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Abstract

:

As the application requirements of semiconductor lasers continue to increase, severe challenges are brought to the reliability of semiconductor lasers. In order to promote the study of laser failure, this paper proposes an effective failure analysis method for packaged semiconductor lasers with a simple sample preparation and home-made photon emission microscopy (PEM) system. The new simple sample preparation process for failure analysis is presented and the necessary polishing fixture is designed so that sample can be obtained without expensive and complex micro-/nano-processing. Two types of home-made PEM experimental systems were established for observing the failure from the front facet and active region of semiconductor lasers. Experimental results showed that, with the proposed sample preparation flow, the home-made PEM experimental system effectively observed the leakage defects from the front facet and dark spot defects (DSDs) in the active region of semiconductor lasers. The method can help researchers and laser manufactures to perform effective failure analysis of packaged semiconductor lasers.
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1. Introduction


Since the 1960s, the successive development of semiconductor laser diodes (LDs) [1] and optical fiber technology [2] has promoted the arrival of the information age and social progress. Beyond all doubt, light has become an important information carrier, not only in the field of communication, but also in the fields of sensing [3,4], medicine, material processing [5], military [6], and quantum communications [7]. Semiconductor lasers are widely applied in various fields due to their outstanding characteristics such as small size, high efficiency, simple structure, and wide wavelength range [8,9]. The packaged semiconductor laser is an important component for enterprise to develop optical devices and systems, and its failure will bring significant losses to enterprises in various industries. However, semiconductor lasers will be degraded due to the presence of threading dislocations in the substrate [10,11], contamination introduced by the preparation process [12,13], voltage overload [14], facet oxidation [15,16], and mechanical damage during packaging [17]. The phenomenon that semiconductor lasers suffer from failure is widespread, and therefore the failure analysis of semiconductor lasers has brought great attention from researchers and manufactures.



Improving the stability of semiconductor lasers lies in the study of their degradation mechanism so as to find appropriate measures to suppress the degradation. The degradation forms of semiconductor lasers include gradual degradation, catastrophic degradation, and rapid degradation [18]. The main reason for the degradation is the appearance of non-radiative recombination centers such as dark line defects (DLDs) [19] or dark spot defects (DSDs) [20]. The failure analysis method of semiconductor lasers mainly includes electroluminescence (EL) [21], cathodoluminescence (CL) [22], photoluminescence (PL) [23], electron beam-induced current (EBIC) [24], energy-dispersive X-ray spectroscopy (EDX) [25], and transmission electron microscopy (TEM) [26]. Among them, the EL has been successfully applied to the failure analysis of the prepared semiconductor laser bar. Park et al. investigated Al-free InGaAs/InGaP laser DLDs through EL and confirmed that the defect area became polycrystalline phase due to local melting [27]. Sanayeh et al. observed the dark spot on the output facet of the failed AlGaInP lasers through EL for investigating DLDs caused by catastrophic optical damage (COD) [19]. Their sample preparation method for EL mainly adopts wet or dry etching to form the light-transmitting window of the substrate so as to observe the defect distribution in the active area of the semiconductor laser under the excitation of an external current. This method is expensive, complicated, and only for chip-level semiconductor lasers, but it is not applicable to packaged semiconductor lasers. To best of our knowledge, there is no detailed study of failure analysis of packaged semiconductor lasers or long-term-used semiconductor lasers, which are actually of significant importance for the manufacturers and researchers. This paper presents an effective failure analysis method for packaged semiconductor lasers with a simple sample preparation and home-made PEM experimental system. Two types of PEM experimental systems were established to observe lasers’ defects from their front facets and active regions. The sample for failure analysis can be obtained by polishing without expensive and complicated micro-/nano- processing technology (e.g., sputtering, evaporation, lithography, wet etching, dry etching, and development). We adopted the proposed sample preparation method for the used 1310 nm transistor outline (TO) packaged distributed feedback (DFB) lasers, and experimental results showed that the leakage defects judged by the output light from the front facet [28] and dark spot defects in the active region of semiconductor lasers can be effectively observed by the proposed failure analysis method.



This paper is organized as follows. In Section 2, we introduce the PEM principle. In Section 3, we describe the two types of home-made PEM system: type I; PEM system for observing the front facet of lasers, and type II PEM system for active region. Section 4 introduces the sample preparation method. The experimental measurement results are discussed in Section 5, and the conclusion is given in Section 6.




