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Abstract 

 A multi-gigahertz AlGaN/GaN resonator is introduced, 
where the fundamental thickness-mode resonance at 2.1 GHz 
is excited exhibiting a quality factor (Q) of 105. For the first 
time, acoustic strain in the vertical direction is excited and 
sensed through a two-dimensional electron gas (2DEG), in-
duced at the AlGaN/GaN interface. The 2DEG sheet is used 
as the bottom electrode for piezoelectric actuation, as well as 
the transistor conduction channel for acoustic sensing. In this 
design, acoustic resonance is sensed by modulation of the 
HEMT drain current (ID); thus, the transistor is biased in the 
linear region of operation. Here, we study the dependency of 
the acoustic transconductance on the readout HEMT biasing 
and show that the read-out HEMT senses the drain current 
modulation only when the 2DEG channel is not pinched. To 
use the full potential of the HEMT intrinsic amplification, the 
transistor needs to be biased in the saturation region, which 
would require a modified RB-HEMT design. 

Introduction 

AlGaN/GaN high electron mobility transistors have been 
widely used in broad-band power amplifiers in base station 
applications due to the high sheet carrier concentration, high 
electron mobility in the two-dimensional electron gas channel 
and high saturation velocity. The high electron sheet carrier 
concentration of nitride HEMTs is induced by piezoelectric 
and spontaneous polarization of the strained AlGaN layer. 
This suggests that III-nitride HEMT structures are very sensi-
tive to mechanical pressure, which changes the piezoelectric 
polarization-induced surface and interface charges [1]. 
High-performance GaN micromechanical resonators have 
been reported previously with frequencies mostly lower than 
1.5 GHz [2-4]. Extending the frequency of operation of pas-
sive piezoelectric MEMS resonators deeper into gigahertz 
regime is hindered due to issues associated with scaling of the 
device, such as larger capacitive feed-through levels. Fur-
thermore, the amount of the piezoelectric charges that can be 
picked up is directly proportional to the area of the sensing 
electrodes and therefore the performance is limited when the 
device dimensions are scaled. Thus, an alternative read-out 
mechanism that could overcome the scaling issues is needed 
in order to push the resonant frequencies of GaN resonators 
to gigahertz regime where the GaN Integrated Circuits (ICs) 
generally operate at. Resonant body transistors (RBTs) can 
overcome such limitations and multi-GHz RBTs have been 
demonstrated in silicon [5].  

While silicon-based RB transistors have been around for a 
number of years [5-7], the concept of RB HEMT is relatively 

new. An AlGaN/GaN Resonant HEMT was demonstrated in 
[8] and was used to excite the flexural-mode resonance of a 
beam with frequencies in lower megahertz range. In this 
work, we propose a four-terminal RB-HEMT that uses a back 
gate to launch acoustic wave into the vibrating body, exciting 
its thickness-mode resonance. The vertical acoustic strain 
propagates and is sensed through a read-out HEMT by detect-
ing the change in its drain current (Fig. 1). We first proposed 
this structure in [4]; in this work, we explain the design prin-
ciple and report the measurement results of fabricated devices 
in detail. Unlike [8], where flexural resonance modes are ex-
cited by a HEMT actuator placed at one end of a suspended 
beam and read out through a separate HEMT at the other end, 
the proposed device is more compact, has higher electro-
mechanical coupling using the thickness-mode (e33) piezoe-
lectric coefficient, and can operate at higher frequencies. 

The proposed RB-HEMT (Fig. 1) consists of four termin-
als: (1) a back gate Schottky contact (actuation top electrode), 
(2) a source ohmic contact used as the HEMT source terminal 
as well as the actuation bottom electrode, accessing the 
2DEG channel, (3) a drain ohmic contact, located at the area 
of maximum displacement (sense output electrode), (4) a top 
gate Schottky contact (electrical signal tuning knob). The 
actuation principle is based on the piezoelectric properties of 
AlGaN layer sandwiched between the back gate Schottky 
contact and the bottom electrode (i.e. MIM structure). For 
efficient actuation, the AlGaN transduction layer has to be 
depleted of the induced charges and conduction must be li-
mited to the AlGaN/GaN interface.  The applied vertical elec-
tric field across the AlGaN layer induces a vertical mechani-
cal strain in the hetero-structure that modulates the 2DEG 
mobility and carrier concentration, which is consequently 
reflected in the drain current (ID). A fundamental thickness-
mode resonance at 2.1 GHz is excited showing an acoustic 
transconductance of 15.5 µS with a Q of 105. 

