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Abstract

:

Ultraviolet (UV) light plays an important role in air/water/surface sterilization now. Maintaining a certain light intensity is often required to attain the targeted effect. In this paper, on-chip power monitoring of a UV-A light-emitting diode (LED) via sapphire substrate is reported. A p–i–n photodiode loop that surrounds the UV-A LED was designed and fabricated to monitor the output power by detecting the scattered light of the LED propagating through the sapphire substrate. No particular waveguide structure or processing parameter control was needed. The monitoring responsivities per unit of surface-emitting power obtained were approximately 21 and 25 mA/W at photodiode biases of 0 and 3 V, respectively. When combined with a transimpedance amplifier, a monitoring responsivity of 1.87 V/mW at zero bias was measured, and a different monitoring responsivity could be customized by adjusting the gain of the transimpedance amplifier. The operation principle of this device might be applicable to UV-B or UV-C LEDs.
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1. Introduction


Ultraviolet (UV) light-emitting diodes (LEDs) are used in various fields, such as for epoxy curing, air/water sterilization, and surface disinfection. Because the effectiveness of these applications depends on a minimum UV light intensity, the appropriate monitoring of in situ optical power is essential, particularly because AlGaN-based UV LEDs have a shorter lifetime than InGaN-based visible LEDs have. An external Si or InGaAs photodiode is often placed near the rear facet of a laser diode (LD) in commercial edge-emitting infrared LDs to monitor the output power level. Typically, surface-emitting LEDs do not exhibit strong lateral confinement on photons. On-chip power monitoring can be achieved by using the same active layer for both emission and detection under forward and reverse biases, respectively. Nevertheless, its responsivity is fairly low because the emission wavelength of the LED is near the cutoff wavelength of the photodiode. Tchernycheva et al. reported the integration of GaN-based single-wire LEDs and photodetectors optically coupled with silicon nitride waveguides [1]. Jiang et al. monolithically integrated blue LEDs and UV Schottky barrier photodiodes for bidirectional optical communication [2]. Li et al. reported the phenomenon of optical crosstalk in GaN-on-sapphire LEDs [3,4], and the monolithic integration of photodiodes, LEDs, and waveguides that were selectively detached from a substrate to reduce crosstalk [5,6]. Wang et al. demonstrated in-plane data transmission between LEDs, waveguides, and photodiodes, where the original silicon substrate was removed after a suspension or flip-chip process was conducted to reduce crosstalk [7,8,9]. Lau et al. reported the monolithic integration of an LED, a high-electron mobility transistor, and a photodiode through selective area epitaxy on a sapphire substrate [10]. Yeh et al. reported the monolithic integration of LEDs and phototransistors [11]. Chiu et al. demonstrated the display of a warning light during the detection of an external incoming UV light [12]. Feng et al. developed a GaN-based edge-emitting laser diode that was monolithically integrated with an electro-absorption modulator and a photodiode grown on a silicon substrate [13]. In this study, instead of removing substrates to eliminate crosstalk, we used a sapphire substrate as a slab waveguide that transported coupled LED light power toward a monitoring photodiode (MPD). Compared with other waveguiding materials used for GaN devices, sapphire has higher transparency, stability, and reliability. We fabricated a p–i–n photodiode loop that surrounded the UV LED to increase collection of photocurrent. Moreover, a transimpedance amplifier was employed to enhance the monitoring responsivity.




2. Device Structure and Fabrication


Figure 1 illustrates the monolithic UV LED and MPD. An LED epitaxial wafer commercially grown on a c-plane patterned sapphire substrate was used to fabricate the devices. Its emission spectrum exhibited a peak wavelength and full-width-at-half-maximum of approximately 392 and 15 nm, respectively. The MPD was completely covered with p-contact metal on top to block any external incoming light and thus, detect internal incoming light only. The processing procedure is in the following. Each device was electrically isolated by a deep etch down to the insulating sapphire substrate through inductively coupled plasma reactive-ion etching (ICP-RIE). Next, ICP-RIE was used to produce mesas on the LED and MPD, which provided access to the n-GaN layer. Subsequently, a SiO2 insulation layer was deposited. Then, an electron beam evaporator was used to deposit a 200-nm-thick indium-tin oxide (ITO) layer, which was then, thermally annealed at 625 °C in ambient N2 for 8 min. Finally, p/n-contact electrodes were formed. After processing, the chip was p-side-up mounted on a non-transparent printed circuit board and wire-bonded.




3. Results


Figure 2 presents a top-view photo of the fabricated devices and the CCD image of the UV LED at 10 mA. The active area sizes of the UV LED and MPD were 0.20 and 1.20 mm2, respectively, and the center-to-center distance was 575 μm. In [12], a report was provided of the photocurrent as a function of the distance between a p–i–n photodiode and an integrated LED with the same size; the responsivity was approximately 0.12 mA/W at a distance of 1 mm. Herein, we designed devices with a smaller center-to-center distance and larger MPD-to-LED size ratio to improve MPD responsivity.



