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ABSTRACT 
In this article, for the first time, a high gauge factor of 3532 is 

reported using AlGaN/GaN Heterostructure Field Effect Transistor 

(HFET) embedded GaN piezoresistive microcantilever. In 

addition, deflection transduction signal from the HFET was used to 

determine dynamic bending (up to 40 Hz frequency) and AC 

response of the cantilever, and also reported for the first time. 

 

INTRODUCTION 
Microcantilevers are very attractive for detection of 

chemicals, explosives, and biological molecules [1-3] due to their 

high sensitivity and low power consumption. Though optical 

transduction is widely used and accurate method for transducing 

mechanical movement of the microcantilever into an electrical 

signal, piezoresistive and piezoelectric transductions have been 

demonstrated in order to miniaturize the sensor element. Most of 

the microcantilever based sensors and their piezoresistive 

transduction systems are silicon based [4, 5], which is not suitable 

for operating in harsh environments. III-V Nitride semiconductors 

have attracted wide research interest in optoelectronic and high 

power microwave devices because of their exceptional physical 

and chemical properties, which include a wide range of bandgap, 

high electron mobility, and high breakdown field [6]. Additionally, 

GaN related materials exhibit high mechanical and thermal 

stability coupled with piezoelectric (as well as piezoresistive) 

properties which make them strong candidates for miniaturized 

sensors for harsh environments (e.g. automotive, aviation) [7]. The 

piezoreistive and piezoelectric properties of AlGaN/GaN 

heterostructure is highly attractive for applications in 

microelectromechanical systems (MEMS), as it can cause large 

variation in 2-dimensional electron gas (2DEG) at the interface 

with mechanical strain. The mechanical strain caused by different 

factors including hydrostatic pressure, biaxial deformation and 

microcantilever bending [8-10] on 2DEG (and hence the 

conductivity) and the output characteristics of AlGaN/GaN 

heterostructure field effect transistor (HFET) has already been 

studied experimentally and theoretically [9-12]. Therefore, 

AlGaN/GaN system can be a good alternative as material and 

transduction system for developing microcantilever based ultra 

high detection system. Additionally selective and sensitive 

detection in a standoff fashion is of great interest at present, with 

application ranging from homeland security to medical imaging. 

For example, photoacoustic spectroscopy (PAS) is a standoff 

method based on detecting acoustic disturbances caused by the 

infrared absorptions by molecules. PAS can be used to quickly 

detect very low concentrations. The whole system can be 

miniaturized to have portable systems capable to in-situ 

measurements. The photoacoustic system measures absorbed 

energy and so it is less immune to the background signal in the 

absence of the sample gas. The sensitivity of the system can be 

significantly increased by replacing the conventional microphone 

with a microfabricated cantilever [13]. Previously standard atomic 

force microscope (AFM) microcantilevers were used as sensitive 

microscale detectors for photoacoustic signals [14] which seem to 

be impractical considering AFM setup. 

 In this article, for the first time, sensing performance of a 

GaN piezoresistive microcantilever embedded with AlGaN/GaN 

Heterostructure Field Effect Transistor (HFET) is demonstrated 

which reports a high gauge factor of 3532. In addition, deflection 

transduction signal from the HFET was showed for the first time to 

determine dynamic bending (up to 40 Hz frequency), AC response 

of the cantilever, and also acoustic wave resonance which detected 

vibration amplitude of 22 nm when the sensor was placed 5 cm 

away from an ultrasonic source. 

  

FABRICATION OF MICROCANTILEVER 
A (4” by 4”) AlGaN/GaN wafer grown on Silicon (111) 

substrate was purchased from Nitronex Corporation, USA for this 

work. The wafer was diced into 32 (1.4 cm by 1.4 cm) pieces. 

Before dicing, the wafer was spin coated with photo resist (Shipley 

1827) and then baked for 5 mins at 110  C. This is done to avoid 

contaminating the wafer surface with dust particles generated 

during dicing. The different layers of the wafer are shown in Fig.1. 