2. Principle of PEM


PEM has been successfully applied to the defect detection of integrated circuits (ICs) [29] and light-emitting diodes (LEDs) [30]. EL is the core principle of PEM. Through external electric excitation, different luminescence behaviors between existing defects and normal areas can be distinguished, which can be used to effectively locate a defect. There are two main detection modes for PEM:



(1) Band–band electron–hole pair recombination radiation. This process occurs between the conduction band and the valence band, which is an interband transition. As shown in Figure 1a, light emission can be effectively observed by injecting minority carriers under the forward bias, which is accompanied by strong electron–hole recombination. Since the defect is a non-recombination center, there is no light emission in the defect area under the forward bias; therefore, defects appear as dark areas under the forward bias.



(2) Relaxation of carriers with high kinetic energy accompanied by light emission. This mode requires carriers to obtain a larger kinetic energy, and thus a larger voltage is required. As shown in Figure 1b, a reverse bias of the PN junction can cause a strong electric field that accelerates the carrier transport in space charge region (SCR). The carriers with high kinetic energy relax at lattice defects, accompanied by radiation. Since this only occurs within the same band, it is an intraband process. Generally, the reverse current of the PN junction is relatively small. For PEM detection, in order to obtain a luminous efficiency exceeding the detection limit (horizontal dotted line in Figure 1c), the reverse bias should be large enough (the reverse voltage should be greater than the reverse voltage at point L in Figure 1c), but not too large as to cause avalanche breakdown (the reverse voltage should be less than the reverse voltage at point A in Figure 1c). Therefore, defects appear as bright areas under the reverse bias.




3. PEM Configuration


In order to satisfy the defect observation from laser’s front facet and active region, we designed and built two types of PEM (type Ⅰ and type Ⅱ) systems. The two types of equipment systems can realize the front and back observation for prepared laser sample, respectively. As shown in Figure 1d, the front and back observation correspond to the front view and the backside view, respectively. Each system mainly consists of visible light imaging module, infrared light imaging module, power-on module, and displacement module. In order to prevent interference from the external environment (e.g., sunlight), we equipped each PEM experimental system with a darkroom environment to ensure the reliability and accuracy of the experimental results.



3.1. Type Ⅰ PEM


Type Ⅰ PEM system can provide the observation of a laser’s upper surface and front facet surface. The schematic of type I PEM system is shown in Figure 2a. In type I PEM system, the visible light imaging module includes a visible light CMOS camera, a zoom lens tube, and a visible light ring light source. The visible light camera has 30 million pixels, and the zoom lens can realize the adjustment of the optical magnification from 42X to 270X. In the PEM equipment system, the visible light imaging module is used to observe the laser chip surface and make the power-on probe alignment. The optical path of the visible light module is parallel to the xy plane. Infrared imaging module consists of a near-infrared InGaAs CCD camera (detection wavelength range is 900–1700 nm), infrared tube (built-in infrared anti-reflective lens and fine-tuning focus function), strut, infrared ring light source (center wavelength of light is 940 nm), objective switcher (the number of objective lenses can be assembled up to four), and infrared objectives (5X/10X/20X/50X). The light path of the infrared imaging module is perpendicular to the xy plane. When the forward or reverse bias voltages are applied to the laser, the radiated light is collected by the infrared imaging module and finally processed by the computer. The power-on module includes probe holders, tungsten steel gold-plated probes (the probe diameter can be varied from 5 to 30 μm as needed), and a DC power supply. If the laser chip has pins, it can be powered directly through the wire without the probe. The displacement module mainly includes adjustable support frame, XY displacement platform, and XYZ displacement platform. The infrared lens tube is fixed on the focusing frame. Through the focusing frame, we can realize the focusing process by adjusting the distance between the CCD and the sample. Two XY stages are placed on the bottom of the strut and the sample stage, respectively, in order to adjust the position of the observation area. Another XYZ displacement platform is placed on the bottom of the visible light imaging module to adjust the observation position and focus length. The photograph of type I PEM is shown in Figure 2b.




