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Ultrafast Miniaturized GaN-based Optoelectronic Proximity Sensor
In this work, a novel ultrafast optoelectronic proximity sensor based on a submillimeter-sized GaN monolithic chip is presented. Fabricated through wafer-scale microfabrication processes, the on-chip units adopting identical InGaN/GaN diode structures can function as emitters and receivers. The optoelectronic properties of the on-chip units are thoroughly investigated and the ability of the receivers to respond to changes in light intensity from the emitter is verified, revealing that the sensor is suitable for operation in reflection mode. Through a series of dynamic measurements, the sensor is highly sensitive to object movement at sub-centimeter distances with high repeatability. The sensor exhibits ultrafast microsecond response, and its real-time monitoring capability is also demonstrated by applying it to detect slight motions of moving objects at different frequencies, including the human heart rate, the vibration of the rotary pump, the oscillation of the speaker diaphragm, and the speed of the rotating disk. The compact and elegant integration scheme presented herein opens a new avenue for realizing a chip-scale proximity sensing device, making it a promising candidate for widespread practical applications. © 2022 Chinese Laser Press

Proximity sensors capable of converting information on the movement of nearby objects into electrical signals without physical contact are of great significance in a wide range of applications, such as mobile robotics, human-machine interactions, and inspection in industrial manufacturing processes, production lines, and conveyors [1-4]. Various types of methods have been reported to achieve effective proximity sensing, the most common of which are based on the magnetic, capacitive, and inductive [5-9]. Alternatively, proximity detections via optical techniques have high potential. use due to their advantages of fast response, high sensitivity, and immunity to electromagnetic interference [10-12]. Operating in reflection/transmission modes, the optoelectronic sensors are typically implemented by assembling two basic components of an illumination source and a photodetector. The presence or absence of an object near the sensing elements varies the reflected/transmitted light, and the detected signals can be analyzed to determine its proximity status.
To meet the ongoing demand for highly portable miniaturized systems, the development of rapid, compact, robust, and lightweight proximity sensors has become more urgent. Recently, proximity measurement based on organic light-emitting diodes (OLED) and photodiodes (OPD) has been reported [13-15], revealing the potential for large-scale on-chip integration. Alternatively, inorganic GaN-based semiconductors and its alloys are the ideal material for developing light-emitting devices, which provide distinct performances over their organic counterparts in terms of efficiency, lifespan, response time, and physical and chemical stability [16-18]. Moreover, monolithic integration of multiple GaN-based optical and electrical components has been demonstrated to be an effective means to enhance the ease of fabrication, compactness, robustness, and functionality [19-22]. In particular, on-chip integration of high-performance GaN-based components, including light-emitting diodes (LEDs), high electron mobility transistors (HEMTs), waveguides, and photodiodes (PDs) have been reported to form micro-optoelectronic systems. [23-25]. Although recent experimental studies on optical detection have been proposed together with the demonstrations of potential applications, such as stabilizing the intensity output of LED light sources [26] and detecting the heart pulse in contact mode [27], proximity sensors based on GaN material platforms remain unexploited. In this work, the fabrication of an ultracompact chip-scale sensor is demonstrated for proximity measurement. The InGaN-diode structures can function as emitters and receivers, fabricated on a GaN-on-sapphire wafer in a flip-chip configuration by a monolithic integration approach. The proposed sensor with multiple sensing units can operate in a non-contact mode, potentially enhancing its measurement flexibility in various practical applications. Apart from the optoelectronic characteristic of the on-chip components, extensive measurements are carried out to validate the proposed proximity instrument and demonstrate its real-time monitoring capability under different dynamic conditions. 
On-chip sensing units with the same diode-based structure are simultaneously fabricated on a GaN-on-sapphire wafer using standard microfabrication techniques, as schematically depicted in Fig. 1(a). Grown by metal-organic chemical vapor deposition (MOCVD) on a 4-in sapphire substrate, the epitaxial structure consists of 3-μm undoped GaN (u-GaN), 2.5-μm Si-doped GaN (n-GaN), 14-pair In0.16Ga0.84N(2.5 nm)/GaN(10 nm) multi-quantum wells (MQWs), and 0.2 μm of Mg-doped (p-GaN). Processing of the wafers begins with the deposition of a 200-nm thick indium-tin-oxide (ITO) current spreading layer over p-GaN as a p-contact layer. The 310×310 μm2 mesa regions are formed by photolithography, and the unmasked GaN regions are etched to expose the n-GaN surface by inductively coupled plasma (ICP) etching. A Cr/Al/Ti/Pt/Au/Ti layer as electrodes is deposited by electron-beam evaporation. The remaining GaN regions between the units are fully removed via photolithography combined with ICP etching. A SiO2 passivation layer with a