 

 
Fig. 1. RB-HEMT operation principle. The back gate is biased in depletion 
to avoid conduction through the AlGaN layer, and RF-signal is fed to the 
back gate Schottky contact (Port 1) for launching acoustic wave. 2DEG acts 
as the bottom electrode for acoustic excitation. Thickness-mode resonance is 
excited, inducing strain in the channel and modulating the drain current 
which is sensed through the drain contact (Port 2). 
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Fig. 2. (Left) Cross-section schematic of the GaN-on-S
resonating stack consists of a total of ~1.8 µm thick Al
and a 175 Å thick AlGaN transduction layer. (Right) 
mesa isolation, (b) ohmic contact deposition and ann
contact formation, (d) Etching vias through GaN to ac
XeF2 isotropic Si etching. 
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Device Modeling 
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Fig. 4. Equivalent circuit model of the AlG
signal is fed to the back gate and collected fr
occurs between the back gate and the sourc
wave modulates the drain current. gmb m
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The drain current can be expressedܫ஽ ൌ ௡ߤ ൈ ௐ௅ ൈ ஺ߩ ൈ ஽ܸௌ,                 

where ܹ and L are the respec
length, ߤ௡ is electron mobility, and ߩ
The interface charge sheet density cr ߩ஺ ൌ ሾሺߝ௫ ൅ .௬ሻߝ ሺ݁ଷଵ஺௟ீ௔ே െ  ݁ଷଵீ௔ ݁ଷଷீ௔ேሻሿ , ,௫ߝ                                           ௭ are the strain tensorsߝ ௬, andߝ
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and the source is located in the middle of the device at a nod-
al point with minimum displacement. Top gate only provides 
electrical signal tuning and is not included in the simulation. 

It can be seen from the simulation that the maximum 2DEG 
conductivity modulation occurs under the drain region, ex-
plaining the reason for operating the read-out HEMT in the 
linear region of operation. As will be shown later, the output 
acoustic current shuts off when the channel gets pinched 
close to the drain area in the saturation region.  

 

 
Fig. 5. 2D COMSOL simulation results showing the displacement along the 
thickness of the device at the fundamental thickness-mode resonance. The 
total GaN resonant stack thickness is 1.8 μm. The piezoelectric transduction 
layer is 175 Å thick AlGaN sandwiched between the top electrode and the 
2DEG (modeled as the bottom electrode). The source contact, connected to 
ground, is placed in the middle of the RB-HEMT at a nodal point. Drain and 
back gate contacts are located at a location with maximum displacement. 

Measurement Results and Discussion 

RF measurements were carried out using a Lakeshore 
TTPX probe station, an Agilent N5241A PNA, and GSG 
ACP40 probes from Cascasde Microtech.  Short-Open-Load-
Through (SOLT) calibration was performed prior to all 
measurements. DC output characteristics of the read-out 
HEMTs were measured using a Keithly 4200-SCS parametric 
analyzer. All RF measurements were taken at room 
temperature and ambient pressure with 50 Ω termination 
impedances. 

The actuation mechanism relies on the AlGaN layer 
depletion and limiting the conductance to the AlGaN/GaN 
interface charges. Actuators based on depletion forces have 
been shown [12], where the depletion width determines the 
capacitance value for electrostatic actuation. With the 
piezoelectric actuation however, the depletion width (in the 
thickness direction) determines the efficient thickness of the 
active piezoelectric layer sandwiched between the back gate 
(top electrode) and the 2DEG (bottom electrode). Thus, 
higher transduction occurs at larger negative potentials at the 
back gate, when the effective actuation layer thickness is 
maximum (Fig. 6). However, applying large negative signals 
to the back gate also results in pinching of the 2DEG (and 
removal of the bottom electrode) and thus the DC signal at 
the back gate should be smaller than the pinch-off threshold. 
Therefore, back gate is biased at VBG = -1.8 V, for VAC= 0.1 
V, resulting in │VBG│+│VAC│ ≤ │VBG-pinch-off│.  

Fig. 6 shows the acoustic transconductance of the RB-
HEMT, measured from the back gate to the drain. The feed-
through floor is de-embedded from the total Y21- Y12 plot to 

purely reflect the mechanical resonance.  The static DC I-V 
characteristics of the read-out HEMT are shown in Fig. 7. 
The operation is maintained in the linear region to avoid 
channel pinching at the drain side. 

 
Fig. 6. (a) Acoustic transconductance of the AlGaN/GaN RB-HEMT. 
Maximum transconductance occurs at VBG= -1.8 V, when VTG= -1 V and 
VDS= 0.1 V, and Pin=-5 dBm (VAC=0.1 V). The acoustic transconductance 
amplitude reaches a maximum value of 15.5 µS at VBG= -1.8 V. (b) Acoustic 
resonance does not get efficiently excited when the back gate is not in the 
reverse region of operation (i.e. VBG= 0 V). (c) Maximum transduction 
occurs when the AlGaN layer under the back gate-source area is depleted but 
not pinched (i.e. VBG+VAC ≈ VBG-pinch-off = -1.9 V). 

