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Abstract: A monolithic integration of the light emitting diode (LED) and photodetector (PD) based on Ill-nitride is designed and fabricated
on a sapphire substrate to act as a transceiver. Due to the coexistence of light emission and detection phenomenon of the multi-quantum
well (MQW) structure, the monolithic transceiver can effectively sense environmental changes. By integrating a deformable Polydimethylsi-
loxane (PDMS) film on the transceiver chip, external force variation can be effectively detected. As the thickness of the PDMS reduces, the
sensitivity significantly improves but at the expense of the measuring range. A sensitivity of 2.968 3% per newton for a range of 0-11 N is
obtained when a 2 mm-thick PDMS film is packaged. The proposed monolithic GaN transceiver-based sensing system has the advantages

of compactness, low cost, and simple assembly, providing an optional method for practical applications.
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1 Introduction
iniaturized force sensors have attracted a lot of at-
tention in structural health monitoring" %, human
motion measurement”, and rail transit monitor-
ing!*. To date, different kinds of force sensors have
been reported such as piezoelectricity, capacitance, and op-

tics %

. Compared with electric-based methods, optical sen-
sors have advantages in immunity to electromagnetic interfer-
ence, fast response and high stability. In terms of optical
means, using all-fiber structures as the sensing unit is the
most popular strategy. A variety of fiber sensing structures
have been developed for force sensing including Mach-
Zehnder interferometer'’ %, fiber Bragg grating'”® '*!, Fabry-
Perot 13716 ete.  Although the wavelength

interrogation-based sensing mechanism has the merits of high

interferometer’

sensitivity, fast response, and high stability, the system is usu-
ally composed of a light source and a spectrometer, which is
bulky and complicated to assemble. To miniaturize the system
configuration, the integration of the light source, sensing unit
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and the detector is highly desired.

Recently, GaN and its alloy have been widely used in illu-

[17] [19]

, power electronics!"®!, display"®!, and optical com-

[20 - 22

mination
munications ! because of their long lifespan, fast re-
sponse and good optoelectronic properties. Thanks to the
ability of light emission and detection of the multi-quantum
well (MQW) diode, many GaN-based monolithic devices
have been proposed and demonstrated for angle, humidity,
pressure, and liquid concentration measurement™ %, To
measure the pressure, microdome-patterned polydimethylsi-
loxane (PDMS) film and sponges are normally used as the re-
flection boundary to modulate the reflected light”” **\. How-
ever, the common problem facing these microstructure-based
PDMS sensing units is that the preparation is relatively com-
plex, and it is difficult to accurately control the shape and
distribution of the microstructures.

In this work, a compact design of a GaN optoelectric chip
with an Al reflection layer coated PDMS structure for force
sensing is proposed. The chip-scale GaN device is composed
of a light emitting diode (LED) and a photodetector (PD),
which are monolithically integrated on a single wafer, acting
as the light emitter and the detector, respectively. The Al-
coated PDMS sensing unit is packaged with a gap of 2 mm to
the chip. When a force is applied to the surface of the PDMS



structure, the distance between the Al reflection film and the
GaN chip changes, which in turn alters the amount of re-
flected light from the Al film and, consequently, the light re-
ceived by the PD changes. In this way, the impact force can
be effectively detected.

2 GaN-Based Device Design and Fabrication

The schematic diagram of the force sensor is presented in
Fig. la, which integrates a GaN device with an Al-coated
PDMS film. The manufacturing process of the sensing device
begins with the mold pouring, using 3D printing to fabricate
the molds with controllable thicknesses. The PDMS gel is pre-
pared by mixing the prepolymer and curing agent in a 10:1 ra-
tio, followed by a vacuum processing to eliminate air bubbles.
Then the mixture is poured into the printed molds and placed
into a heating furnace for 40 min with a curing temperature of
80 °C. After curing, the PDMS film is peeled off from the
molds and then attached with a piece of Al reflection mem-
brane in the center. The GaN device is fabricated on a 4-inch
GaN wafer, which consists of c-plane sapphire substrates,
3.5 wm thick undoped GaN, 2.2 pwm thick Si-doped GaN (n-
GaN), 400 nm thick MQW and 0.25 pwm thick Mg-doped
GaN (p-GaN) from the bottom to the top. To fabricate the
GaN device, a 230 nm thick transparent indium tin oxide
(ITO) current spreading layer is deposited over p-GaN as a p-
contact layer. Two circular regions of a diameter of 210 pm
are defined as the active regions of LED and PD by photoli-
thography, and the unmasked areas are etched to the n-GaN
surface by inductively coupled plasma (ICP) etching. Subse-
quently, a deep etching to the sapphire substrate is then per-
formed to realize the device isolation between LED and PD. A
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1 pm thick Si0O, is deposited to form the electrical isolation,
and then a window is opened, followed by the deposition of Ni/
AVTi/PUTi/Pt/Au/Ti/Pt/Ti metal stacks on the n-GaN and ITO
surfaces. The physical encapsulation of the sensor is dis-
played in Fig. 1b, which consists of an optoelectronic chip
fixed on a printed circuit board (PCB) and a PDMS film. A ma-
nometer is mounted on a linear moving stage and moves axi-
ally towards the sensor. As the impact force increases, a larger
PDMS deformation directs more light to the PD, thus establish-
ing a relationship between force and photocurrent.

