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Abstract

:

Stable and reliable optical power converting devices are obtained using vertical multi-junction laser power converters. They are based on the GaAs and the InP material systems and are used for power-over-fiber or power-beaming applications. This study demonstrates that, in addition to providing the overall best conversion efficiencies with output voltages ideal for various applications, these semiconductor photovoltaic devices are very tolerant to beam non-uniformity, partial illumination, or beam displacement variations. Examples are given with two tight beams, each covering as little as ~7% of the cell area. An optical input power of 10 W was converted with still an efficiency of Eff ~59.4%. For an input power of 20 W, the illuminated area was set to ~22% without significantly affecting the conversion efficiency of Eff ~60%. Remarkably, for a beam diameter at ~65% of the chip length (i.e., covering ~35% of the chip area), a converted power of 29.5 W was obtained using a 12-junction GaAs device with a conversion efficiency of 61%. For a 10 junction InP-based device, an efficiency of Eff = 51.1% was obtained at an output voltage reaching as high as Voc = 5.954 V for an average optical intensity of 69 W/cm2 and an illumination area of ~57%.
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1. Introduction


Laser Power Converters (LPCs) or Optical Power Converters (OPCs) [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52] are now available for various wavelength ranges for applications with different output power requirements [37] and for cryogenic applications [46]. The ongoing developments in the field of photovoltaic (PV) devices are expected to result in further device improvements [53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88]. Such advances allow emerging applications of optical wireless power transmission (OWPT) and enable new system design strategies [89,90,91,92,93,94,95,96,97,98,99,100,101]. Importantly, it has become evident in recent years that vertical multi-junction OPCs are by far the best option for obtaining high output powers and high conversion efficiencies [41,91].



In addition, it is very typical for the laser beam impinging on OPC chips to have non-uniform illumination characteristics. This is a particularity of actual OWPT and power-over-fiber (PoF) applications. For example, the perimeter area of the chip is usually not illuminated to avoid the spilling (wasting) of the input power outside the active chip area. Consequently, the chip is only partially illuminated, and sometimes the beam can be displaced away from a central alignment. Moreover, the laser beam itself does not offer a uniform illumination characteristic. It typically has a peaky shape in the center of the laser spot and/or some hot spots within the beam profile.



In this study, we verify, in further detail, the performance characteristics of vertical multi-junction OPCs under non-uniform illumination conditions. We study high-power OPCs with 12 thin GaAs subcells (PT12) at up to ~50 W of non-uniform input power with an input wavelength of ~808 nm. The results with one non-uniform beam or two tight non-overlapping beams reveal that the GaAs PT12 based on the multi-junction Vertical Epitaxial Heterostructure Architecture (VEHSA) design [70] is highly tolerant to beam non-uniformity, partial illumination, and beam displacements. Similar results are obtained for the long-wavelength InP-based OPCs, using an InGaAs/InP PT10 design with an input illumination near 1470 nm.




2. Materials and Methods


The GaAs PT12 is based on the previously described VEHSA design [70,71]. The Beer–Lambert law is used to determine the thicknesses of the individual GaAs subcells, with each subcell absorbing ~1/12 of the incident light. To realize the required photocurrent matching condition, the subcells have increasing thicknesses from the top subcell (thinnest) toward the bottom subcell (thickest). A total absorber thickness of 4500 nm was used for the sum of all subcells. The methodology for implementing the Beer–Lambert approach has been described previously [70,71]. In this study, no corrections have been introduced for photon coupling and recycling effects. It is known that vertical multi-junction devices can benefit from photon coupling and recycling within and between the constituent subcells [84,85,86,87]. However, such effects have more impact on the performance of the operation away from the peak of the spectral response [85]. In this study, the OPCs are operated near the peak of their spectral response, and no corrections of the subcell’s thicknesses were therefore employed compared to the nominal Beer–Lambert approach.



