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Abstract

:

Edge-emitting laser diodes (LDs) were fabricated on a reduced dislocation density epitaxial lateral overgrown (ELO) wing of a semipolar {  20  2 ¯  1  } GaN substrate, termed an ELO wing LD. Two types of facet feasibility studies were conducted: (1) “handmade” facets, wherein lifted-off ELO wing LDs were cleaved manually, and (2) facets formed on wafers through reactive ion etching (RIE). Pulsed operation electrical and optical measurements confirmed the laser action in the RIE facet LDs with a threshold current of ~19 kAcm−2 and maximum light output power of 20 mW from a single uncoated facet. Handmade facet devices showed spontaneous, LED-like emission, confirming device layers remain intact after mechanical liftoff.
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1. Introduction


The development of (Al,Ga,In) nitride-based semiconductor technology has shown continuous progress and promise since the first demonstration of blue semiconductor laser diodes (LDs) in the 1990s [1,2]. After the great success of blue-light emitting diodes (LEDs) in lighting applications earned him the 2014 Nobel Prize in Physics, Shuji Nakamura turned his attention to LD-based applications [3]. InGaN/GaN LDs offer more power per chip area, much higher brightness, and no efficiency drop above threshold [4]. Moreover, InGaN/GaN blue and green LDs are the subject of many applications, including optical storage systems, projectors, laser lighting, visible light communication, and high-intensity automobile head lamps [5,6,7,8,9]. To date, InGaN/GaN LDs have been mainly fabricated on {0001}-oriented c-plane GaN substrates due to their matured epitaxy, easily cleaved crystal facets, substrate availability, size, and price [10,11]. However, the decreasing efficiencies of {0001}-oriented (AlGaIn) nitride-based light emitters with increasing emission wavelengths, along with limited modulation speed and poor wall-plug efficiency, remain the subject of ongoing investigation. This is in part due to the strain-induced piezoelectric fields at InGaN/GaN {0001} heterointerfaces, which result in a low quantum efficiency due to electron–hole wavefunction separation in InGaN quantum wells, the so-called quantum-confined Stark effect (QCSE) [12,13]. QCSE-induced electron–hole wavefunction separation reduces the oscillator strength of optical transitions, resulting in a reduced radiative recombination rate and poor device performance.



Accordingly, semi- and non-polar-oriented GaN surface planes are studied as attractive alternative growth substrates to achieve higher electron–hole wavefunction overlap for increased radiative recombination efficiency and higher material gain [14,15,16,17,18,19,20]. However, high substrate cost, supply, and size limitations preclude the full realization of the market potential of semi-and non-polar LDs. To address these limitations, we propose a new approach combining ELO and a robust peeling method for semi- and non-polar optical devices ([21,22,23,24,25,26,27,28], patent applications (i)–(xxx)). The feasibility of this new approach was studied for various devices such as non-polar LDs [21], n-side-distributed Bragg reflectors [23], and semipolar µLEDs [24]. Briefly, the process by which we may lower the commercialization hurdle consists of (1) utilizing ELO on expensive, free-standing GaN substrates for optical device fabrication, (2) removing the devices from the substrate, and (3) reusing the expensive substrate. This procedure of removing GaN thin films can also be beneficial in the bonding and integration of visible wavelength devices onto the Si photonics platform [29]. While earlier work reported a functional {  10  1 ¯  0  }-non-polar LD with a laser ridge on an ELO open window [21], non-polar crystalline planes limit the attainable indium content. Long-wavelength emission therefore demands the use of semipolar crystalline planes, such as the semipolar {  20  2 ¯  1  } orientation [30]. It is therefore expected that an extension of the ELO LD and the removal of the workflow to semipolar GaN substrates will meet this need. Moreover, coupled with the wider wings and reduced defect densities achievable with such planes [22,24], semipolar ELO may also enhance device lifetimes and lower the threshold current of ELO-templated laser ridges [31]. We earlier reported reduced threading dislocations on the ELO wings of {  20  2 ¯  1  } crystalline plane [24]. As such, the following study features laser diodes formed on the wings of the {  20  2 ¯  1  } crystalline plane, which allows for indium incorporation at higher temperatures for higher crystal quality growth of the quantum wells, assuming a similar reduction in threading dislocations.