3 Results and Discussion

The electrical and optical characteristics of the device are
measured. The current-voltage (I-V) characteristic curve of
the LED is presented in Fig. 2a. The turn-on voltage of the
device is about 2.2 V, and the inset graph shows the relation-
ship between the output optical power of the LED and the in-
jection current. As shown in Fig. 2b, without illumination,
the produced photocurrent level is from 107" A to 107 A. As
the current starts at 10 mA, the photocurrent level increases
dramatically to the order of 107 A. Fig. 2¢ illustrates a linear
relationship between the PD’ s photocurrent response and
the LED biased currents. To characterize the MQW diode’ s
transceiver capability, the electroluminescence (EL) spec-
trum of the LED and the response spectrum (RS) of the photo-
detector are tested, as shown in Fig. 2d. The overlapping re-
gions near 480 nm confirm that the MQW diode can detect
light emitted by another MQW diode of the same structure.

To verify the detection ability of the MQW diode, proximity
sensing is performed to estimate the distance-dependent pho-
tocurrent response. A piece of Al film is placed in front of the
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Figure 1. (a) Schematic diagram of the sensor; (b) microphotographs of the physical encapsulation: three kinds of packaged PDMS structures with a
thickness of (c) 2.04 mm, (d) 3.59 mm and (e) 4.76 mm, respectively; (f) optical images of the device; (g) LED with biased current at 10 mA;
(h) diagram of the experimental setup
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Figure 2. (a) I-V characteristic of the LED, where the inset shows the output power versus the driven current; (b) I-V curve of PD at different
injection currents of LED; (c) Photocurrent response of PD under different currents of LED; (d) RS spectra of PD and the electroluminescence

transceiver chip and moves continu-
ously relative to it. Fig. 3a shows the
photocurrent response of the on-chip PD
when the distance between the Al film
and the transceiver changes from 0 to 12
mm with a step of 2 mm. From the given
photocurrent response, it resembles a
step-like response curve and exhibits a
distinguished detection ability over a
wide range, especially at the distance
within 2.4 mm. These results suggest
that the distance should be optimized
around 2 mm to achieve a good sensitiv-
ity. Subsequently, the photocurrent re-
sponse at a spacing distance of 2 mm
and a step of 200 wm is studied, as plot-
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Figure 3. Photocurrent response measured under Al foil moving from (a) 0 to 12 mm, and (b) 0 to 2 mm

In addition to the proximity measurements, a communica-

ted in Fig. 3b, showing a significant change in photocurrent tion performance test of the MQW diode is also carried out to

at each step.
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verify the PD’ s ability to detect transient signal change. The



pseudo-random binary sequence (PRBS) data applied to the
external light source are generated with a Keysight 33600A se-
ries waveform generator. The measured voltages of the PD with
a 1 MQ oscilloscope under incident PRBS data of 100 bit/s,
200 bit/s, 500 bit/s, and 1 000 bit/s are presented in Figs. 4a -
4d, respectively. The received response rate can easily reach
1 000 bit/s without serious signal distortion. The measured
fast response rate indicates that the PD can guarantee suffi-
cient resolution for detecting the instantaneous impact signal.