thickness of 0.36 μm is coated by plasma-enhanced chemical vapor deposition. A 3.16-um-thick distributed Bragg reflector (DBR), which consists of 23 pairs of alternately stacked TiO2 and SiO2 layers, is deposited by an optical thin-film coater (Optorun OTFC-1300DBI). During the coating process, the reflectance of the sample is monitored and the layer thickness is modified according to the referenced reflectance signals, resulting in the thickness variation of TiO2 and SiO2 layers in the range of tens to a hundred nanometers. The p-pad and n-pad regions are then defined by photolithography, and metal pads are sequentially electron-beam deposited. The random rough surface of the unpolished sapphire substrate introduces scattering effects on the incoming light, which may lead to unpredictable characteristics of light propagation behavior. To avoid this, the sapphire substrate is polished to a thickness of 200 μm. The diced chip is packaged on an Al-based PCB by flip-chip bonding, as shown in Fig. 1(b). The figure inset shows an 880×880 μm2 chip, consisting of four identical units, each having a size of 310×310 μm2.
Fig. 1(c) depicts the working mechanism of proximity measurement based on the proposed sensor. The on-chip units based on the InGaN diode structure can operate as an emitter and receiver, connected to a current source and ammeter, respectively. In the InGaN layers of the emitter, light emission is generated through the radiative recombination of the confined carriers. The emitted light can be absorbed by the InGaN layers in the receiver to produce an electron-hole pair due to the partial overlap between the emission and the absorption spectra [26,28,29]. The light propagating through the transparent sapphire substrate experiences varying degrees of reflection depending on the proximity conditions of the object, and the measured photocurrent can be used to reflect its position changes.
The current-voltage (I-V) properties of the on-chip units are measured by a Keithley 2450 sourcemeter with a resolution of 50 pA. As an emitter, the forward voltage is measured to be 2.80 V at a driving current of 10 mA, as shown in Fig. 2(a). The dynamic resistance extracted from the slope of the linear region of the I-V curve is 15.1 Ω. Fig. 2(b) plots the emission spectrum of the emitter with a peak wavelength of 452 nm. As shown in the same figure, the DBR as a bottom reflector provides the reflectance of >0.96 for the spectral range of 410-500 nm. Since the same InGaN/GaN multi-quantum wells (MQWs) diode structure is used for light emission and detection, it is important to study the ability of the receiver to detect light from the emitter. Fig. 2(c) plots the photocurrent as functions of the voltage of the receiver under different emitter currents. The currents measured under reverse bias voltages are below 1 nA without illumination. The current level increases above 1 μA when the emitter current exceeds 1 mA. The etched sidewalls passivated with the oxide layer can effectively inhibit the leakage current, resulting in a stable reverse bias current. Moreover, the current at a reverse bias voltage of up to -20 V is less than 10-7 A and the receiver can function properly without damage after multiple voltage sweeps, as illustrated in Fig. 2(d). Extracted from Fig. 2(c), the photocurrent of the unbiased receiver as a function of the current of the emitter is plotted in Fig. 2(e). The highly linear behavior implies that the detected photocurrent can be used to indicate the changes in reflected light intensity. When the driving current of the emitter increases from 1 mA to 16 mA, the change in photocurrent rises monotonically from 1.2 μA to 33.7 μA.
[image: ]
Fig. 2. (a) I-V characteristic of the on-chip unit as an emitter. Inset shows the light output intensity as a function of injection current. (b) Emission spectrum of the emitter operating at 10 mA and reflectance plot of the DBR measured at normal incidence. (c) I-V characteristic of the on-chip unit as a receiver when the emitter operates at different currents. (d) I-V characteristic of the receiver measured at reverse bias voltages of up to -20 V. (e) Plot of photocurrent of the receiver versus driving current of the emitter. (f) Photocurrent as a function of the distance of the sensor from the films with varying reflectance. Inset shows photocurrent change versus the distance of the sensor from the films on a logarithmic scale.
To investigate the ability of the sensor to detect objects, an Al foil, blue- and black-colored films with different reflectance (R= 0.78, 0.21, and 0.06 at normal incidence) to blue emission are placed at different intervals from the sensor. During the measurement, the emitter is biased at 10 mA and the movements of Al foil and colored films are controlled by a motorized stage. From the curves plotted in Fig. 2(f), it can be seen that the change in measured photocurrent decreases with the increase of the distance from the sensor for both Al foil and colored films. Although the reflectance of the Al foil is known to decrease with increasing incidence angle [30], the Al foil can still introduce more significant changes in photocurrent compared with the colored films. The photocurrents are plotted on a logarithmic scale in the inset of Fig. 2(f), indicating that the sensor can respond to a distance of up to 3 mm from the sensor.