The epitaxial layers are grown using the commercial production of Aixtron Metal Organic Chemical Vapor Deposition (MOCVD) reactors. Manufacturing microfabrication processes are used to transform the PT12 epitaxial wafers into 10 mm × 10 mm chips with connecting busbars at the two opposite sides of the chips. The devices include standard blanket back-metallization, front ohmic contacts, and antireflection coatings (ARCs). The ARC is constructed from layers of Al2O3 and TiO2 and typically reduces the reflectivity (R) of the incident beam to R < 4% for the spectral range of interest.



The chips are assembled into chip-on-carrier (CoC) units. A manufacturing soldering process onto AlN carriers was used to obtain low thermal resistivity. The CoC pictures are also shown in the figures below. The same approach was applied for the long-wavelength InP-based OPCs but using a PT10 design with 10 thin InGaAs absorbers grown on the InP [45]. The CoCs are mounted onto a commercial aluminum heatsink with a high-conductivity thermal interface material (TIM) to ensure efficient heat dissipation. Low-resistance gauge AWG14 wires extracted the electrical output power from the mounted CoCs. The current–voltage (I–V) characteristics were acquired with Keithley 2601B and 2461 source meters. For the I–V measurements, the tip of the fiber-coupled laser was positioned in front of the CoC at near-normal incidence. The distance between the fiber tip and the CoC was adjusted to obtain the desired spot size from the diverging beam. The laser had an NA of ~0.22. For the experiments employing two laser beams, the tips from two fibered lasers were positioned in front of the sample. Both lasers were at near-normal incidence with respect to the sample. The lasers operated in a continuous (CW) mode. Quick I–V scans were used to minimize any chip heating or temperature drifts between the measurements.




3. Results


A typical cross-section of the laser beam profile is shown in Figure 1. The beam exiting the fiber tip of a multimode fibered 808 nm laser diode was projected onto a screen (top of Figure 1).



In this example, the fiber has a core of 0.105 mm and a numerical aperture of NA ~ 0.22. The image, taken at 50 cm from the fiber tip, was digitized to evaluate the intensity profile (bottom of Figure 1). The vertical scale is in arbitrary units and proportional to the laser power, whereas the horizontal scale is proportional to the spatial dimension along a central cut of the laser spot. Typically, the (x,y) centerline profile can be fitted with a super-Gaussian line shape of the type y = A exp [2(x − c)/w)]4 + b, with A being proportional to the beam power, c as the beam center position, was a measure of the beam width, and b as a constant matching the baseline background illumination of the image. Clearly, the beam intensity is non-uniform, having a maximum near the center and speckles arising from multi-mode interference.



The GaAs-PT12 characteristics at 20 °C are shown in Figure 2 for the typical super- Gaussian illumination described above. The measured I-V curves are shown for various optical input powers between Pin = 5 W and Pin = 48.2 W at a laser wavelength of ~810 nm. The beam diameter is estimated here at ~65% of the chip’s side length, therefore covering ~35% of the chip area. Remarkably, a converted power of 29.5 W is obtained with a conversion efficiency of 61%.



This key new result, measured with the PT12 of Figure 2, is added as a data point (52) in Figure 3. This updated power converter performance chart is built from the results published in the literature [41,45].



In Figure 2, the I–V curves for the six lowest powers were obtained with a single high-power laser, while the I–V curves for the three highest powers were obtained with two lasers. In the latter case, the individual high-power lasers had overlapping spots of similar size, referred to as the dual beam approach. Evidently, high conversion efficiencies are obtained using the PT12 at high input powers. Such a good performance is measured despite the non-uniform super-Gaussian illumination and a large degree of partial (under-filled) illumination.