3.2. Type Ⅱ PEM


Type II PEM system can be used to observe the active region of a laser chip. The schematic of type II PEM is shown in Figure 3a. For the active region of semiconductor laser to be observed, the system structure of type II is different from type I. The first difference is that the infrared camera and the visible light are installed at the opposite position. In type II, the visible light module is installed on the adjustable support frame, and the infrared module is installed on the XYZ stage. The second is that the infrared module adopts a cage system, which can steer the light path through the infrared 90-degree steering lens, as shown in Figure 4a,b (the front surface of the lens glass is coated by broadband dielectric film to increase reflection, which can meet the reflectivity of light in the wavelength range of 1280 to 1600 nm greater than 97%, and the steering angle can be fine-tuned through the angle fine-tuning structure), and the objective is mounted on the cage plate. The third is that the XY stage in the displacement module becomes a light-transmitting stage that enables the system to observe the backside light emission while the probe is powered on the upper surface of the laser. At the same time, the probe base adds an adjustable height block for the raised sample stage. The photograph of type Ⅱ PEM is shown in Figure 3b.





4. Sample Preparation Method for Failure Analysis


The traditional sample preparation for laser failure analysis needs to use the micro-/nano- processing. This processing method is not only expensive but also time-consuming. In this paper, we propose a simple sample preparation method of laser failure analysis that can be used in the packaged semiconductor lasers. Figure 5 shows the flow chart, and the detailed preparation steps are given as follows:



First step: Use the cap opener to decap semiconductor lasers (be careful to avoid touching the laser during the opening process). The schematic of semiconductor laser after being decapped is showed in Figure 6a.



Second step: Fix the semiconductor laser after being decapped on the grinding fixture and rotate a certain angle. As shown in the Figure 7a, the fixture is composed of an internal load block with calibration line and a shell with the tick mark. The inner load block can be rotated to a certain angle according to the tick mark. After the whole is fixed, the leads can be electrically connected to the pins and put into type I PEM system for observation from the upper surface and front facet of semiconductor lasers. After observing the intact semiconductor laser, we can further observe the active region through type II PEM system by polishing along a certain angle. As shown in Figure 6b, the angle is adjusted through the grinding fixture so that part of the bottom gold electrode of the semiconductor laser is reserved after polishing, and meanwhile the active region of the semiconductor laser can be exposed. The top view of sample after being polished is shown in Figure 6c. From the top view, we can conclude that the Au layer can be effectively used as an electrode for subsequent experiments



Third step: Put the grinding fixture into the soft silicone mold as shown in Figure 7b. Acrylic resin and butyl methacrylate were prepared according to a mass ratio of 1:0.8 to obtain a polyester solution and then were poured into the silicone mold. Place the sample at room temperature for 20 min to obtain a cold mounting sample. The maximum exposed temperature was 80 °C.



Fourth step: Embed the cold mounting sample in the polishing fixture as shown in Figure 7c and place it into the polisher for polishing. Control the polishing thickness by adjusting the micrometer head on the polishing fixture and polish it until the light-emitting position of the active region is revealed and there are some bottom gold electrodes left. The polisher material is aluminum oxide. We first use 300 grit size abrasive with 200 rpm rotation speed to polish the laser tube; then, use 600 grit size abrasive with 200 rpm rotation speed to polish the heat sink until the light-emitting position of the active region is revealed; finally, use 6000 and 12,000 grit size abrasives with 50 rpm orderly to polish laser chip for 2 min. The whole polished sample is shown in Figure 7d. The laser tube, heat sink, and gold electrode are selectively removed by tilt polishing. We can find the laser chip from the polished section, as shown in Figure 7d.



Fifth step: The sample is soaked in acetone solution for about 40 min, and then the chip can be taken out. The failure analysis sample preparation for observing the possible defect in the active region is completed, which can be put into the PEM type II system for measurement.




5. Results and Discussion


In the following experiment, we took the 1310 nm DFB TO packaged semiconductor lasers as objectives, which is provided by the corporation. The two home-made types of PEM equipment system were adopted to perform the failure analysis by detecting from the front facet and active region, respectively. As the light emission from the active region will be absorbed by the metal electrode, we employed the above sample preparation method and type II PEM system for detecting the active region. Through the type I PEM system, we took images with various magnifications (5X, 10X, 20X, and 50X) under the 940 nm light source without the bias electric source. As shown in Figure 8, the structure of semiconductor lasers was clearly observed with different magnitudes, which suggests the home-made PEM I system can realize high-definition, near-infrared imaging. When we applied 1 V positive voltage to the semiconductor laser, it was able to generate the output light. However, the emitted light spot was uneven, and there was obviously a larger discontinuity on the left side, as shown in Figure 9a. When a reverse voltage of 8 V was applied, there was a faint light spot on the left side of the front facet, as shown in Figure 9c. This was because the defect in the semiconductor laser generated the output light under the large leakage current. It needs to be noted that we needed to turn down the 940 nm illumination light source to make the light from the defect easier to be distinguished. It can be seen from the image that the discontinuous position of the forward-biased laser spot coincided with the defect light-emission position under the reverse bias voltage. Therefore, it can be preliminarily diagnosed that the semiconductor laser had leakage, and the leakage defects were concentrated in the left area of the front facet surface.



