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This work presents a simple and rapid lithography-free (i.e., maskless) microfabrication process for strain-sensi-
tive aluminum gallium nitride (AlGaN)/GaN sensors. We microfabricated an AIGaN/GaN strain sensor through
laser ablation of the underlying Si (111) substrate and direct bonding of aluminum wires to the sensor surface,
creating a Schottky contact to the two-dimensional electron gas (2DEG). We measured the sensor's current-volt-
age operation while displacing the center of the membrane up to approximately 106 um and characterized its
sensitivity at from 0.5 to 2 V bias (i.e., ~5 to 100 nA/um). This work advances the development of AIGaN/GaN-
on-Si microelectronics (e.g., pressure sensors, accelerometers, and gyroscopes) using the simplified fabrication
process, which eliminates lithography, metallization, and etching, and reduces the manufacturing time (5 min)
and cost, as well as the need for cleanroom environments.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Microelectronics based on aluminum gallium nitride (AlGaN) and
GaN heterostructures have gained interest for various sensing applica-
tions such as strain [1-3], pressure [4,5], inertial [6], chemical [7],
and optical sensors [8-10] due to their sensitivity and extended
operation temperature by wide bandgap properties. Among such de-
vices, AlIGaN/GaN-based mechanical sensors have particularly emerged
because the conductive two-dimensional electron gas (2DEG) formed at
the AlGaN/GaN interface is highly responsive to external stimuli [11,12].
The majority of AlIGaN/GaN mechanical sensors typically use suspended
membranes [4,5,13] or cantilever [1] elements with metal alloys for
Ohmic and Schottky contacts. In general, such devices' scheme requires
multiple microfabrication steps including thin film deposition, lithogra-
phy, dry/wet etching, metallization, and annealing [1,4,13]. In addition,
fabricated devices need to be packaged separately on ceramic chip
carriers. However, this multiple microfabrication steps and packaging
process leads to high cost, large time commitment, and complexity of
overall process. Consequentially, the development of simple and rapid
microfabrication/packaging techniques is required for the fabrication
of various microelectronics. In this work, we demonstrate a facile,
rapid, and reliable microfabrication technique using direct laser ablation
and direct wire bonding as reported in our former study [10,14] to
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create AlGaN/GaN strain sensors (suspended membrane type) in less
than 5 min. The silicon (Si) substrate was quickly etched away using
the laser ablation, which is much faster etching process compared to
conventional Si dry/wet etching, to release membrane structure.
The backside Si etching was achieved without any photolithography
processes including photoresist coating, baking, photoresist develop-
ment, and backside alignment. In addition, the direct bonding between
suspended AlGaN/GaN membrane and chip carrier enables simulta-
neous metallization and packaging processes that eliminate tedious
metallization process (i.e., lift-off) [10,14].

2. Experimental method

A schematic of our simple fabrication process is shown in Fig. 1.
AlGaN/GaN-on-Si wafer (DOWA, 25% Al content in AlGaN, 2DEG mobil-
ity of ~1400 cm?/V-s) was singulated into 5 mm x 5 mm die (Fig. 1a).
Then a circular diaphragm (3.5 mm diameter) of the underlying Si
substrate was etched using laser ablation (DPSS Samurai UV Laser)
(Fig. 1b). The laser was operated at 3 W at 30 kHz pulses, 30 passes,
200 mmy/s scribe speed, 25 pm scribe spacing, and cross hatch cut
path, completed in 200 s. The etched die was rinsed with acetone and
isopropyl alcohol to remove chip debris. The die was then attached
with polyimide tape to a ceramic leadless chip carrier (LCC, Spectrum
Semiconductor Materials Inc.) and directly wire-bonded (7476E, West
Bond Inc., ultrasonic power of 460 mW for 30 ms) using aluminum
bonding wire (25.4 pm diameter) [10] (Fig. 1c). The fabricated device
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Fig. 1. Schematic of AlIGaN/GaN strain sensors using a combination of laser ablation etching and direct wire bonding architectures. (a) Singulation of AIGaN/GaN-on-Si die, (b) membrane
suspension using laser ablation, and (c) aluminum wire bonding between sensor surface and leadless chip carrier.

was tested under various displacements using a micromanipulator
(Signatone S-M40 micropositioner) with a small tip, centered over the
diaphragm. Force was applied through vertical displacements at 1/
48th turn of the knob (~13.2 um). Fig. 2a and b show the experimental
testing setup and optical image of packaged AlGaN/GaN die on the LCC
used in this study, respectively. A small tip on the end of the microma-
nipulator was centered over the packaged AlGaN/GaN strain sensor. The
tip was slowly moved down towards the center of the membrane while
measuring the current-voltage response in a range of voltage (Vpias)
from O to 2 V. We added 1/48th of a turn and took sequential current-
voltage measurements until the displacement reached approximately
106 pm. To characterize the sensors transient and reliable response,
the change of current with respect to time was also monitored with
varied bias voltages. This measurement was conducted by alternatively
applying and releasing displacement.