[bookmark: _Hlk105771062]The transient response of the sensor is investigated by biasing the emitter with a 50 % duty-cycle square wave at 50 kHz supplied by a signal generator (RIGOL DG1022Z) and the photovoltage signals are measured using a Stanford Research Systems SR570 current preamplifier connected to a Tektronix MDO32 3-BW-100 oscilloscope. Fig. 3(a) shows the results measured when the square wave signals with different high levels and with the same low level of 0 V are injected onto the emitter. For the applied voltage level of 2.8 V, the rise and fall times defined as the time required for signals to reach the steady maximum/minimum values are found to be 3.5 μs and 3.6 μs, which are the fastest response time of proximity sensors ever reported in the literature [31-35]. With increasing the high voltage levels to 3.0 V and 3.2 V, the rise and fall times are found to be nearly identical, as shown in Fig. 3(a). The fast response time of the proximity sensor can be attributed to the rapid photoelectric conversion in the emitter and detector employing the InGaN/GaN diode structure. The fast radiative recombination rate in the InGaN/GaN MQWs enables high-speed emitters, and the miniature device can effectively reduce the resistive-capacitive (RC) decay for the photoelectric conversion [36]. Different from hybrid assembly methods used in the reported proximity sensing units shown in Table 1, the monolithic integration design together with wafer-scale fabrication techniques can not only reduce the size of InGaN/GaN diode units to the sub-millimeter scale, but also make low-cost, large-scale and high-density integration possible. The total cost of each fabricated chip along with the PCB package is less than $ 0.50. It is also worth noting that the size and response/recovery times of the proposed sensor remain superior, compared to the commercial ones listed in Table 1.
To evaluate the dynamic characteristics of the sensor, a circular Al foil with a diameter of 6 mm is attached to the end of an optical post and a motorized stage (Zolix PSA200-11-X) equipped with a motion controller (Zolix MC600-4B) is used to control the movement of the Al foil, as shown in Fig. 3(b). The instantaneous photocurrent response of the sensor is obtained by moving an Al foil back and forth repeatedly at distances (d) from the sensors, as illustrated in the inset in Fig. 3(c). For d in two different ranges of 0.005-0.04 mm and 0.1-3 mm, the speed is set to 0.05 mm/s and 1 mm/s, respectively. As shown in Fig. 3(c), in the five repetitive cycles of each routine, the photocurrents can consistently reach the lowest levels and return to the same initial value, revealing the high repeatability of the sensor. Moreover, symmetric profiles of measured photocurrents are obtained when detecting an object moving forth and back at different speeds from 0.5 to 10 mm/s, as shown in Fig. 3(d). This also implied that the speed does not affect the initial value and the measured readings can return to their initial values. The long-term durability and stability are examined by cyclic tests. Repeated back and forth movements between d=0.015 mm and d=0.4 mm and a speed of 1 mm/s are applied to the Al foil. There is a holding time of 1 s when the Al foil reaches its initial and final positions. As shown in Fig. 3(e), the readout signals are highly stable throughout 8000 cycles, and the photocurrent profiles of the three different periods in the figure inset are almost identical, which confirms the durability and stability of the sensor. 
Having identified that the proposed proximity sensor is highly sensitive to slight distance changes of objects with fast response, the real-time monitoring capability of the chip-scale device in practical applications is studied. Prior to measurement, the target object is affixed with a small piece of Al foil to increase the amount of reflected light. First, the sensor is mounted on a volunteer's neck and a clear oscillating heart rate signal with a frequency of about 1.3 Hz is obtained, as shown in Figs. 4(a) and 4(d). By enlarging the waveform shown in the inset of Fig. 4(d), detailed information of the blood pressure profile including a diastolic notch, systolic peak, and diastolic peak can be identified. Then, the sensor is fixed adjacent to the rotary pump, as displayed in Fig. 4(b). It is known that the frequency and amplitude of vibration signal are the key parameters to indicate the operation condition and fault diagnosis of the rotary pump [37], and such non-contact measurement is a direct and simple means. From the results shown in Fig. 4(e), the observation of the sudden increases in photocurrents represents a large extent of vibration at the instant of switching on and off the pump. Between the two distinct on and off signals, a constant frequency of ~30 Hz corresponding to the working frequency of the pump is obtained.
To further testify the ability to detect higher frequency oscillations, the sensor is mounted close to a commercial speaker with a diameter of 2.9 cm and a working frequency of several hundred Hz, as shown in Fig. 4(c). As illustrated in the plot in Fig. 4(f), the speaker diaphragm vibrating at frequencies of 400 Hz, 550 Hz, and 700 Hz can be observed. Apart from recognizing the object movement in the vertical direction, detections along the lateral direction are investigated. The sensor is placed close to a white- and black-painted disk equipped on a motorized spinner, as shown in Fig. 5(a). The photocurrent difference of >1 μA is observed for the disk rotating at thousands of rotations per minute (rpm), and stepwise responses are displayed at high speeds up to 8000 rpm, as evident in Fig. 5(b).
Table 1. Comparison with other reported work and commercial products
	Structure
	Mechanism
	# of units
	Size
	Res./Rec. timesa
	Price (USD)

