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ABSTRACT

For infrared illumination with wavelength range of 808a664nm, vertical-cavity surface-emitting lasers (VCSEL
offer many advantageous properties including superior bearntyg(glch as low divergence, circular shape beam and
speckle-free image), increased eye safety, high iiyaand low manufacturing cost. We report our progresshigh-
power high-efficiency VCSELs and two dimensional (2D) VCSiErays for such illumination applications. GaAs-based
VCSEL wafers are grown by MOCVD and processed intaeeitop-emitting or bottom-emitting devices depending on
the emission wavelength and applications. Results from &iotfle devices and arrays are presented. In particular,
record-high power conversion efficiency (PCE) of 63.4% withn®d0output was achieved from VCSELs at 1064nm.
Such VCSELs also operate with >55% PCE at 50C. For a 2maOimn array, 56.4% PCE with 150W output was
demonstrated. Using those VCSELs and arrays as buildicgsylgarious high power illuminators ranging from a few
Watts to over 100 kiloWatts have been fabricated.
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1. INTRODUCTION

Infrared illumination (808nm — 1550nm) is broadly used in cemuial and defense markets for surveillance and
security, for high speed imaging, for detection (sensing) anddvert operations. Using separate illumination source
and camera enables increased flexibility in performancecasdoptimization. While various wavelengths can be used
for the IR illumination, there are generally trade-affeong them for responsivity, eye-safety, cost and effigiesic.

For example, 808nm light source offers the best respty$ori a CCD camera but is not considered eye-safaifgr
power illuminators and can not be used for covert applicatibims.976nm source has lower responsivity (can be used
with either Si or InGaAs based detector) but offerprioned eye-safety and can be used for covert application. At
1064nm region, the responsivity is much better with an InGe&gd camera. It is considered a covert wavelength, and
offers even more improved eye-safety. Finally, the 1556gion offers eye-safety and the best responsivity wised

with an InGaAs-based camera. However, semiconductorslaset550nm are generally much less efficient than their
shorter wavelength counterparts.

Different technologies for the IR illumination source can datected, ranging from lamps to semiconductor light
emitting diodes (LEDs) or semiconductor lasers. Theplawhile straight-forward, is broad-band, bulky, and galher
inefficient. The semiconductor LED represents an improvemest the lamp in terms of cost, efficiency, and spectral
width. In addition, LEDs can be manufactured at differentedengths of interest for illumination. However, LED-based
illumination systems still suffer from the high-divergenof the LED. Semiconductor lasers on the contragyvary
efficient, narrow-band, low divergence, and low-cost light sesyr resulting in potentially very compact and efficient
light engines for illumination purposes.

The power level of interest for illumination is also tqubroad, ranging from a few hundred milliwatts to sale
hundreds of Watts and kiloWatts, depending on the types of apiptis. Recently, there are increasing needs for
compact and efficient illumination systems while providieven broader range of output power. Low-cost is also a
requirement for some applications.
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Among the two types of semiconductor lasers of edge emitted vertical cavity surface emitting lasers (VCSELS)
VCSEL is very attractive due to its many advantageous piepencluding superior beam quality, high reliabilityda
increased eye safety. Recent progress on VCSEL technolakgs it an even more ideal light source for high power IR
illumination applications. It was shown? ®that VCSELs can be used as very high power laser sobicéabricating
large two-dimensional (2D) planar arrays of low-power, fefficiency single emitters. Power levels can rangenfeo
few hundred mWs to several hundred Watts, while maintaihigy levels of power conversion efficiency (PCE)
(typically >40% at 808nm and >50% at 976nm and 1064nm). Using tligh performance VCSELs as building blocks,
very high power illuminator such as 100 kiloWatts modeis be constructed.

