon;</mi><msub><mi>&straightepsilon;</mi><mn>0</m
n></msub></mrow><mrow><mi>qg</mi><msub><mi>N<
/mi><mi>d</mi></msub></mrow></mfrac><mo
stretchy="false">(</mo><msub><mi>&Phi;</mi><mi>b</
mi></msub><mo>&minus;</mo><mi>V</mi><mo

>C</mi><mi>V</mi></mrow></msub><mo
stretchy="false">)</mo><mtext>d</mtext><msub><mi>z
</mi><mrow><mi>C</mi><mi>V</mi></mrow></msub

><mo>.</mo></mrow></math> (8)

It is shown in [15], that the modulation of 2DEGndity in
AlGaN/GaN hetero-structures causes significantease in
the generated strain as compared to the strairratedein
GaN-only piezoelectric layers. Therefore, in order
achieve efficient transduction, it is beneficial ttilize
IDTs on AlGaN/GaN hetero-structures.
Figure 5 (a) Energy band diagram of the AlGaN/GaN hetero-
structure under reverse bias condition. (b) Meas@BEG car-
rier concentrationss. depth from the C-V profile in Fig. 4.

By applying a negative external bias, 2DEG charge
starts to deplete. As the value of the negativéagel gets



larger, the space charges get more depleted aNg=at stretchy="false">(</mo><mfrac><mi>&sigma;</mi><mro
1.65 V the depletion layer will completely penetrat w><mi>&omega;</mi><mi>&straightepsilon;</mi><msu
through the 2DEG (pinch-off voltage). In regimg (iihere b><mi>&straightepsilon;</mi><mn>0</mn></msub></mr

V4o is smaller thanV,or, the measured capacitance ow></mfrac><mo
drops significantly, due to depletion of 2DEG clemgln stretchy="false">)</mo></mrow><mn>2</mn></msup></
regime (ii), extension of the depletion region e tGaN mrow></mfrac><mo

layer occurs under large depletion voltages atahdsvn to  stretchy="false">)</mo><mo>,</mo></mrow></math>
cause reliability issues in AlGaN/GaN HEMTs [16}. (20)
must be noted that the lateral extension of thdetiep re- .
gion as well as its further extension into the Gayer, be- yvherewls th‘? fundamen_tal angul_ar resonance frequency,
low the pinch-off voltage is not completely captlhlie; the 1S the acoustic velocityk is the stiffness under super con-
C-V measurement, explaining further improvementtia ductivity conditions K? is the electro-mechanical coupling
acoustic propertie’s of laterally-field excited meators coefficient of the piezoelectric materiat,is the conductiv-
WheNVeg< Vpineho ity of the mater_ial [_17]. . .
As shown in Fig. 2, the increase in the acoustloore

3.1 Acoustic velocity It has been shown that the ve! IS ~108 ppm, translating into ~0.021% of chamgéhe
locity of acoustic wave propagation in a piezoelect effective stiffness. Th_|s rather sma.II tuning isedio Fhe
semiconductor is dependent on the resistivity @f ithe- fact that the modulation of the resistivity (andighstiff-
dium [17]. In [17], White et al. took advantage of such gN€SS) occurs in the depletion region merely, whiom-

_ ( . o ) ) .
phenomenon in surface acoustic waves (SAWSs) tadbuPrises only ~6% of the entire GaN-based resonacksn
delay lines with variable velocity of transmissioy modu- the th|ckne_ss dlre_ctl(_)n. In order to S|gn|f|canﬂpdulate
lating the resistivity of the piezoelectric semidantor ma- tNe acoustic velocity in bulk-mode resonators,tthekness
terial. of the resonator should be Fhlnned down to dimerssia

In the width-extensional AlGaN/GaN bulk-acoustit® Same order of the depletion layer depth.

resonator, shown in Fig. 1 (a), the acoustic veJoBi-  Finally, to verify that the added stiffness is indedue to
creases at larger depletion voltages. Fig. 2 (ayshthis  charge modulation in the depletion layer and distish it
trer!d. The increase in th.e acoustic velocity igkatted to  from the standard piezoelectric frequency tunintp\BiC
an increase in the effective stiffness of the rasbrstruc- pjas, we characterize a GaN bulk acoustic resomai®ec-
ture as the AlGaN layer gets depleted of the cachiarges  tion 4. The standard piezoelectric frequency turirigi-
and thus becomes more resistive. Qualitativelyjezd nates from the dependencyRy, L, andCy, on the resona-
electric material with higher resistivity can talé a larger tor dimensions (Egs (1)-(3)), which changes und@rtias
electric field, whereas in a conductive piezoeleatnate-  as well as the dependency af diezoelectric coefficient
rial, the effect of the electric field is screen&ihce piezo- on DC bias [9]. It is seen that the effect of pyrel
electric strain depends on the voltage appliechéopiezo-  piezoelectric frequency tuning is negligible congghto

electric material, a material with higher residiis effec-  the effect oke tuning in depletion-mediated AlGaN/GaN
tively stiffer than its conductive counterpart unda ap- resonators.