2. Materials and Methods


The ELO wing LD concept is schematically represented in Figure 1. As shown in Figure 1a, a patterned semipolar {  20  2 ¯  1  } substrate (~10 × 5 mm) was prepared for base ELO layer growth. A 1000-nanometer-thick SiO2 as ELO mask was blanket-deposited on the {  20  2 ¯  1  } substrate using plasma-enhanced chemical vapor deposition (PECVD) and patterned by opening window stripes parallel to the <   1 ¯  014  >- axis (projection of c-axis on the {  20  2 ¯  1  } surface), each having dimensions of 5 µm × 3 mm periodically arrayed 55 µm breadthwise. The SiO2-patterned substrate was then inserted into a metal–organic chemical vapor deposition (MOCVD) reactor; unintentionally doped (UID) GaN ELO layers were grown with 10 slm of ammonia (NH3) and 12 sccm of trimethylgallium (TMG) as sources and 10 slm of H2 as the carrier gas at a reactor pressure of 100 torr and a temperature of 1210 °C. UID-GaN layers were then grown epitaxially from the patterned open windows of the {  20  2 ¯  1  } substrate and proceeded to form wings laterally over the SiO2 ELO mask. UID-GaN layer growth was stopped before coalescence with the neighboring ELO layers. In approximately 400 min UID-GaN ELO layers achieved a final epitaxial layer thicknesses of ~25 µm and wing widths of ~17 µm. The SiO2 ELO mask was dissolved in hydrofluoric acid (HF) followed by DI water rinsing and then reintroduced into the MOCVD reactor for standard laser structure epitaxy (Figure 1d). The laser structure comprised a 1.2-micrometer thick lower Si-doped GaN cladding layer, a 65-nanometer thick Si-doped In0.06Ga0.94N lower waveguide, a two-period multi-quantum well (MQW) structure with 3/7-nanometer InGaN well/GaN barrier, a 20-nanometer-micrometer-thick p-Al0.28Ga0.72 N electron blocking layer (EBL), a 65-micrometer-thick Mg-doped In0.06Ga0.94N upper waveguide, and a 250-nanometer-thick Mg-doped GaN upper cladding layer as previously reported [20]. Epi-wafer electroluminescence (EL) showed an emission wavelength centered at ~426 nm.



A 15 min, 600 °C furnace activation was performed in ambient air following epitaxial growth to activate Mg dopants. Then, 5-micrometer-wide ridge waveguides were defined using a bilayer photoresist (PR) comprising SPR 220-3.0 as a top layer and a recessed underlayer LOL 2000 as bottom layer on the ELO wings. These were oriented along the 3-millimeter-long ELO open windows, i.e., parallel to the c-axis projection on the {  20  2 ¯  1  } surface as indicated in Figure 1b,c. Then, Cl2 plasma reactive ion etching (RIE) was performed with an etch rate of 110 nm/min on the p-GaN cladding layer. Then, a 300-nanometer-thick SiO2 layer was deposited by magnetron sputtering. The bilayer PR assists in a self-aligned lift-off process to form the ridge waveguide and insulation between n- and p-electrical pads. Prior to p-contact deposition, a two-fold 5-minute cycle of heated aqua regia immersion (1:3 nitric: hydrochloric acid) was performed, followed by DI water rinse. A 150-nanometer-thick indium tin oxide (ITO) was blanket deposited using e-beam evaporation at a substrate temperature of 250 °C to serve as p-contact and cladding layer. Then, after defining p-contacts, the ITO etched by RIE using CH4/H2/Ar (4/20/10 sccm) chemistry at 75 mT of chamber pressure and DC bias of 350 V. Ti/Au (10/300 nm) p-contact pads were deposited using an e-beam system on top of the ITO. Then, the sample was divided into two equal pieces, one used in handmade facet and the other in on-wafer RIE facet studies.