Further below, dual-beam and tight-beam approaches are used to further investigate the impact of the beam non-uniformity, partial illumination, and beam displacement on the performance of vertical multi-junction OPCs. The obvious advantage of using an under-filled illumination on the PV chips is to minimize the loss of the incident light. For larger spots, the fringe of the laser spatial power distribution might be falling outside the chip active area. Using an under-filled illumination also reduces alignment tolerance constraints in practical systems. For these reasons, all the results presented here are obtained with various degrees of under-filled illumination. Similarly, in field operation, the OPCs are typically operated in under-filled mode. The drawbacks of partial illumination are a slight reduction in the output voltage due to the additional dark currents from the un-illuminated chip area, a concentration of the heat profile on a smaller area of the chip, and additional semiconductor material consumption. From an economic perspective, it can be advantageous to use as much of the chip area as possible to reduce wafer usage. Nevertheless, at high illumination intensities (i.e., photocurrent much greater than dark current) on an assembly with minimal thermal resistance, the results of this study demonstrate that the vertical multi-junction OPCs are providing high-performance under partial illumination.



Another key attribute of multi-junction OPCs is that the structure uniquely allows efficient high-power conversion due to its higher optimal load. By design, the maximum power of a multi-junction device occurs at a higher operating voltage and proportionally lower operating currents. This is best shown by updating the optimal load vs. the output power chart for different OPC designs at various wavelengths of operation [45]. Figure 4 shows the chart updated with the PT12-GaAs dual-beam results from this study. The new results (green circles) match and extend those previously obtained at lower powers (green Xs). The PT12 is still maintaining an optimal load Rmpp above 6 ohms for an output power of Pmpp ~30 W.



For single-junction OPCs, the unavoidable and detrimental consequences of operating at high currents and relatively low voltages are that the optimal-load Rmpp is eventually collapsing to unpractically small values (a few hundred milliohms). Larger optimal loads are necessary to avoid high output currents and the associated resistive losses. Losses from external parasitic resistances, such as wiring, gridline, and sheet-conduction resistances, can become significant when the optimal load becomes of comparable value [41].



Here, two methods were used to further investigate the tolerance of vertical multi-junction OPCs to beam non-uniformity, partial illumination, and beam displacements. The results are shown in Figure 5 for the GaAs-PT12 structure. The upper part of Figure 5 shows the I–V curves obtained with a single beam of ~20 W at 811 nm, covering different ratios of the chip’s active area. For curve (1) and picture (1), the estimated illumination fraction is ~64%. For curve (2) and picture (2), the illuminated fraction is reduced to ~33%. For curve (3) and picture (3), it is further reduced to ~22%. Within +/−10 mV, all three cases result in a very similar open circuit voltage, Voc = 14.62 V. Similarly, the entire I–V curves for the tight-beam cases 2 and 3 are not really distinguishable with a Pmpp = 12.3 W of output power converted at an efficiency of 60.5%. The larger beam of case 1 also produced very similar I–V characteristics, except for a lower photocurrent by about 1.2%. The photocurrent reduction is presumably caused by a tiny fraction of the laser spot impinging outside the active area of the chip.



The lower part of Figure 5 shows the I–V curves obtained with a dual-beam approach, each carrying 5 W of input power. For a dual narrow-beam case (bottom left picture), each beam has an estimated illumination fraction of only ~7%; they are non-overlapping and displaced away from the central area of the chip. This is contrasted with a dual-broad beam (bottom right picture), in which case each beam has an estimated illumination fraction of ~39%; they are centered on the chip and overlapping. Within the measurement uncertainties, the entire I–V curves for both cases are not distinguishable with Pmpp = 5.9 W of output power converted with an efficiency of 59.4%.