plied electric field. Hence, larger resonance fergies ) ) o

and acoustic velocities are expected with larggrlefon ~ 3-2 Electromechanical coupling For efficient elec-

voltages: tromechamcal_ actuation, it is important to keep ﬂmh_ot-
tky actuators in the depletion region or in theerse bias

<mi>&omega;</mi><mo>=</mo><msqrt><mrow><mfracregion in the case of pn junctions. Since piezdgtestrain

><mrow><msub><mi>k</mi><mrow><mi>e</mi><mi>f s proportional to the electric field across thedtion, low-

</mi><mi>f</mi></mrow></msub></mrow><mrow><ms ering the resistance via forward or excessive sa/bras-

ub><mi>M</mi><mrow><mi>e</mi><mi>q</mi></mro  ing of the diode screens the electric field and$e® a re-
w></msub></mrow></mfrac></mrow></msqrt><mo>,</ duction of actuation efficiency. The dependencitobn
mo><mtext*:</mtext><mi>&upsilon;</mi><mo>=</mo  DC voltage is studied in Fig. 2(b). As expected eneffi-
><msqrt><mrow><mfrac><mrow><msub><mi>k</mi>< cjent transduction is achieved when the actuatigarlis
mrow><mi>e</mi><mi>f</mi><mi>f</mi></mrow></ms more resistive.
ub></mrow><mi>&rho;</mi></mfrac></mrow></msqrt> ) ) ) o )
<mo>,</mo></mrow></math>  (9) Effective electromechanical coupling coefficiergfided
as the ratio of the stored mechanical energy tadta in-
put energy [18], is estimated as:

<msub><mi>k</mi><mrow><mi>e</mi><mi>f</mi><mi
>f</mi></mrow></msub><mo>=</mo><mi>k</mi><mo
stretchy="false">(</mo><mn>1</mn><mo>+</mo><mfra ) . _ <m§ub-
mrow><mrow><mn>1</mn><mo>+</mo><msup><mrow mo>&approx;</mo><mo>&NonBreaking-
; W, u [ [ i
><mo Space;</mo><mfrac><mrow><msub><mi>C</mi><mi>m
</mi></msub></mrow><mrow><mo>&NonBreakingSpac



/mrow><mrow><mo>&NonBreakingSpace;</mo><msub:pletion impedance of the depleted AlGaN/GaN layd][
<mi>C</mi><mn>0</mn></msub></mrow></mfrac><moThe second contributor is negligible at low RF inpawer

> </mo></mrow></math> (11) levels or low frequencies, however, as the inputgroin-
creases, the depletion layer changes significamitly the
same frequency as the frequency of actuation. Toreran
electrostatic force is generated and added tonikialipie-
zoelectric force. PN diode resonators based onetlepl
forces operate based on such mechanism [22, 23]eDe
tion-mediated piezoelectric semiconductors have dtle
vantage of combining both actuation mechanismss timd
proving theQ factor significantly. The added electrostatic
force is due to charge modulation upon applicatibérac
voltage to the Schottky IDTs.

whereC,, is the motional capacitance a@glis the total
static equivalent capacitance between the inputcamput
ports, setting the feed-through level ig 8ansmission re-
sponseC,, is proportional to stiffness as indicated by Eg.
In depletion-mediated resonators, b&h and Cy change
with DC voltage. In fact, the effect of changednonk? is
more pronounced in the two distinct regimes indeeple-
tion region compared to the effect@f, change. The trans-
duction efficiency is maximized when the channeluity
pinched andCois minimum. Figure 6 Q amplification andL enhancement at frequency

Using Cy= 0.25 aF from MBVD fitting, andC= 0.35 4t resonance for /= +10 dBm. Modulation of the impedance of
pF from direct C-V measurement between the input aihe depletion layer with a frequency equal to tbeuation fre-

output Schottky IDTsk? is extracted as 0.07% at= -30 quency creates an electrostatic force, which anldset piezoelec-

V, which agrees well with the measuritl shown in Fig.