3. Results and Discussion


3.1. Handmade Facet Formation


Serving as the backing for mass transfer, adhesive tape was gently placed on the ELO wing LDs and firmly pressed with a soft roller. The assembly was then introduced into 77K liquid nitrogen bath, where it was left for about two minutes. Next, the tape was slowly removed from the taped device assembly after warming to room temperature, as in Figure 2a [22]. This process separates inverted ELO wing LDs from the growth substrate, i.e., with adhesive tape covering the whole p-pad. Figure 2b shows the removed ELO wing LDs upside down on the adhesive film, with a fresh back surface for n-contact deposition. Accordingly, the n-contact was deposited on the back of the removed ELO layers by the blanket evaporation of Ti/Al/Ni/Au (10/50/100/300 nm) using e-beam evaporation. Very minimal use of the expensive bulk semipolar {  20  2 ¯  1  } substrate was observed using this method, and a 100% transfer yield was achieved owing to the narrow open ELO windows (5 µm wide) [22]. Then, the adhesive tape was immersed in acetone to loosen the attached ELO wing LDs. The loosened LDs were carefully placed on a metal-coated (Ti/Au/In 10/300/1500 nm) Si carrier using a laboratory tweezer in downside p-pad configuration, under microscope inspection. Then, a gentle pinch was imposed on the removed ELO layers at random lengths to fracture the layer ends into facets. We observed an unwanted metal layer hanging around the facet when the ELO layers were fractured from the topside (p-side), so facet fracturing was performed from the backside (n-side) to avoid such abnormality. The fractured LD bars were rearranged on the carrier to the depicted probing configuration shown in Figure 2d. The bars on the carrier can be freely moved without annealing or excessive force for strong metal contact with the carrier. As most of this process was done manually, the yield was drastically reduced. Nonetheless, this method yielded a functional {  10  1 ¯  0  } non-polar LD with a laser ridge on the ELO open window and was reported in a prior work [21]. In the {  10  1 ¯  0  } non-polar ELO LD, the GaN crystalline geometry allowed easy access to cleavable {0001}-oriented c-planes perpendicular to the ridge length, resulting in near-vertical mirror facets. However, the present {  20  2 ¯  1  } semipolar ELO layer did not have an easily cleavable plane, such as abovementioned {0001}-oriented c-planes, or non-polar planes for laser cavity mirror facets perpendicular to the ridge length. In 2009, Sumitomo Electric Ltd. reported cleaved facets such as conventional LDs on semipolar {  20  2 ¯  1  } by thinning growth substrates and pressing them against a fracturing blade [15]. We believe that adopting such an industrial protocol would greatly benefit our study; as such, ELO wing LDs should be transferred onto a stiff carrier, saving expensive growth substrates. A few possibilities such as acoustic solution printing [32] or stiff carrier transfer procedures (patent application (xxviii)) will be investigated in further detail in other work. Revisiting the present adhesive tape assembly, Figure 2c shows selected examples of laser bars achieved via manual cleaving cavity lengths of (1) 1800, (2) 1390, (3) 780 and (4) 1072 µm. One of the facets is shown magnified; visible inspection revealed curved cavity ends, indicating non-ideal facet formations. The bars were electrically tested for possible laser operation with the probing scheme shown schematically in Figure 2d.



Using pulsed electrical injection, bars were tested with a pulse width of 0.5 µs and 0.5% duty cycle; Figure 3a shows the EL spectra at 10 kAcm−2 of all the bars. All spectra showed spontaneous, LED-like emission at pre-liftoff peak emission wavelengths, confirming the intactness of the device layers after mechanical peeling. Out of the measured samples, the spontaneous emission spectrum of bar 4 (1072 µm cavity length) showed a lower full width at half maximum (FWHM) compared to the other bars. Light–current–voltage (L-I-V) characteristics of bar 4 were measured and plotted in Figure 3b. A maximum light output power of 2.3 mW was measured from the fractured facet of bar 4 at a current density of ~27 kAcm−2. Though the line width appears to be narrow for bar 4, the EL spectrum confirms there is no laser action. We concluded that to achieve laser action, we will need to properly optimize the prepared facets and have better control of the cavity length. The current density was calculated by dividing the injected current with the area of the ridge waveguide. Minimum lateral current diffusion was assumed and expected, owing to the etching and poor inherent lateral conductivity of the p-GaN layer. In this probing scheme, the bar n-pad was not in firm contact with the carrier metal; only the p-probe force pressed against the Si carrier provides contact area for n-pad current injection, thereby lacking a proper thermal sink. Therefore, the sample was only operated under pulsed operation, where heating is not a serious concern. Additionally, some residue from the adhesive tape may still be an issue in the sample preparation for this type. Taken collectively, the above device limitations increased the voltage of the measurement.




3.2. On-Wafer RIE Facet Formation


From the results of the previous section, it is evident that a proper facet and controlled cavity length could induce more pronounced lasing action. Proper industrial settings are often a prerequisite for near-vertical mirror facet formation; to mitigate such a need, RIE-based on-wafer facet fabrication was investigated on the remaining samples as an alternative approach. The test samples had ~3-millimeter-long ridge waveguides and p-pad metallization on top. Facet definition proceeded via photolithography with a positive photoresist, SPR 220-7.0, with 1000 × 30-micrometer patterns periodically arrayed 1100 µm lengthwise/55 µm breadthwise on the sample. The resulting ELO LDs are shown in Figure 4a, with PR covering the ridge and p-pad. The p-pad metal underlying ITO and the SiO2 isolation layer unprotected by PR were removed using HCl and HF. Then, a Cl2 RIE was used to form LD facets at the 1000-micrometer cavity ends. Next, the ELO wing LDs were coated with PR once more for protection during scribing. Cuts approximately 150 µm in depth were made between the ELO wing LDs along the guided dicing line shown in Figure 4a from the substrate backside; samples were then separated by pressing. Figure 4b shows SEM images of the RIE facets on the ELO wing LDs. For simplicity of measurement and light collection, the LD sample was divided and left on-wafer; ideally, ELO wing LDs would be lifted from the growth substrate and measured. A commonTi/Al/Ni/Au n-contact (10/50/100/300 nm) was deposited on the substrate backside by e-beam evaporation. Then, the ELO wing LD sample was bonded to a Si carrier coated with Ti/Au/In (10/300/1500 nm). The probing scheme is schematically shown in Figure 4c.