In order to further confirm the occurrence of optical radiation due to leakage current, we also detected the laser front facet surface by type I PEM system. Comparing Figure 9b with Figure 9d, we found that the emitted light under the reverse bias voltage was indeed generated through the front facet, which further proved that the laser had leakage failure.



Active region is the most important part of the semiconductor laser. Furthermore, in order to further find and ensure the defect position in the active region, we used the mentioned sample preparation method in Section 4 to deal with the semiconductor lasers. Figure 10a shows the whole semiconductor laser sample after processing. Figure 10b shows the active region was exposed after polishing, while there was some golden metal left. In order to effectively power on the sample, we positioned the two probes of the power supply module to electrode pads (labelled 1 and 2 in Figure 10a). The area of pad was larger than 200 μm× 200 μm, and the probe with the diameter of 15 μm was employed to provide electric power for the sample. The ohmic contact of the sample was changed because part of the electrode was removed. The voltage applied to the sample was larger than the initial threshold voltage of the laser so that the light emission of the active region could be observed. For this sample, we chose a forward voltage of 0.8 V as the test voltage. By applying a forward bias of 0.8 V on the pad, we were able to see the resulting electroluminescence, as is shown in Figure 10c. It was obvious that there was a large dark spot defect focused in the middle area. It can be inferred that the main reasons for the occurrence of this defect were as follows:




	
The quantum well optical power in the ridge waveguide region was relatively large. Due to the large optical power, the temperature rises resulted in defects and even local melting and polycrystalline.



	
There were trenches on both sides of the ridge waveguide. In the process of etching for forming the channel, lattice defects and surface defect states were generated. As impurities were accumulated at the channel after fabrication, defects continued to grow and climb to both sides in a large area.



	
During the operation of the semiconductor laser, there was electrostatic breakdown, which caused COD on the facet. At the same time, the defects grew and diffused from the position where COD occurred to the inside of the active region during subsequent use, and finally appeared as a larger dark area in the active region.








In order to further confirm the feasibility of sample preparation method and home-made PEM experimental system, we realized the back observation for another degraded semiconductor laser from the production line (the second laser sample). The whole preparation process was consistent with that shown in Figure 5. As shown in Figure 11a, part of the bottom gold electrodes of semiconductor laser was reserved after polishing. The area of reserved gold electrodes was about 100 × 80 μm, which was approximately one-third of the bottom electrode. The probe with 10 μm diameter and a forward voltage of 0.65 V was adopted. The obtained back electroluminescence image of the second laser sample through type II PEM system is shown in Figure 11b. It can be clearly observed that there were obvious DSDs in the active region of the laser. Compared with the first sample, the dark area of the second one was smaller, and the location was also different from that of the first one. Therefore, we inferred that the reasons resulting in the failure of the first and second laser samples were different, and the causes of such defects (the second laser sample) were as follows:




	
The substrate had dislocations, resulting in defects to be generated in the active area through dislocation gliding and climbing.



	
The laser internal COD occurred, which caused local melting of the crystal lattice and a huge stress. During the stress release process, dislocations were generated.








PEM has the advantages of short experiment time (0.2–0.6 h) and low cost. At the same time, non-destructive detection can be achieved for the laser whose active region is not blocked by the electrode. Due to the optical diffraction, the resolution is on the order of microns (several microns). Laser-scanning microscopy (LSM) and EBIC are two other main defect detection methods. LSM uses the focused beam as an excitation source to scan the sample in order to obtain a defect map [26,31]. Due to optical diffraction, the resolution of LSM is also at the micron level (its resolution can reach a few tenths of a micron if the sample is thin enough). However, its experiment time is longer (4 h), and the experiment cost is higher. In contrast, EBIC scans the sample with a nanometer-level electron beam to locate the defect by acquiring the distribution image of the internally induced current [32]. The resolution of EBIC is higher than that of the optical microscope (tens to hundreds of nanometers), but the difficult sample preparation (the sample thickness is required to reach a few micrometers) leads to high cost and a long period of time (0.6–1 h), and therefore it is not suitable for rapid detection [33]. When the resolution requirement is tens of nanometers, EBIC is the better solution. When the resolution requirement is around a few hundred nanometers for a laser, LSM is the better solution. When micron-level detections for lasers are performed, PEM’s rapidity and low cost have more significant advantages over other experiment solutions.