Previously we had discussed in detail our VCSEL based ifiatoié that cover wavelength span of 800-976nm with
power levels up to kiloWatts. Since then we have adwhnoe VCSEL technology and therefore were able to expand
our illuminator portfolios by increasing the wavelengiinge to 1064nm and the power level to over 100 kiloWiats.
this paper we present updated results on our VCSEL deaick¥CSEL based illuminators, at different wavelength and
power levels. In particular, we have achieved singl&SKELC device efficiency of 63.4% under CW with 300mW output,
which is the highest value reported for high power VCSELS0&, our device has 55.3% PCE under CW operation.
We also demonstrated 56.4% array efficiency with 150W autputhis paper, we first briefly review the VCSEL
advantage as IR-illuminators, and then we briefly reutesvWCSEL array structure and fabrication. We willgamet the
main device characteristics, followed by results faiows high power VCSEL-based illuminators using those VCSEL
arrays as building blocks.

2. REVIEW OF VCSEL ADVANTAGE FOR ILLUMINATION

Compared to other light source such as LEDs and edge emi#tiegs, VCSELs offer the following combined
advantages when being used for illumination applications:

2.1 Beam and spectral quality

Due to its surface emission nature, the emission pattérhigylo-power VCSELs are intrinsically circular (or can be
tailored to meet any custom configuration) with narrow djeece (numerical aperture typically between 0.15 and 0.20),
eliminating the need for optics. The beam is very unifgtop-hat profile) for arrays consisting many laaperture
multimode devices with very narrow spectrum (usually <2riigure 1(a) shows the spectrum with FWHM<0.8nm for
a 5x5mm VCSEL array operating at ~100W output. Figure 1(byshioe top-hat beam profile with NA of ~0.15. The
circular array pattern shown in Figure 1(c) is defined by pitloography.
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Figure 1. Spectrum (a) and top-hat beam profilddba 5x5mm 976nm array operating at 100W; (c) ¥C&rray chip on
diamond submount.



Figure 2 shows the images of a 2x2mm 808nm array with hexagog@mant that designed for 4-10W CW operations.
Figure 2(a) shows the packaged chip on submount, Figure 2{ls sts near-field emission and Figure 2(c) is the far-
field image. Again, the far-field is close to a top-dadtribution, with NA of ~0.17. Such profile is very dedite for
uniform illumination applications.
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Figure 2. 2x2mm 808nm VCSEL array’s (a) packageg;db) near-field; and (c) far-field images.
2.2 Speckle-free image

For many imaging applications, it's very critical to haapeckle-free patterns. Because high power VCSEL aewgys
usually made up of many multimode VCSEL devices that areaflipaticoherent, the interference effect is very weak.
This results in superior speckle-free image qualitgufé 3 compares the images illuminated by edge em{ftegare
3(a)) and by VCSELs (Figure 3(b)) respectively. While thage illuminated by edge emitters shows some spethkes,
one illuminated by VCSELs is virtually ‘speckle free’.
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Figure 3 lllumination images by (a) an edge-entiimser and (b) a VCSEL.

2.3 Increased eye safety

According to the extended source criteria of ANSI Safaandard (power density in the imaged area on the retina)
7136, the MPE (maximum permissible exposure) for lase80@nm is 1mJ/cm”2-second. Figure 4 is the imaging
process from a light source such as a 2.8x2.8mm VCSEL aridng thuman eye (at 20-30m distance) and Figure 5 are
the images on retina with various light sources: Figure é&gaesponds to a 100um x 68.6mm line source, Figure 5(b)
corresponds to al00um x 226.6mm line source and Figured&@tesponds to a 2.8mm x 2.8mm VCSEL array source.