 
Fig. 7. Static DC characteristics of the read-out HEMT, consisting of the top 
gate, source, and drain contact (Back gate floating). (Left) Read-out HEMT 
transconductance (Gm) is plotted versus the top gate voltage (VTG) at three 
different drain voltage DC bias voltages. It can be seen that the peak HEMT 
transconductance corresponds to higher top gate voltages as the drain voltage 
increases. (Right) ID-VDS curve of the transistor, showing a low knee voltage 
of ~VDS-SAT= 0.5 V when biased at VGS= -1 V. 

 
The transconductance dependencies on top gate and drain 

DC voltages are investigated to prove that the read-out 
mechanism indeed relies on the modulation of 2DEG carrier 
density in the channel. Fig. 8 shows the total 
transconductance (Y21-Y12) at three different top gate 
voltages, when biased at VBG= -1.8 V, and VDS= 0.1 V. As 
shown, the RB-HEMT transconductance (ga and gmb) trends 
do not follow the read-out HEMT transconductance (gm, 
measured from the top gate to the drain). This is merely 
because of the design and physics of the RB-HEMT in this 
work. The externally applied AC voltage to the top gate is 
zero; when applying a larger negative DC signal to the top 
gate, the depletion region under the top gate-drain region 
grows and the acoustic transconductance decreases, whereas 
gm increases. At VTG= -1.5 V, the read-out HEMT channel 
gets pinched and the transistor turns off. Similarly, at a fixed 
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top gate DC voltage (Fig. 9), as the drain DC voltage 
increases, the depletion area between the top gate and the 
drain grows wider, until the channel gets pinched and no 
modulation occurs. VDSAT= 0.5 V, marks the knee voltage 
when the read-out HEMT enters saturation region and 
consequently the acoustic output signal goes to zero. 

 

  
 

 
 
 The feed-through floor seen in the transconductance plots 
is partly attributed to the back gate electrical 
transconductance (there is also a small gm×Vgs contribution, 
which arises from the AC-voltage across the CGS). The value 
of gmb is measured as the slope of ID versus the back gate 
voltage at low frequencies (Fig. 10). At VBG= -1.8 V, the DC 
gmb value (Gmb) is extracted to be ~30 µS.  
 

 

Fig. 10.  DC I-V curve of the drain current versus the back gate voltage. The 
drain current is biased at ID= 2 mA (VTG= 0 V, and VD = 0.4 V). VBG= 0.7 V 
marks the turn-on voltage of the back gate Schottky diode. It must be noted 
that back gate Schottky contact is always kept in the reverse region of 
operation for efficient acoustic excitation (zoomed in the inset). The back 
gate electrical DC transconductance (Gmb) is derived from the slope of the ID- 
VBG plot at VBG= -1.8 V. 

Conclusion & Future Work 

An AlGaN/GaN thickness-mode resonator was introduced, 
which uses HEMT-based sensing. The fundamental 
thickness-mode resonance is excited at freq = 2.1 GHz, 
showing a Q of 105. Higher order harmonics of the thickness-
mode resonance can be effectively excited with smaller gate 
periphery. In this work, the sensing mechanism is based on 
the drain current modulation. The 2DEG mobility and carrier 
concentration gets locally modulated by the induced strain in 
the channel. The maximum strain is induced under the drain 
area of the channel, and thus channel pinching has to be 
avoided and the HEMT should be maintained in the linear 
region of operation. While current sensing is a solution for 
scaling the resonant frequency, in order to take advantage of 
the HEMT intrinsic amplification, the read-out HEMT has to 
operate in the saturation region, where induced piezoelectric 
charge at the top gate is boosted by the HEMT amplification 
and picked up at the drain. This is a subject of future work. 
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Fig. 8. RB-HEMT transconductance 
(Y21 – Y12) dependency on the top 
gate voltage in the linear region 
(VBG= -1.8 V, VDS= 0.1 V). Tran-
sconductance is plotted at three 
different top gate voltages. The 
transconductance floor represents 
electrical modulation of the back 
gate voltage. At the resonance fre-
quency (freq= 2.1 GHz), the tran-
sconductance curve rises about 16 
µS higher than the feed-through 

VBG (V) 

Fig. 9. RB-HEMT Y21 – Y12, 
transconductance, is plotted at four 
different drain-source voltages, 
when biased at VBG= -1.8 V, and 
VTG= -1 V with Pin= -5 dBm. The 
transconductance floor and peak 
value decreases with increasing the 
drain voltage. At VDS= 0.5 V, 
which is the knee voltage when 
biased at VTG= -1 V, the read-out 
HEMT can no longer sense the 
acoustic resonance as the 2DEG 
channel gets pinched at the area of 
maximum strain. 
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