3. Results and discussion

Fig. 3a shows an optical image of 3.5 mm diameter cavity etched by
laser ablation of the underlying Si substrate. To characterize the surface
roughness, etched surface was visually investigated using 3D non-con-
tact confocal microscope (S-neox, Sensofar) and it showed RMS surface
roughness of ~21.34 um, as shown in Fig. 3b. Fig. 3c and d show a cross-
sectional scanning electron microscope (SEM) image of suspended
AlGaN/GaN diaphragm (thickness of ~190 um) and Al wire directly
bonded between the LCC and the GaN capping surface on top of the
AlGaN barrier layer, respectively. The physically stable and electrically
reliable metal contact was achieved using a direct wire bonding be-
tween the LCC and sensor surface [10,14]. This simultaneous fabrication
and packaging process took only approximately 5 min (with 1 h of
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preparation time) whereas several hours and photolithography masks
are needed in conventional microfabrication and packaging methods.

To characterize the fabricated strain sensors, we applied different
displacements with a micromanipulator and measured the current-
voltage response. Fig. 4 shows the change in current passing through
the 2DEG with respect to applied displacement (i.e., strain). External
tensile strain through applied displacement induces additional piezo-
electric polarization of the 2DEG and increases the sheet carrier concen-
tration [1,4,15-18]. Therefore, there was an increase in current when
the membrane was gradually deflected from 13.2 pm to 105.8 um. It
should be noted that the current came back to the base current (i.e.,
dashed line in Fig. 4) when the strain was completely released, indicat-
ing a stable and reversible sensor's operation. Fig. 5 shows the change of
current (Al) with respect to applied strain under different operation
voltages. To estimate the sensitivity of the sensor, a linear fitting curve
was employed on each data. The measured data are in good agreement
with linear fitting curves, as seen in Fig. 5. Table 1 summarizes the cal-
culated sensitivity (in nA/um unit) with the coefficient of determination
(R?) values of linear fitting curves. The R? values around 0.96 to 0.99 for
four different linear fitting curves showed the proportional (linear)
trend of current change with respect to the applied displacements. In
addition, the sensitivity increases with an increase in Vy;,s, which has
also been observed in other GaN based devices [19,20].

To characterize transient response of the fabricated sensor, the real-
time current change was monitored with different levels of displace-
ment applied and released alternatively, as shown in Fig. 6. It should
be noted that the base current at high Vy;,s (i.e., 2 and 3 V) was drifted
at the beginning because of initial discharging from transients when de-
vice was first turned on. Once these transients were settled (stable), the
current-voltage response was returned to the original base level upon
release of the displacement, as shown in Fig. 6, demonstrating stable

Fig. 2. (a) Image of experimental setup for strain transduction measurements and (b) optical image of packaged AlGaN/GaN die on ceramic leadless chip carrier (LCC).
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Fig. 3. (a) Optical image of a 3.5 mm diameter cavity etched by laser ablation of the underlying Si substrate, (b) confocal contour of etched surface indicating RMS surface roughness of
~21.34 um, (c) cross-sectional SEM image of suspended AlGaN/GaN membrane after laser ablation etching, and (d) aluminum wires directly bonded between LCC and GaN surface

(i.e., capping layer on top of the AlGaN barrier layer) for electrical connection.

and reversible operation of the fabricated AIGaN/GaN strain sensor.
There was some variation in the base current due to the manual place-
ment of wire bonds [10] and AlGaN/GaN membrane thickness variation
due to laser focus during the ablation etching process. Nevertheless, this
prototyping method enables low cost testing for studying 2DEG trans-
duction properties and rapid customization for GaN-on-Si microelec-
tronics products without cleanroom infrastructure.

4. Conclusions

In summary, this study reports the facile and rapid microfabrication
technique for AIGaN/GaN strain sensors. The laser ablation was used for
etching Si substrate and release AlIGaN/GaN membrane within a short
period time. The direct bonding of Al wires on sensors surface was
achieved for simple electrical connection between the LCC and sensors.
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Fig. 4. Current change of the fabricated AlGaN/GaN strain sensor under different applied
displacements.

The overall fabrication process was completed within 5 min, which is
significantly faster than conventional microfabrication processes. This
prototyping method enables testing GaN-on-Si microelectronic devices
before investing in a costly wafer-scale process, and studying GaN in
laboratories without cleanroom facilities.
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Table 1
Calculated sensor's sensitivity and coefficient of determination values using linear curve
fitting method.

Applied bias (V) Sensitivity (nA/um) R?
0.5 5.4 0.966
1 18.7 0.991
15 493 0.994
2 102.5 0.994
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Fig. 6. Transient current response for the strain sensor under different bias voltages (1, 2,
and 3 V) with different levels of displacement applied and released alternatively. Qualitative
amplitude of applied displacements: A<B<C(at1V),D=F<E=G(at2V),andH<I<]
<K (at3V).
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