Clearly when using VCSEL arrays for illumination, &cnot be imaged onto retina as a point source. It is estirttzt
the ‘effective’ MPE for VCSEL based illuminators shoblelincreased by a factor of >36 times.
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Figure 4. Imaging process from VCSEL array to humeima.
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Figure 5. Images on retina from various light sesrda) 100umx68.6mm line source; (b) 100umx226.6imensource; and
(c) 2.8x2.8mm VCSEL array

2.4 High reliability

VCSEL is known for high reliabiliy Degradation of edge-emitting lasers is well known & dpminated by
catastrophic optical damage (COD) that occurs becausgtobptical power density at the emission fAc¢CSELs, in
comparison, are not subject to COD because the gaionregembedded in the epitaxial structure and is thexafot
exposed to the outside environment. Also, the optical wavegusseciated with the edge-emitter junction has a
relatively small area, resulting in significantly highemger densities compared to VCSELs. The practical résthat

for a typical edge-emitter, the failure rate (the F&fe defined as the number of failures per one billeviag-hours) is
500 or highet. For VCSELs the FIT rate is on the order of 10 or’leBkis advantage provides a useful lifetime of at
least 50 times longer for a system using VCSELSs.

In addition, high-power, high-efficiency VCSEL sourcessgrge many of the advantages present in low power VCSEL
devices, such as low-cost manufactutifgCSEL are capable for wafer level fabrication, tesd &urn in), scalability

for large 2D arrays wavelength temperature stability (0.065nm/C for VCSELOWnm/C for edge emitter), and
operation at high temperatu?es



3. VCSEL DEVICE CHARACTERISTICS
3.1 Device structure and fabrication

Basic building blocks of VCSEL-based high power illuminatare single VCSEL devices and 2D VCSEL arrays. For
our VCSELs lasing between 800nm-1064nm, the epitaxy matenialgrown on n type GaAs substrate using MOCVD.
Both p and n type DBRs are made of AlGaAs layers. Quamtelts are made of strained InGaAs, InAlGaAs or AIGaAs
targeting different wavelengths. The VCSELs can be degdifpreé‘top emission” (at the epi/air interface) for 8xx nm or
“bottom emission” (through the transparent substrate) fon@7&nd 1064nm in cases in which “junction-down”
soldering is required for more efficient heat-sinkingicls VCSEL structures are shown in Figure 6(a) and 6(b).
Fabrications for both types of VCSELs are quite straigivfiod and similar. To fabricate bottom-emitting devioe the
epitaxial side, Ti/Pt/Au disks of different diameters avaporated to form the P-type contacts, which at thes dame

act as the self-aligned mask for subsequent dry-etching @RiBsas, deep enough to expose the Aluminume-rich.laye
The samples are then exposed to high humidity in a furnac€ G}for the selective oxidation procéor electrical
and optical confinemehit ** On the substrate side, the substrate is thinned to lesdS0anicron thickness to minimize
absorption losses (in the case of substrate emission)handpblished to an optical finish. A Si3N4 anti-reflection
coating is deposited using PECVD, followed by pattern@tghing of the field nitride and finally Ge/Au/Ni/Ad-metals
evaporation and alloy. After processing, devices artedeat wafer level to check the performance before gbein
singulated and packaged on heat-spreading submounts sBel®asr diamond, as shown in Figure 6(c). Details of the
device design and fabrication can be found in Referenc@$.[1,
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Figure 6. Schematics of (a) top-emitting and (Kfdro-emitting VCSELS; (c) packaged single devicd;fackaged array.

To achieve high-power operation with VCSELs, we fabricatea2iays of single devices operating in parallel. As
mentioned earlier, one advantage of VCSEL over edge enstits capability for 2D array integrations because there
are no need for individual element’s facet coating aratrivent. Wafer level process of such 2D array is g&mnjlar to
single device, with the addition of a few steps involvextra bonding pad and Au-plating. Figure 7 shows thersatic

of a completed bottom-emitting 2D VCSEL array. For togténg arrays such as 808nm devices, the substrateecan b
removed (device is therefore very thin, ~10um thick) bgaale wet etch to eliminate substrate absorption and reduce
thermal impedance. Details of such ‘ultra-thin’ procesms e found in Reference [2]. While such ultra-thin process i
critical for densely packed high power devices operatirdeu@€W, it may not be necessary for low to mid powerlleve



