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Figure 2 shows the images of a 2x2mm 808nm array with hexagon arrangement that designed for 4-10W CW operations.
Figure 2(a) shows the packaged chip on submount, Figure 2(b) shows its near-field emission and Figure 2(c) is the far-
field image. Again, the far-field is close to a top-hat distribution, with NA of ~0.17. Such profile is very desirable for
uniform illumination applications.
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Figure 2. 2x2mm 808nm VCSEL array’s (a) packaged chip; (b) near-field; and (c) far-field images.

2.2 Speckle-free image

For many imaging applications, it’s very critical to have speckle-free patterns. Because high power VCSEL arrays are
usually made up of many multimode VCSEL devices that are spatially incoherent, the interference effect is very weak.
This results in superior speckle-free image quality. Figure 3 compares the images illuminated by edge emitters (Figure
3(a)) and by VCSELs (Figure 3(b)) respectively. While the image illuminated by edge emitters shows some speckles, the
one illuminated by VCSELs is virtually ‘speckle free’.
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Figure 3 Illumination images by (a) an edge-emitting laser and (b) a VCSEL.

2.3 Increased eye safety

According to the extended source criteria of ANSI Safety Standard (power density in the imaged area on the retina)
7136, the MPE (maximum permissible exposure) for laser at 800nm is 1mJ/cm”2-second. Figure 4 is the imaging
process from a light source such as a 2.8x2.8mm VCSEL array to the human eye (at 20-30m distance) and Figure 5 are
the images on retina with various light sources: Figure 5(a) corresponds to a 100um x 68.6mm line source, Figure 5(b)
corresponds to al00um x 226.6mm line source and Figure 5(c) corresponds to a 2.8mm x 2.8mm VCSEL array source.



Clearly when using VCSEL arrays for illumination, it can not be imaged onto retina as a point source. It is estimated that
the ‘effective’ MPE for VCSEL based illuminators should be increased by a factor of >36 times.
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Figure 4. Imaging process from VCSEL array to human retina.

68.6mm (2.75% Line Source @ 30m

() (b) (©)

Figure 5. Images on retina from various light sources: (a) 100umx68.6mm line source; (b) 100umx226.6mm line source; and
(c) 2.8x2.8mm VCSEL array.

2.4 High reliability

VCSEL is known for high reliability’. Degradation of edge-emitting lasers is well known to be dominated by
catastrophic optical damage (COD) that occurs because of high optical power density at the emission facet’. VCSELs, in
comparison, are not subject to COD because the gain region is embedded in the epitaxial structure and is therefore not
exposed to the outside environment. Also, the optical waveguide associated with the edge-emitter junction has a
relatively small area, resulting in significantly higher power densities compared to VCSELs. The practical result is that
for a typical edge-emitter, the failure rate (the FIT rate defined as the number of failures per one billion device-hours) is
500 or higher7. For VCSELs the FIT rate is on the order of 10 or less’. This advantage provides a useful lifetime of at
least 50 times longer for a system using VCSELs.

In addition, high-power, high-efficiency VCSEL sources preserve many of the advantages present in low power VCSEL
devices, such as low-cost manufacturing8 (VCSEL are capable for wafer level fabrication, test and burn in), scalability
for large 2D arrays', wavelength temperature stability (0.065nm/C for VCSEL vs 0.3nm/C for edge emitter), and
operation at high temperatures’.



3. VCSEL DEVICE CHARACTERISTICS
3.1 Device structure and fabrication

Basic building blocks of VCSEL-based high power illuminators are single VCSEL devices and 2D VCSEL arrays. For
our VCSELs lasing between 800nm-1064nm, the epitaxy materials are grown on n type GaAs substrate using MOCVD.
Both p and n type DBRs are made of AlGaAs layers. Quantum wells are made of strained InGaAs, InAlGaAs or AlGaAs
targeting different wavelengths. The VCSELs can be designed for “top emission” (at the epi/air interface) for 8xx nm or
“bottom emission” (through the transparent substrate) for 976nm and 1064nm in cases in which “junction-down”
soldering is required for more efficient heat-sinking. Such VCSEL structures are shown in Figure 6(a) and 6(b).
Fabrications for both types of VCSELSs are quite straightforward and similar. To fabricate bottom-emitting device, on the
epitaxial side, Ti/Pt/Au disks of different diameters are evaporated to form the P-type contacts, which at the same time
act as the self-aligned mask for subsequent dry-etching (RIE) of mesas, deep enough to expose the Aluminum-rich layer.
The samples are then exposed to high humidity in a furnace (~400°C) for the selective oxidation processlo for electrical
and optical confinement'' *!*. On the substrate side, the substrate is thinned to less than 150micron thickness to minimize
absorption losses (in the case of substrate emission) and then polished to an optical finish. A Si3N4 anti-reflection
coating is deposited using PECVD, followed by patterning, etching of the field nitride and finally Ge/Au/Ni/Au N-metals
evaporation and alloy. After processing, devices are tested at wafer level to check the performance before being
singulated and packaged on heat-spreading submounts such as BeO or diamond, as shown in Figure 6(c). Details of the
device design and fabrication can be found in References [1, 2].
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Figure 6. Schematics of (a) top-emitting and (b) bottom-emitting VCSELSs; (c) packaged single device; (d) packaged array.

To achieve high-power operation with VCSELSs, we fabricate 2D arrays of single devices operating in parallel. As
mentioned earlier, one advantage of VCSEL over edge emitter is its capability for 2D array integrations because there
are no need for individual element’s facet coating and treatment. Wafer level process of such 2D array is very similar to
single device, with the addition of a few steps involving extra bonding pad and Au-plating. Figure 7 shows the schematic
of a completed bottom-emitting 2D VCSEL array. For top emitting arrays such as 808nm devices, the substrate can be
removed (device is therefore very thin, ~10um thick) by selective wet etch to eliminate substrate absorption and reduce
thermal impedance. Details of such ‘ultra-thin’ process can be found in Reference [2]. While such ultra-thin process is
critical for densely packed high power devices operating under CW, it may not be necessary for low to mid power level