	Graphene nanoplatelets, carbon black and silicone rubber [1]
	Capacitive and resistive
	1
	8×12 mm
	0.27 s
	/

	Metal electrodes and graphene nanoplatelets [5]
	Capacitive and resistive
	8×8
	Each unit: 5×10 mm
	0.24 s
	/

	Organic thin film [35]
	Semiconductor
	6×6
	>4 cm
	480 ms
	/

	Commercial reflective photosensors [34]
	Optoelectronic
	5×5
	Each unit 4.9×6.4×6.5 mm
	1 ms
	/

	Organic photodetector on LED [11]
	Optoelectronic
	1
	Active region: 3.57 mm2
	40 cs/20 cs
	/

	Electrostatic gating [33]
	Electrostatic
	1
	Not shown
	5.42 s/11.65 s
	/

	LEDs and photodiode [12]
	Optoelectronic
	8
	20×30×40 mm
	<1 ms
	/

	CA30CAN25NA
	Capacitive
	1
	30×81 mm (Φ×L)
	<10 ms
	~$ 10

	Panasonic-EQ-501
	Optoelectronic
	1
	68×68×26 mm
	<20 ms
	~$ 70

	ORMON-E2J-W10MA
	Capacitive
	1
	20×5.5×30 mm
	70 Hz/min
	~$ 40

	SUNX-EX-28A
	Optoelectronic
	1
	8.2×10.5×22 mm
	<0.5 ms
	~$ 30

	GaN optoelectronic devices
	Optoelectronic
	2×2
	0.88×0.88×0.21 mm
	3.5 μs/3.6 μs
	<$ 0.5


a Response/Recovery times

[image: ]
Fig. 3. (a) Transient response of the sensor. The emitter is biased with square waves with high voltage levels of 2.8 V, 3.0 V, and 3.2 V. (b) Optical image of the experimental setup used to measure the dynamic response of the sensor. The inset shows a close-up image. (c) Dynamic response measured from an Al foil moving back and forth repeatedly at different distances from the surface of the sensor. Inset shows the schematic of experimental measurement. (d) Measured photocurrent under one cyclic movement of Al foil between d=0.035 mm and d= 3 mm at different speeds. (e) Measured photocurrent distribution of the sensor over 8000 cycles under the conditions of back-and-forth motion between d=0.015 and d=0.4 mm and a speed of 1 m/s. The emitter current is fixed at 10 mA for the measurement for (c)-(e). 
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Fig. 4. Sensor for real-time monitoring. Optical images of the sensor mounted on (a) volunteer's neck, and close to (b) mechanical pump, (c) speaker diaphragm. (d)-(f) Photocurrent profiles measured from the corresponding conditions in (a)-(c). The driving current of the emitter is fixed at 10 mA.



[image: ]
Fig. 5. (a) Optical images of the sensor mounted close to rotating disk half painted in black and white. (b) Photocurrent profiles measured from the disk at different rotating speeds when the emitter current is 10 mA.
When an on-chip unit acts as an emitter, the others can act as receivers in response to objects in their vicinity. To study this, Al foils of different shapes are placed on the detecting units using the micro-positioners (SIGNATONE S-725). As shown in Fig. 6, a sharp contrast of photocurrent levels between the covered and uncovered units can be obtained. For the coverage of a single unit, the photocurrent changes show more than 0.15 μA, which is more than 3 times larger than that of the uncovered ones, as shown in Figs. 6(b)-(d). Notably, increasing the number of covered units can promote the amount of reflected light, resulting in readout levels exceeding 0.20 μA and 0.25 μA for double and triple-covered units, respectively, as shown in Figs. 6(e)-(g). With the obvious contrast between the measured photocurrents, the sensor can be used to detect small objects overlaid on the units.
In summary, an ultracompact sensor based on the same InGaN/GaN MQW diode structure as the emitters and receiver is demonstrated for proximity measurement. The electrical and optical properties of the on-chip units are investigated, demonstrating the ability to detect objects in the sub-centimeter range. The sensor with microsecond response times can respond to the object movements in different dynamic conditions. Fabricated through extendable wafer-scale processes, the proposed proximity sensor provides submillimeter size, fast response, ease of operation, and high repeatability, which makes it well-suited for practical applications required real-time monitoring.


[image: ]
Fig. 6. (a) Optical images showing the selective area coverage of the Al foils on the sensor using the micro-positioners. Distributions of photocurrent changes of units acting as receivers when Al foil is overlaid on (b)-(d) single, (e)-(f) double, and (g) triple units. The emitter operates at a low current of 1 mA.
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