arrays (such as a few Watts) or arrays operatingrymalse, as shown in the next section. The finished acaysbe
linear (one dimensional), triangular, rectangular, squareany custom designed shape, which is defined by
photolithography. Furthermore, the position of the individei@iments in a VCSEL array is also defined by photo
lithography, which permits arbitrary design layoutgtsf elements with placement accuracy of microns. Depending on
the application, arrays containing from a few hundred to ¢eerthousand single devices with size ranging from
0.5x0.5mm to 6x6mm can be realized.
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Figure 7. Schematic drawing of bottom emitting VCS#rays.

After array processing, the wafer goes to test, whedi@idual chips are characterized on a pass-fail basisllfj the
wafer is diced into individual arrays for packaging. Thiensaunts being used can be either BeO (or AIN) for low cost,
low power, or diamond for high power applications. A packagea/as shown in Figure 6(d).

3.2 Single device characteristics

Our single devices at 808nm have peak efficiencies o%;4% shown in Reference [2]. With the optimizationhef t
DBR and active region designs, material growth and dewigecktion, we achieved 63.4% power conversion efficiency
(PCE) at 1064nm under CW operation at room temperaturedeviee with 80um aperture diameter. This is the highest
efficiency ever reported for high power VCSELs and is caraple to that previously reported by Takaki et al (they
reported 62% PCE from smaller VCSELs with 5mW output aDaf#°). As shown in Figure 8, the device operates at
>63% PCE with >300mW output. Such superior performance fraglesdevice makes the very high power VCSEL-
based illuminators very practical.
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Figure 8. CW power-PCE curves for a 1064nm VCSEliatewith 80um diameter oxide aperture, showingkpeféiciency
of 63.4% at room temperature.



Our VCSELs also perform very well at elevated tempeeatuFigure 9 shows the CW power and PCE curves for a
976nm VCSEL with 100um aperture at 50C degree. Its peaki$€H5.3% with ~700mW output. We believe that with
further device optimization, VCSEL efficiency can be imprbte be close to that of edge emitters (currently >#0%

In addition, such technology can be transferred to other emagtils as well.
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Figure 9. CW power-PCE curves at 50C for 976nm VC®ih 100um diameter oxide aperture, showing >5ficiency.
3.3 VCSEL array results

With proper array design, VCSEL array performance shouldebg close to that of singles. Based on single devices
discussed earlier, we built various high power 2D VCSHhyarto meet specific applications. Figure 10 shows the
power and PCE curves for a 2x10mm VCSEL array at 976nimadtpeak efficiency of 56.4% at output power of
~150W. For such high power large size arrays, procesgackhging are a little bit more challenging than single
devices. For example, when the array elements are clesg to each other, thermal and electrical cross talks
dominate. Also, Au plating in Figure 7 need to be >>5um suenuniform current injections. In addition, chip ssr&
bow control, as well as soldering process will all cibote to the performance.
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Figure 10. Power-PCE curves for 20fanray at 976nm with peak efficiency of 56.4%.



For high-power top-emitting arrays at 808nm, it's bemiefito remove the substrate for efficient heat remdvatailed
fabrication steps and device characteristics for sucha‘titin’ arrays were discussed in details in Refere@¢eHor
2x2mm array, peak PCE of ~43% was achieved with 7W outpuempdtis also possible to keep the substrate for
smaller arrays with a few Watts output power or armagsrate under pulse. This represents a ‘simpler’ alternative
terms of wafer process and chip packaging. Figure 11 sti@nGW LI-PCE curves for a 2x2mm array at 808nm with
100um thick substrate, mounted on BeO submount. The peaksP€R% with 6W output, which is quite comparable
to the performance of ultra-thin arrays.
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Figure 11. LI-PCE curves for 2x2mm 808nm VCSEL wméth 100um thick substrate.