A 1.1 µm thick layer consisting of AlN and AlGaN graded layer 

was used as a transition layer before growing 1 µm undoped GaN 

layer. This transition layer along with the undoped GaN form the 

thickness of our microcantilevers. On the top of the GaN layer, 

AlGaN barrier layer of 17.5 nm thickness was grown (see Fig. 1 

for different layers). The Aluminum mole fraction was x = 0.26. A 

2 nm undoped GaN cap layer was grown on that. BCl3/Cl2 based 

dry etching recipe of GaN in Inductively Coupled Plasma (ICP) 

etcher to isolate mesa. 150 – 200 nm etch was performed to ensure 

complete isolation. Same recipe was used for both the AlGaN and 

GaN etch. The height was verified by Tencor Profilometer. GaN is 

etched down in the pocket area up to the substrate where silicon 

acts as the etch stop layer. Here the etching thickness defines the 

cantilever thickness. To protect the 2DEG of the mesa, a 1 µm 

thick PECVD SiO2 was deposited which was eventually etched 

away by buffer oxide etch (BOE). Ti(20 nm)/Al(100 nm)/Ti(45 

nm)/Au(55 nm) metal stack deposition and rapid thermal annealing 

(800 C for 60 s) were done for ohmic contact formation. For gate 

contact, Ni (25 nm)/Au (375 nm) Schottky barrier was used. The 

GaN cantilever pattern was etched down by inductively coupled 

plasma (ICP) etch process (Cl2: 32 sccm, BCl3: 8 sccm, Ar: 5 

sccm; RF1: 70W, RF2: 500W). Through wafer Si etching was 

performed by anisotropic silicon etching from the bottom side 

(Bosch process). The fabricated microcantilever dimension is 

350×50×2 μm. 

 
 

Fig. 1: Different layers of the AlGaN/GaN wafer grown on Si (111) 

used in this work. 

 

The complete package of the fabricated sample is shown in Fig. 3. 
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Fig. 2: (a) Image of the sample whic is auto diced into four smaller 

samples, SEM image of (b) One single microcantilever device with 

four large bonding pads for drain, gate, source and tip, (c) 

AlGaN/GaN HFET, (d) a pocket containing four microcantilever 

devices. 

 

 

 

 
 
Fig. 3: The complete package of the fabricated sample with wire 

bonded devices in zoomed view (four microcantilevers). 

 

EXPERIMENTAL SETUP 
The bending experiments on the cantilevers were performed 

using a Piezo-based Z-axis Nanopositioner purchased from Physik  

 

 
 

Fig. 4: Schematics of the experimental setup for static and 

dynamic bending. 

 

 
 

Fig. 5: Schematics of the experimental setup for AC measurement 

 

Instrumente, PI (PI-611 Z) (see Fig. 4). The nanopositioner was 

attached upside down with a XYZ translation stage (purchased 

from Thorlabs. Inc.) to allow coarse maneuverability in three axes. 

The nanopositioner has range of up to 100 µm movement with a 

closed loop resolution of 2 nm. A micropositioner needle (tip 

diameter 12 µm) was attached to the end of the nanopositioner. 

The nanopositioner is controlled from a computer interface 

designed in LabView. HFET dc current measurements were 

performed using Keithley Sourcemeter (2612A). The dc drain 

current was measured in ambient lighting conditions. We further 

extended our labview code to perform dynamic bending which 

helps us to attain low frequency dynamic bending of up to 40 Hz 

using the same experimental setup as in Fig. 4. For the AC 

response of the cantilever a different setup was developed 

consisting of a miniature peizo actuator (PL055.31 from PI) and a 

digital lock-in amplifier from Stanford Research Systems (SR850) 

as shown in Fig. 5. The piezochip has maximum periodic vibration 

of 2.2 µm. Periodic vibration of the pizochip oscillates the 

cantilver and then the AC response of the device is extracted by 

observing the change in HFET current using lock-in amplifier. 

 