2(c).

3.3 Q enhancement It has been shown in [19] th@t
in bulk-mode GaN resonators depends on DC elefisit,
via phonon-electron interactions in such materi8lisni-
larly, in AlGaN/GaN resonators, upon applicationnefa-
tive DC voltage to the Schottky contacts, the chargrri-
ers are removed from the surface of the AlGaN layat
thus the loss associated with phonon-electronestadt in

tric force only at the frequency of resonance.

Fig. 7 shows the carrier concentratisa depth from
AlGaN surface, when ac voltage is applied in additio
the negative DC voltage. The depletion width iniraction
is set by AlGaN thickness (~20 nm) at zero DC \g#ta
The 2DEG carrier density is modulated with ac gdta
The charge modulation gives rise to modulationletteic
field and thus electrostatic actuation force. Sitheecharge

piezoelectric semiconductor materials is reducedthier- distribution is not uniform in the z-direction, tigenerated
more, an increase iQ is reported when negative DC volt-electrostatic force component is derived in Eq. 12.
age is applied to Schottky contacts in AIGaN/Galete <mtext>d</mtext><mi>F</mi><mfenced open="("
structures in [20], where th@ enhancement is attributed toclose=")"><mi>z</mi></mfenced><mo>=</mo><msub><
increased stress in the thin films through an iaseel pie- Mi>g</mi><mi>v</mi></msub><mi>A</mi><mi>E</mi
zoelectric actuation of the Schottky barrier. Ihastwords, ><mtext>d</mtext><mi>z</mi><mo>=</mo><mi>q</mi
Q increases due to the added stiffness in such atsen  ><msub><mi>N</mi><mrow><mi>C</mi><mi>V</mi>
While all the aforementioned phenomena may corteitoi </mrow></msub><mfenced open="("
Q-enhancement in AlGaN/GaN resonators, in this worlclose=")"><mi>z</mi></mfenced><mi>A</mi><mfrac><
the significantQ and insertion loss enhancement at large mrow><msubsup><mstyle display-
negative DC voltages, are attributed to combinatibde- ~style="true"><mo>&Integral,</mo></mstyle><mi>z</mi>
pletion and piezoelectric actuation forces. Theetiglgncy <mrow><msub><mi>z</mi><mi>d</mi></msub></mrow
of Q on input power further proves that such mechansm ></msubsup><mi>g</mi><msub><mi>N</mi><mrow><
indeed dominant in AIGaN/GaN resonators in thiskyor mi>C</mi><mi>V</mi></mrow></msub><mo

Fig. 6 shows the frequency response of the depletio stretchy="false">(</mo><mi>z</mi><mo
mediated resonator when driven at input power lefel stretchy="false">)</mo><mtext>d</mtext><mi>z</mi></
P,= +10 dBm. While the feed-through level is the sdare mrow><mrow><mi>&straightepsilon;</mi><msub><mi>
different DC voltages, (unlike Fig. 1 (d)), imprawent in  &straightepsilon;</mi><mn>0</mn></msub></mrow></
the insertion loss only occurs at the frequencgesbnance. mfrac><mtext>d</mtext><mi>z</mi><mo>,</mo></mro
To explain theQ enhancement at high input power levels, w></math> (12)
we investigate the actuation mechanism of depleticwhereq, is the charge per unit volumilgy (2) is the car-
mediated piezoelectric resonators. Two mechanisoms crier concentration derived from Eq. 6 aAds the area of
tribute to the actuation of such resonators, (§ fbrce the depletion layerz; and z denote the depth of the deple-
caused by piezoelectric strain proportional to the tion layer at \bc and \bc+va respectively (Fig. 7).
component of the lateral electric field Ej:
<math><mrow><msub><m|>e</m|><mr0w><mn>3.1</m Figure 7 Carrier concentratiows. depth from the AlGaN surface
n></mrow></msub><mo>=</mo><mo>&NonBreakingSpi, “AiGaN/GaN hetero-strucre. The dashed lines shuarge
ace;</mo><msub><mi>E</mi><mi>z</mi></msub><mo modulation when ac signal is applied in additioratoegative DC
>.</mo><msub><mi>d</mi><mrow><mn>31</mn></mr voltage to the Schottky contact.
ow></msub></mrow></math>, and (iij) modulation of-de



In the case of uniform carrier density distributiove 40V, 0V and +40 V. Inset shows small fractioreganance fre-
can model the depletion layer actuation force asvshin duency change with applied DC voltage. The slopehef fre-
Eq. (13). Such equation is used in pn junction @ckottky duency tuningvs. DC voltage is 0.39 ppm/V, corresponding to
actuators reported in [22, 23]. In the case of MNGzaN plezo.electrlc.tunmg effect. (b) Cross section schi@of the lat-
resonators, once the depletion layer has fully hedcthe eral-field-excited GaN resonator.
2DEG and penetrated into the GaN layer, Eq. 13 bmn
used to model the depletion force, given that theletion
layer resides in the GaN layer.