3.1. Basic Characterization


Figure 3 presents the voltage–current–light power (V–I–L) characteristics of the UV LED. The turn-on voltage and series resistance were approximately 3.0 V and 10 Ω, respectively. Figure 4 shows the emission spectrum (in a dashed line) of the UV LED when forward biased. On the other hand, because the MPD was protected from external incoming light, we used a reverse-biased LED acting as a p–i–n photodiode to evaluate our photodiode’s external quantum efficiencies (EQE) as a function of incident light wavelength at various photodiode biases at room temperature. The EQE measurement was conducted by using an incident photon-to-electron conversion efficiency system employing a broadband 300-W xenon lamp (Newport, model #6258), monochromator (Newport, model #74024), and lock-in amplifier (Newport, SR830). The peak EQEs were 50%, 55%, 61%, and 66% at 0, 1.5, 3, and 5 V, respectively. The results are plotted on Figure 4 with solid lines. These EQE values were typical for a p–i–n photodiode and corresponded to peak responsivities of approximately 0.16, 0.17, 0.19, and 0.21 A/W at 0, 1.5, 3, and 5 V, respectively, if the incident light was of wavelengths of peak EQE values and of normal incidence to the photodiode. However, for a same-chip MPD sharing the same bandgap material as the light source (UV LED), the incident wavelengths (392 ± 8 nm) were near the cut-off wavelength (approximately 405 nm). Additionally, the incident light (of the MPD) was only partially coupled from the UV LED emission, partially propagated through the sapphire substrate, and was incident on the MPD at various angles. Therefore, the monitoring responsivity was considerably lower than the peak responsivity.




3.2. Monitoring Responsivity


Figure 5 presents the MPD currents obtained at 0 and 3 V biases with dark currents of approximately 0.22 and 3.5 nA, respectively, as a function of the surface-emitting power of the UV LED at room temperature. The curves were very linear, corresponding to monitoring responsivities of approximately 21 and 25 mA/W at 0 and 3 V biases, respectively. When combined with a transimpedance amplifier, i.e., a current to voltage converter having a transimpedance gain of approximately 8.9 × 104 V/A, and a voltage follower (Figure 6), the resulting monitoring responsivity was approximately 1.87 V/mW at zero bias for the MPD. Based on the operating optical power range of the UV LED and the desired output voltage range of the MPD, an appropriate monitoring responsivity in a unit of V/W can be obtained by adjusting the gain of the transimpedance amplifier. From Kirchhoff’s rules, the output voltage Vout in Figure 6 followed Equation (1):


Vout = I [(1 + R3/R2)R1 + R3]



(1)




where I was the MPD current.





4. Discussion


The UV LED herein was located at, but not restricted to, the central region. The total power of UV LEDs can be scaled up by adding more LEDs adjacent to the MPD, though the resulting responsivity would be different. The shape of the MPD is not limited to being a loop, and could be a cross or a star that collects scattered light from LEDs. At the same time, the MPD might serve as a buffer between heat-generating LEDs to assist heat dissipation.



Secondly, sapphire has a large bandgap of approximately 9 eV [14] that is transparent to any emission wavelengths from AlGaInN-based LEDs, including UV LEDs from 200 to 390 nm in wavelength. The LED wafer used in this work emitted UV-A light; for UV-B or UV-C (e.g., 275 nm) LEDs, the cladding materials would become AlN and/or high-aluminum-ratio AlxGa1-xN, which are transparent to the emission wavelength of the active region; therefore, emitted light can be coupled partially to the sapphire substrate, and on-chip power monitoring via sapphire substrate still applies. For AlGaInN grown on Si substrate, fabrications of UV photodiodes or UV LEDs were reported [15,16,17]. However, it is unlikely to monitor UV power via Si substrate, because silicon itself highly absorbs UV light. As long as AlGaInN-based LEDs are grown on a sapphire substrate, no matter what orientations (polar, nonpolar, or semipolar [18]), on-chip power monitoring via sapphire substrate would be feasible.




5. Conclusions


On-chip power monitoring of a UV-A LED via sapphire substrate is reported. The UV LED was surrounded by a p–i–n photodiode loop with a center-to-center distance of 575 μm and an MPD-to-LED size ratio of six. Scattered light propagating through the sapphire substrate generated a photocurrent linearly proportional to the surface-emitting power. Monitoring responsivities of approximately 21 and 25 mA/W at MPD biases of 0 and 3 V, respectively, were obtained. When combined with a transimpedance amplifier, a monitoring responsivity of 1.87 V/mW at zero MPD bias was obtained. A different monitoring responsivity can be customized by adjusting the gain of the transimpedance amplifier.
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Figure 1. Schematic structure of the monolithic UV LED and MPD, where ITO and PSS represent indium-tin oxide and patterned sapphire substrate, respectively. 
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Figure 2. (a) A top-view photo of the fabricated UV LED and MPD; (b) an image of the UV LED at 10 mA in the dark. 
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Figure 3. V–I–L characteristics of the UV LED. 
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Figure 4. EQE versus wavelength at various biases at room temperature when measured as a p–i–n photodiode (in solid lines), and the emission spectrum when measured as an LED (in a dashed line). 
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Figure 5. MPD current versus light power of the UV LED. 
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Figure 6. Schematic diagram of the MPD at zero bias, a transimpedance amplifier, and a voltage follower, where OPA represents an operational amplifier. 
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