RIE facet ELO wing LDs were tested by probing the n-pad from the Si carrier and p-pad from the ridge top-side, using a pulsed injection with a pulse width of 0.5 µs and 0.5% duty cycle. Figure 5a shows EL spectra with increasing current injection from 4 kAcm−2 to 21 kAcm−2. A lasing peak at 428 nm appeared at 19 kAcm−2, becoming more prominent and intense at 21 kAcm−2 and achieving a FWHM of ~0.7 nm. The typical L-I-V curve of a 5 × 1000-micrometer long ELO wing LD is shown in Figure 5b along with an illuminated optical microscope image in the inset. The output power was collected by an integrating sphere placed near the end of one facet. A maximum light output power of ~20 mW was measured from a single-facet at a current density of ~26 kAcm−2. Moreover, the LDs exhibited a threshold current density of ~19 kAcm−2. The slope efficiency was quite low, and we attribute this to strong scattering loss at the facets due to the imperfect RIE etching. We believe further improvements in the growth conditions, as well as the optimization of experimental structure, doping, inclusion of tunnel junctions [33], chemical treatments [34], vertical mirror facet formation [35] and bonding will lead to better L-I-V characteristics. In the past, researchers reported nearly vertical facet formation in the semipolar LDs by Cl2 gas/Ar-ion chemically assisted ion beam etching (CAIBE) in an Oxford Ion Mill system [35]; as a result, our future investigations will include this method for on-wafer facet formation.





4. Conclusions


We have demonstrated pulsed operation in edge-emitting LDs on the reduced-defect ELO wings of semipolar {  20  2 ¯  1  } GaN substrate. Handmade facet devices showed spontaneous, LED-like emission, confirming no damage was inflicted to the device layers during mechanical liftoff, and on-wafer facet fabrication achieved lasing at ~428 nm peak emission wavelength. Maximum light output power of 20 mW per facet without facet coatings was measured under pulsed operation from a RIE facet LD. In summary, a proper industrially optimized fractured-facet method could approach conventional cleaved facet yields while recycling the expensive semipolar growth substrate. Alternatively, on-wafer reactive-ion facet etching can also be employed before lifting off LDs from growth substrates. We believe both methods can help overcome the price and material supply issues for semipolar GaN LDs.
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Figure 1. (a) SiO2 mask design on {  20  2 ¯  1  } semipolar GaN substrate, where open windows are 5 µm in width and masked portions are 50 µm in width. (b) Bird-view sketch of grown GaN ELO layers from the open window and proposed laser ridge on wing. (c) Optical microscope image showing processed LD ridge on ELO wings. (d) An illustration showing the laser structure cross-section. 
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Figure 2. (a) Removing illustration of ELO wing LDs with adhesive tape. (b) Removed {  20  2 ¯  1  } ELO wing LDs on adhesive tape, upside down, before n-contact deposition. (c) Random-length ELO wing LDs placed on a Si carrier for measurements, with magnified end facet. (d) Probing scheme for type-1 (handmade) facet LDs. 
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Figure 3. (a) EL spectrum at 10 kAcm−2 current density for the selected bars shown in Figure 2b. (b) L-I-V measurement data for bar 4 under pulsed operation. 
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Figure 4. Schematic for on-wafer facet etching: (a) PR-masked ELO wing LDs on {  20  2 ¯  1  } semipolar GaN substrate. (b) SEM images of on-wafer RIE etched facets of ELO wing LDs. (c) Probing scheme for on-wafer RIE facet ELO wing LD. 
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Figure 5. (a) Lasing spectrum of an RIE facet ELO wing LD with increasing injection current density (4–21 kAcm−2). (b) L-I-V curve of an ELO wing LD with an RIE-formed facet. Inset: Optical microscope image of an illuminated laser device. 
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