DC voltage affects the stiffness and permittivifyaay
piezoelectric material (not only piezoelectric semmduc-
<mtext>d</miext><mi>E</mi><mo tors) and hence their resonance frequency. T_o atepttn_s

effect from the frequency tuning in depletion-méelih

stretchy="false">(</mo><mi>z</mi><mo L
_n " _ . .resonators shown in Fig. 2(a), we study the efédcbC
stretchy="false >)</mo><mo>—</mo><msub><m|>q</mlvoltage on a standard GaN resonator in Fig. 8. ff&e

><mi>v</mi></msub><mi>A</mi><mi>E</mi><mtext>d uency tuning shows a linear trend and is onl i at
</mtext><mi>z</mi><mo>=</mo><mfrac><mrow><mi> 9 y uning : . y pi
; . ; -40 V. This shows that depletion-mediated resoisatoe
A</mi><msup><mi>g</mi><mn>2</mn></msup><msubs :
) . . : able to modulate the stiffness of the resonankstaare ef-
up><mi>N</mi><mi>d</mi><mn>2</mn></msubsup></ . . ; : -

. ) L ._ ficiently than their purely piezoelectric countetisa Due
mrow><mrow><mi>&straightepsilon;</mi><msub><mi> : ; : : )
&straightepsilon;</mi><mn>0</mn></msub></mrow></ o the combined depletion and piezoelectric acuafree,

' Q and insertion loss of the depletion-mediated pikzgc

mirac><mo resonators are more sensitive to DC voltage as aoedpo
=" ">(< ><mi>z</mi><mo>&mi < >
stretchy="false">(</mo><mi>z</mi><mo>&minus;</mo the pure GaN resonators. The dependendy of standard

<msub><mi>z</mi><mi>d</mi></msub><mo : X :
stretchy="false">)</mo><mtext>d</mtext><mi>z</mi>< GaN resonators on DC voltage is attributed to réedoof

mo>.</mo></mrow></math> (13) charge trapping effects as well as removal of anaayri-
where E is the electric field and; % the depletion width €rs upon Spplﬁatﬁ)n of ch voltage. Th|§ rgduc%d;s
when no ac signal is appliedgq ¢ the background carrieraSSOC'ate with phonon-electron scattering in eric

concentration in the GaN layer aAds the area of the de_semmonductors.
pletion layer. Also, such model holds true in AIG&EN
resonators for estimation of lateral extension epldtion
layer since the charge carrier distribution is assth uni-
form in the lateral direction but a function of tldepth
from the AlGaN surface as shown in Fig. 7.

5 Conclusion In this work we investigated the per-
formance of highQ depletion-mediated AlGaN/GaN bulk
acoustic resonators at different DC bias voltayé¢s.show
that for efficient actuation, the AlGaN layer ne¢dde bi-
ased in depletion, wherein depletion forces gerdraue
Figure 8 Charge, electric field, and force component of deplto the modulation of the impedance of the depletayer
tion-mediated resonators with uniformly-distributeltarge carri- add up to the piezoelectric actuation force, caysirsig-
ers. Z min and Z maxdenote the minimum and maximum depletiopjficant enhancement i and improvement of insertion
widths when ac signal is applied [23,24]. loss. Furthermore, we characterized the dependehthye

acoustic properties of bulk-mode resonators ondiae-
4 Standard GaN piezoelectric resonators with lat- tion layer. Finally GaN-only piezoelectric resonatevere
eral field excitation This class of acoustic resonators aicompared with AIGaN/GaN depletion-mediated resamsato
used as control experiments to compare the effeé8tot- to compare the effect of transduction via Schotgtacts
tky contacts in depletion-mediated AlGaN/GaN resorsa on AlGaN/GaN heterostructures with acoustic perfomoe
with standard lateral electric field piezoelectBaN reso- of piezoelectric GaN resonators.
nators. These devices have the same geometry aal-the
GaN/GaN resonators discussed previously excepta@at =~ ACKNOWLEDGEMENTS
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