6. Conclusions


In this paper, we have presented an effective failure analysis method for semiconductor lasers with two home-made types of PEM systems and simple sample preparation. On the basis of the PEM I system, we successfully observed the light spot of defect from the upper surface and front facets under reverse bias voltage. Moreover, we further observed dark spot defects in the active region by employing the new simple sample preparation method, which does not need to involve complicated and expensive micro-/nano-processing processes. As discussed in the Results and Discussion section, PEM has the advantages of rapid detection, low cost, and non-destructive detection compared to other detection methods. The proposed failure analysis method provides an important choice for related researchers and semiconductor laser manufactures. Meanwhile, the two types of PEM systems can be important candidates for fast failure detection and analysis in the related fields including lasers and integrated circuits, among others.
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Figure 1. (a) Radiative recombination in forward biased junction; (b) relaxation accompanied with light emission in reverse biased junction; (c) I-V curve of PN-junction and PEM detection under reverse bias [29]; (d) schematic of laser structure and observation direction. 
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Figure 2. (a) Schematic of type Ⅰ PEM; (b) photograph of type Ⅰ PEM. IRC, infrared camera; IRT, infrared tube; OS, objective switcher; IRO, infrared objectives; IRS, infrared source; ZL, zoom lens tube; VLC, visible light camera; ASF, adjustable support frame; VLS, visible light source. Infrared light propagates along the direction of the white arrow in the red-colored area. Visible light propagates along the direction of the black arrow in the white-colored area. 
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Figure 3. (a) Schematic of type Ⅱ PEM; (b) photograph of type Ⅱ PEM. AHB, adjustable height block; CS, cage system; XY-LTS, XY light transmitting displacement stage; SL, steering lens. Infrared light propagates along the direction of the white arrow in the red-colored area. Visible light propagates along the direction of the black arrow in the white-colored area. 
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Figure 4. (a) Schematic of 90-degree steering lens; (b) schematic of optical path in 90-degree steering lens (the input light can be steered by SL to make the output light perpendicular to the incident light). AFTS, angle fine-tuning structure. 
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Figure 5. Sample preparation flow chart. LT, laser tube; GF, grinding fixture; PS, polyester solution; SM, silicone mold; CMS, cold mounting sample; PF, polishing fixture; AS, acetone solution. 
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Figure 6. (a) The schematic of semiconductor laser after being decapped; (b) the front view of sample after being polished; (c) the top view of sample after being polished. The area enclosed by the dashed line is the polished area. Under the condition that the laser is effectively powered, the light-transmitting window of the substrate is made by polishing. 
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Figure 7. (a) The schematic of the assembly of laser tube and grinding fixture; (b) silicone mold; (c) polishing fixture; (d) the cold mounting sample after polishing. After polishing, the laser chip can be found from the polished section. 
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Figure 8. Infrared imaging of semiconductor laser under different magnifications in PEM Ⅰ system: (a) 5X; (b) 10X; (c) 20X; (d) 50X. 
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Figure 9. (a) Image obtained from upper surface of semiconductor laser under 1 V forward bias voltage; (b) image obtained from the front facet of semiconductor laser without bias voltage; (c) image obtained from the upper surface of semiconductor laser under 8 V reverse bias voltage; (d) image obtained from the front facet of semiconductor laser under 8 V reverse bias voltage. 
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Figure 10. (a) The upper surface of polished semiconductor laser; (b) backside view of polished semiconductor laser; (c) dark spot defects observation through electroluminescence imaging. The position of the laser chip is marked by a dotted line. The area enclosed by the solid yellow line is the residual heat sink. The dark spot in the active region is observed in Figure 10c. 
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Figure 11. (a) Backside view of the second polished semiconductor laser; (b) dark spot defect observation through electroluminescence imaging (the second laser sample). The position of the laser chip is marked by a dotted line. Approximately one-third of the bottom electrode of the second semiconductor sample is reserved to ensure effective power supply for the test in Figure 11a. The DSD in the active region is observed in Figure 11b. 
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