4. VCSEL-BASED ILLUMINATORS

Our VCSEL based illuminators for short to mid rangevsillance applications were discussed in details irefeice
[2]. Figure 12 shows the typical design and performanceaif gluminators covering <500m of illumination range with
a few Watts of CW output. No optics is used withntsimsic 20 degree divergence, and it’s fully portable.
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Figure 12. Typical low power VCSEL illuminator aitdl performance at 808nm.

Recently we expanded our illuminator portfolio by extendheywavelength to 1064nm and increase the output power
level to over 100 kiloWatts. The basic building blocks of shayh power illuminators are from high performance



VCSELs discussed in previous sections. Generally spgakbst of the advanced features including spectrunfieiar-
efficiency, beam quality and reliability are retaineden scaling up the size for high power illuminators by ecting
more VCSEL chips and modules together. However careful dasigoth chip and module levels must be carried out in
order to optimize and balance the overall performancebiktjeand cost.

Figure 13 is a portable high power illuminator at 808nm wiit Qutput of 70-120W and adjustable beam divergence of
20-80 degree. It does not need liquid cooling and is cooledabg plate and a small fan. The user friendly design
includes green and red LED light on the front panel to atdipower and laser being on or off.

Figure 13. Portable 70-120W 808nm illuminator vattjustable divergence of 20-80 degree.

Figure 14(a) shows a 5 kiloWatts 808nm illuminator thdteimg used for various military and commercial applications.
It has 20x 250W units connected together in series. It\sedrby a single power supply with a compact size of
approximate 4x5x2”. Its output power and spectrum are shovhigire 14(b) and (c). Because the array chips were
selected from different wafers, the spectrum is slighttevat ~4nm.

(@) (b) (€)

Figure 14. 5kilowatt illuminator at 808nm: (a) dgsi (b) power; and (c) spectrum.
Figure 15 shows a 300W flare illuminator’'s design and illunmmapatterns at 808nm. As shown in Figure 15(a),

VCSEL chips are mounted at an angle so that they emitfatedif directions. This results in a lens free design with
140 beam divergence. Therefore the illuminator can covange of 1.5km diameter at altitude of 1000-3000 feet. As



shown in Figure 15(c), the illumination pattern is very unif@nsuch working distance. It's also battery poweredh wit
compact size of 2.75x16”. Typical operation duration forltagery is 3 min under CW.
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Figure 15. 300W flare illuminator’s (a) design; (hylti-beam illumination pattern at very close diste; and (c) uniform
illumination pattern at working distance.

By connecting more modules together, we are able tstaart very high power illuminators. Figure 16 shows our
100kW illuminator at 1064nm. It has 8x 16kW modules mounted on a movehlet. Each module consists of 60 high
performance VCSEL arrays that are capable of delige¥i®O0W output. The whole system is also very compact and
cooled by fans, with physical width and height of ~22.5x22 Slich high power illuminator can be used for very long
distance (such as a few kilometers) illuminations.

Figure 16. 100kW VCSEL based illuminator at 1064nm.



5. CONCLUSIONS

When being used for IR illuminator, VCSELs offer madyantageous properties such as symmetric circular étm
low divergence, speckle free image, improved eye-safety, hanufacturing cost and high reliability. With the
optimization of device structure, epitaxy growth and faiian, we achieved power conversion efficiency of 63.4% at
1064nm, a record high value for any type VCSELs. We alsoodstmated >55% PCE at 50C, and >56% PCE for
2x10mm 2D array. At 808nm, it's preferred to remove the tsates for efficient heat removal. For the simpler
alternative that has 100um substrate un-removed, we demong2&telCE with 6W output from 2x2mm 808nm array
mounted on BeO submount. Using those high performance VCSHEhsildsg blocks, we are able to construct very
high power IR illuminators at 808nm, 976nm, and 1064nm, with oyipwers up to 100 kiloWatts.
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