A similar situation was observed for the long-wavelength InGaAs/InP OPCs below. These were also found to have comparable robustness to beam non-uniformity, partial illumination, or beam displacement variations [45]. The results for an InP-based 10-junction InGaAs device (PT10 InGaAs/InP) are shown in Figure 6. The I–V curves obtained at 1466 nm are in Figure 6a for a regular-power chip having an active area of 0.029 cm2. The highest efficiency was obtained at an input power of 1.5 W, peaking here at Eff = 51.7%. New record performances are obtained, achieving an efficiency of Eff = 51.1% with an output power of up to Pmpp = 1.02 W. At 2 W of input power, the average optical intensity is 69 W/cm2, the optimal load is Rmpp = 25.5 Ohms, and the output voltage reaches as high as Voc = 5.954 V. A detailed analysis of the I–V curves reveals that the output voltage follows the expected logarithmic progression of a PV diode with a correlation factor of R2 = 0.98 up to 2 W of input power. The output current increases linearly with a correlation factor of R2 = 0.9998 with a slope of 106.4 mA/W for Isc and 100.6 mA/W for Impp. This corresponds to external quantum efficiencies of EQEsc = 90.0% and EQEmpp = 85.1% for the EQE at the short-circuit current and maximum power points, respectively.



As is typically the case, the results of Figure 6a were obtained in under-filling illumination mode: the distance between the tip of the fibered laser and the sample was of 3 mm, giving an estimated chip illumination coverage of ~57% based on the divergence characteristics of the laser. We were not able to obtain images in this case due to the tight geometry and lack of camera sensitivity at longer wavelengths. Nevertheless, the tip distance could be varied to verify the performance as a function of the spot size on the active area of the chip.



The measurements of the PV performance with varied chip illumination coverage are shown in Figure 6b, clearly showing high robustness to the laser beam under-filling of the active area. The estimated chip illumination coverage is varied between ~23% and ~88% (tip distances between 1.5 mm and 4 mm, respectively). Meanwhile, the measured variations in the efficiency and Voc are minimal, with a relative variation of 1.8% and 0.7%, respectively. The maximum efficiency is obtained at 3 mm. With larger separations, a slight decrease is observed, presumably caused by spillage outside the active area of the beam’s fringe light. As expected, the Voc is lowest at the closest separation at 1.5 mm with Voc = 5.884 V but only 39 mV lower than at 4 mm of separation.




4. Discussion


For most applications, it is advantageous to operate the laser power converter devices in an under-filled illumination mode to avoid wasting the beam’s fringe power, which can reach outside the chip’s active area if the spot size is too large or misaligned. Indeed, working with a smaller spot size relative to the chip size also allows more tolerance to the variations in the beam alignment. However, it is normally advantageous in production to minimize as much of the chip area as possible to reduce the cost per chip.



In any case, the laser beam typically has a round geometry and a peaky profile, whereas the chip geometry is normally square. Under these conditions, partial illumination is unavoidable unless beam-shaping strategies are used. The upper limits on how much power can be delivered on a tight spot are expected to be determined from thermal and potentially optical-intensity considerations. For example, a voltage drop will be observed if the local optical intensity generates photocurrents exceeding the peak current capabilities of the tunnel junctions. From a thermal perspective, high-enough spatially concentrated currents can lead to sudden run-away conditions. The latter can cause localized thermal stresses that can damage the chip, including cracking or local burning. Good thermal conduction in the chip assembly process is, therefore, critical to avoid chip damage under a concentrated beam operation.




5. Conclusions


We used two incident tight beams to verify the performance changes with the illumination ratio of the active area of the chip. We demonstrated that, for the extreme cases when the beams are covering only about 7% or less of the cell area, the GaAs-based PT12 OPC can still convert 10 W of the optical input power with an efficiency of Eff ~59.4%. For an input power of 20 W, the illuminated area has been reduced to ~22% without significantly affecting the conversion efficiency of Eff ~60%. For a larger beam diameter at ~65% of the chip side length (i.e., covering ~35% of the chip area), a converted power of 29.5 W was obtained using a 12-junction GaAs device with a conversion efficiency of 61%. The 12-junction design allowed us to maintain an optimal load Rmpp of above 6 ohms for an output power of Pmpp ~30 W.