The photocurrent responses of PDMS samples with varying
thicknesses under different forces are tested, as illustrated in
Fig. 5. The green, blue and red curves represent PDMS with
thicknesses of 2.04 mm, 3.59 mm and 4.76 mm, defined as
Samples #1, #2, and #3. For Sample #1, it can respond to
impact forces in the range of 0 — 11 N, and the instantaneous
photocurrent responses at 3.8 N, 7.3 N and 11 N are re-
corded and plotted. From the given response curves, a better
signal-to-noise ratio (SNR) of the photocurrent response is
observed at a larger impact force. At a small force of 3.8 N, a
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jitter of the baseline is observed, which is caused by the lim-
ited PDMS deformation, leading to a small varying photocur-
rent and a small SNR. When the external force increases to
7.3 N and 11 N, as shown in Figs. 5b and 5S¢, a smooth photo-
current baseline appears and a better photocurrent response
can be seen. Similarly, for Sample #2, as depicted in Figs.
5d, Se, and 5f, the detectable impact force is larger than that
of Sample #1, ranging from 12.5 N to 20.5 N, as the sample
thickness increases. Sample #3 has a maximum detection
ability of 35 N. However, the detection sensitivity is limited
due to the relatively thick PDMS.

The stability test for Sample #1 under an 11 N impact force
is shown in Fig. 6a. It shows a consistent photocurrent change
of approximately 250 nA over 2 000 s, with the photocurrent
profile remaining stable throughout the cycle. Fig. 6b depicts
the relative photocurrent response to the impact force and the
corresponding data for these three samples. The relative photo-
current is defined as Al/l, where I is the initial photocurrent
and Al is the varying photocurrent caused by the impact.
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Figure 4. Measured voltages of the PD under incident PRBS data rates of (a) 100 bit/s, (b) 200 bit/s, (c) 500 bit/s, and (d) 1 000 bit/s
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Figure 5. Photocurrent response for Sample #1 under impact forces of (a) 3.8 N, (b) 7.3 N, and (c) 11 N; for Sample #2 under impact forces of
(d) 12.5N, (e) 17 N, and (f) 20.5 N; for Sample #3 under impact forces of (g) 23 N, (h) 32 N, and (i) 35 N

Sample 2 exhibits a medium sensitiv-

ity with a slope of 2.576 3 per newton,
while Sample 3, the thickest one, has
the lowest sensitivity with a slope of
1.488 3 per newton. Despite the differ-
ence in sample thicknesses, the dis-

Photocurrent/p.A

tance between the Al reflector and the

chip is set to the same spacing, result-

500 1 000 1500 2 000
Time/s Pressure/N

(a) (b)

ing in the maximum relative photocur-
rents for all three samples keeping
around 20%. The above results reveal
Figure 6. (a) Long-time photocurrent monitor of the sensor with Sample #1; (b) relative that the detection range for impact
photocurrent response of the sensors as functions of impact forces force can be arbitrarily tailored by se-

lecting PDMS membranes of different

From the data fitting, Sample #1, the thinnest one, has the thicknesses. In addition, as the thickness of the film in-
highest sensitivity with a slope of 2.968 3% per newton. creases, the ability to detect the magnitude of the force in-
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Table 1. Performance comparison with other force sensors

Method Linear Range Sensitivity Structure Size
4X4 sensor arra
L 5161 _ y
Piezoelectric 02-14N 1.2 VIN (each one: 6x6 mm?)
Capacitive!”! 0.1-IN 0.42 V/N 122x70 mm?
Capacitive'®! 05-2N N/A 3%0.6x20 mm®
Capacitive' 0-9N 2.8% per newton 22x22x2 mm’
Fabry-P
FabryPerot o154 pN 0221 pmi/pN 20 - 40 mm
interferometer
Optoelectronic®' 0 - 40 kPa 0.2 kPa™ 50%50 mm?
Current work 0-35N 2.96% per newton  2.7x1.8x0.2 mm*

creases, but the sensitivity decreases. The performance com-
parisons with other force sensors are summarized in Table 1.
The detection range and sensitivity of our current method are
comparable to those of piezoelectric and capacitive-based sen-
sors. Notably, the monolithic integration design of our pro-
posed force sensor not only reduces its size to the millimeter
scale but also offers advantages in large-scale production and
high-density deployment.

4 Conclusions

In summary, a miniature GaN-based impact force sensor is
proposed and demonstrated. With a piece of Al attached
PDMS film as the force-sensitive unit, deformation of the
PDMS induced by the external impact is transformed into the
photocurrent changes produced by the transceiver chip. Three
PDMS films with different thicknesses are packaged with the
transceiver chip to construct impact sensors, and their sensing
performances are thoroughly studied. The thickness of PDMS
greatly influences the force sensitivity and measurable range.
A thin PDMS film is ideal for a low-force and high-sensitivity
testing requirement, while a thicker one is better suited for a
larger force measurement.
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