RESULTS AND DISCUSSION 
AlGaN/GaN heterostructures has a strain dependent 2-

dimensional electron gas (2DEG) at the interface, which is 

sensitive to mechanical load, as well as to chemical modification 

of the surface, and can be used for novel sensing principles. Both 

AlGaN and GaN will have bending induced polarization at the 

interface. The 2DEG carrier density depends on the difference 

between the polarization of AlGaN and GaN at the interface. The 

whole channel at the AlGaN/GaN interface experiences a varying 

strain along the length. Apart from the change in 2DEG, mobility 

also gets affected by the change in effective mass. These combined 

effects of carrier density in 2DEG, and change in mobility offer 

highly sensitive microsensor with FET embedded GaN 

microcantilever. The mechanical strain caused by microcantilever 

bending on 2DEG and the output characteristics of AlGaN/GaN 

HFET have already been studied experimentally [1] and 

theoretically [2]. At first the DC characteristics of the HFET was 

recorded and Fig. 6 shows the Id-Vd characteristics of one of 

our best devices for different gate bias. For AlGaN/GaN 

devices, which are normally ON, gate bias can control the channel 

carrier concentration. The gate modulation helps to reduce the 

background carrier concentration in 2DEG and thus signifies the 

deflection induced change of piezoresistivity to increase the 

sensitivity of such device. We previously reported [15] a gauge 

factor of -38 (at Vg=0 V) and -860 in steady state and transient 

conditions, respectively. But our second generation devices 
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Fig. 6: Id-Vd curve for an HEFT device integrated at the cantilever 

base. 
 

consistently exhibit much higher gauge factor in both static and 

dynamic bending conditions at zero gate bias. In Fig. 7 the static 

bending performance of a typical device is shown where the drain 

current is found change by 1.17% in magnitude, which gives a 

gauge factor of 650. The basic definition of gauge factor is given 

by: GF= (ΔR/R)/ε, where ε is strain, ΔR is change in resistance, 

and R is the initial resistance when the cantilever is not bent. The 

change in drain current is converted to fractional change in 

resistance of the drain to source contact. Most of our new devices 

show such higher gauge factor eliminating the need of gate 

modulation but our best device has exhibited a gauge factor of 

3532 which is the highest among its kind ever reported considering 

zero gate bias to best of our knowledge. We then modified our 

Labview code for dynamic control of the nanopositioner to bend 

the microcantilver periodically. Fig. 8 shows the low frequency 

(0.5 Hz) response of the same device as in Fig. 7, when the 

bending magnitude (both downward and upward) was 25 µm. We 

found that the low frequency upward and downward bending does 

not alter the gauge factor, and the response up to 40 Hz is also 

quite similar. Because of the limited response time of the 

mechanical movement of the nanopositioner, high frequency 

dynamic bending was not attainable from the setup in Fig. 4. So for 

extracting the AC response of the devices we used piezochip to 

attach with the cantilevers as shown in Fig. 5. The piezochip was 

fed from lock-in amplifier with 1 V (rms) which generated a 

periodic vibration on the top surface of the piezochip and thus the 

cantilever was oscillated. The HFET transduced that oscillation to 

 
Fig. 7: Static bending response when cantilever is bended (both 

downward and upward) 25 µm. 

 

 
 

Fig. 8: Static bending response when cantilever is bended 

(both downward and upward) 25 µm and 0.5 Hz frequency. 
 

resistance change across drain and source which was translated to 

voltage change in lock-in amplifier. The maximum change in 

voltage occurred at the resonant frequency of the cantilever which 

was found 45 KHz (black line graph in Fig. 9). Then the piezochip 

was held at 1 cm distance from the device using a micropositioner 

and was fed again by lock-in amplifier. The periodic vibration of 

the piezochip generated acoustic wave that propagated by means 

of adiabatic compression and decompression and eventually 

oscillated the microcantilever. The resonant peak of the cantilever 

is found at the same frequency (45 KHz) (blue line graph in 

Fig. 9). The piezo chip was used as an ultrasonic source and our 

microcantilever based sensor were able to detect vibrational 

amplitude of 22 nm of the ultrasonic generator from 5 cm distance 

and 4.6 nm from 1 cm distance with a high quality factor of 210 in 

air. Such HFET transduction setup eliminates the need of 

conventional laser-photodiode method for acquiring AC response 

of cantilever. In addition to that, ultrasonic sensing of sub nm 

vibration using GaN microcantilever was possible due to the high 

sensitivity of those sensors. 

 
 

Fig. 9: Resonant peaks for both Piezo induced and acoustic wave 

induced resonance observed in the AC response of the 

microcantilevers. 
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CONCLUSION 
A high gauge factor of 3532 is reported for the time using 

GaN piezoresistive microcantilevers embedded with AlGaN/GaN 

HFET without any gate modulation. These sensors have consistent 

sensitivity in both static and dynamic condition. A novel method of 

extracting AC response of microcantilevers is also demonstrated. 

Due to the high sensitivity, those sensors are found efficient as non 

contact ultrasonic detectors where the preliminary results exhibit 

the sensing of sub nm periodic vibration. These results also reveal 

the capability of using our devices as noncontact ultrasonic remote 

detector for harsh environment along with sensing different 

molecular signature using photoacoustic spectroscopy. 
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