The long wavelength PT10 InGaAs/InP OPCs were also found to have comparable robustness to beam non-uniformity, partial illumination, or beam displacement variations. Top performances were obtained for laser power converters in that spectral range. These PT10 InGaAs/InP achieved an efficiency of Eff = 51.1% with an output power of up to Pmpp = 1.02 W. Their output voltage reached as high as Voc = 5.954 V for an average optical intensity of 69 W/cm2. The measured variations in the efficiency and Voc were found to be minimal, a relative 1.8% and 0.7%, respectively, while the chip illumination coverage varied between ~23% and ~88%.



We found that the relatively larger spot size still leads to the highest performance, as expected, but the efficiency and output voltage penalties for using a smaller and peaky beam are relatively minor. The main considerations in using smaller non-uniform beams are rather related to the eventual limitations in the maximum input power that could arise due to concentrated thermal profiles under these conditions.



In conclusion, record efficiencies and output powers have been established for operation at ~808 nm and ~1470 nm. Our experimental results also demonstrated that, in addition to providing the overall best conversion efficiencies, with output voltages ideal for various applications, the GaAs-based and InP-based multi-junction photovoltaic devices are very tolerant to beam non-uniformity, partial illumination, or beam displacement variations.
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Figure 1. Typical beam profile exiting the fiber tip of a fibered 808 nm laser diode. Vertical scale (arb. units) is proportional to the laser power. Horizontal scale (arb. units) is the spatial dimension along a central cut of the laser spot. 
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Figure 2. Current–Voltage curves for 10 mm × 10 mm High-Power multi-junction PT12. The input power (Pin) is indicated. Picture of the sample, as illuminated with a fibered high-power laser at ~811 nm, is on the right. The fiber tip is also captured in the image at the bottom center of the picture. 
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Figure 3. Updated Power Converter Performance Chart [41,45], including PT12 results of this study shown with data point (52). Broadcom’s vertical multi-junction data are shown with diamond-shaped symbols. Details for data points (1) to (44) are found in reference [45] or from the references herein with the matching numbers in the reference section. The descriptions for the new data points are as follow: (45) PT10 InGaAs/InP [45], (46) cryogenic PT5 [46], (47) Ge cells [47], (48) metamorphic 1J 1064 nm [48], (49) 6J 1064 nm [49], (50) 6J 808 nm [50], (51) 1J InGaAsP [51], and (52) GaAs PT12 in this study. Updated from Fafard, S. and Masson, D.P., Photonics 9, 438 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY) license [45]. 
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Figure 4. Multi-junction OPCs allow efficient high-power conversion for various wavelengths of operation [45]. Chart updated with PT12-GaAs dual-beam results from this study (green circles). Lines are linear corresponding regressions. Updated from Fafard, S. and Masson, D.P., Photonics 9, 438 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY) license [45]. 
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Figure 5. Measurement of the robustness of the 10 mm × 10 mm OPCs to beam non-uniformity and displacement. The top is for the case of under-filling of the chip (partial illumination), bottom is for the case of two displaced tight beams vs. two coincidentally larger beams. The fiber tips are also captured at the bottom center of each image for the bottom pictures. 






Figure 5. Measurement of the robustness of the 10 mm × 10 mm OPCs to beam non-uniformity and displacement. The top is for the case of under-filling of the chip (partial illumination), bottom is for the case of two displaced tight beams vs. two coincidentally larger beams. The fiber tips are also captured at the bottom center of each image for the bottom pictures.



[image: Photonics 10 00940 g005]







[image: Photonics 10 00940 g006a][image: Photonics 10 00940 g006b] 





Figure 6. Long-wavelength OPC results at 21 °C at 1466 nm. I–V curves of a PT10 InGaAs/InP with an active area of 0.029 cm2, giving efficiencies up to Eff = 51.1% with an output power of up to 1.02 W in (a) measurement of the performance with varied chip illumination coverage and (b) showing high robustness to illumination under-filling of the active area. 
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