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ABSTRACT

High-power red laser sources are used in many applications such as cosmetics, cancer photodynamic therapy, and DNA
sequencing in the medical field, laser-based RGB projection display, and bar-code scanning to name a few. Vertical-
cavity surface-emitting lasers (VCSELs) can be used as high-power laser sources, as efficient single devices can be
configured into high-power two-dimensional arrays and scaled into modules of arrays. VCSELs emit in a circular,
uniform beam which can greatly reduce the complexity and cost of optics. Other advantages include a narrow and stable
emission spectrum, low speckle of the far-field emission, and good reliability. However, developing efficient red
VCSEL sources presents some challenges because of the reduced quantum-well carrier confinement and the increased
Aluminum content (to avoid absorption) which increases thermal impedance, and also decreases the DBR index contrast
resulting in increased penetration length and cavity losses. We have recently developed VCSEL devices lasing in the
visible 6xx nm wavelength band, and reaching 30% power conversion efficiency. We fabricated high-power 2D arrays
by removing the GaAs substrate entirely and soldered the chips on high thermal conductivity submounts. Such arrays
have demonstrated several Watts of output power at room temperature, in continuous-wave (CW) operation. Several
tens of Watts are obtained in QCW operation. Results and challenges of these high-power visible VCSEL arrays will be
discussed.

Keywords: Semiconductor laser, 2D array, VCSEL, red laser, visible laser, high power laser, photodynamic therapy,
gene sequencing, projection display, bar-code scanning.

1. INTRODUCTION

Laser radiation in the 630~700nm spectral region can be obtained using semiconductor lasers in the material systems
AlGaAs and AlGalnP grown on GaAs substrate. Laser generation was obtained at ~685nm using an AlGaAs active
region, however this wavelength is on the short end of possible range using AlGaAs active and performance of AlGaAs
lasers with wavelength shorter than ~700 nm is unsatisfactory. Following the first successful room temperature operation
of an AlGalnP laser in 1983 ', all practical red semiconductor lasers were produced on AlGalnP.

High power red semiconductor lasers can be used in the same applications originally targeted by red gas and solid
state lasers. Potential mass applications include laser pointers, bar code readers, transmitters in optical communication
systems, information storage on DVD discs for reading and writing, laser printing and in optical mice. The main
demands in these applications are low cost, compactness and high reliability — areas in which the VCSEL technology
excels.

High power applications of these lasers also include pumping of optical fiber amplifiers * and optical pumping of
solid state lasers *. In these applications broad area and ridge waveguide lasers were used. High power broad area lasers
with high reliability were reported in Ref. [4].These lasers may be used in photodynamic therapy and in displays. High
power and good beam quality were achieved in the tapered devices (Ref. [5] and references therein). With an external
Bragg grating for the wavelength stabilization these lasers produced a single frequency narrow line-width beam. These
lasers are especially appropriate for nonlinear frequency conversion, projection TV and displays, free space optical
communication and material processing. They also can be used for the photodynamic therapy. There are a number of
research efforts on the influence of red laser radiation on the healing of wounds, both on animals and humans, supporting
effectiveness of this therapy ®’. Red lasers are also used for cosmetic procedures, such as the healing of acne. Red lasers
are also used for tissue imaging, for DNA cleavage and analysis. Another medical application is the investigation of
different biochemical processes, by observation of specific fluorescence under red laser illumination.
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A very important application for red semiconductor lasers is short range optical communications with the use of
polymer optical fibers. These fibers have one absorption minimum near the 650nm wavelength. Multi-element,
individually addressable VCSEL arrays are a transmitter of choice for high capacity local network. Good reliability and
possibility of high speed modulation in the many GHz range (25 GHz intrinsic modulation bandwidth) were
demonstrated .

Second harmonic generation of ~100mW in the UV region with wavelength around 330nm was demonstrated with
AlGaInP VECSEL with external optical pumping °.

The first demonstration of red VCSELs was done in 1992 (optical pumping) and 1993 (electrical pumping) at
Sandia National Laboratories '“'" and Chiao Tung University in Taiwan '*. These first VCSEL worked in pulsed regime.
Still they contained all the important elements of contemporary red VCSELs: strained InGaP quantum well as active
region, AlGalnP barriers and cladding layers, and AlGaAs distributed Bragg reflectors (DBR). The main directions of
development work were the fine tuning of the active region structure, improving the quality of the epi material,
decreasing DBR resistance with interface grading and doping (see for example Ref. [13], Chap. 7, and Ref. [14], Chap.
12). Electrical and thermal resistances are very important issues for the AlGalnP material system due to low band offset
between quantum well and cladding and the resulting increase electron leakage. Severity of these issues increase with
shortening of the wavelength so most efforts were for the lasers with wavelength between 650 and 700nm. Introduction
of the selective oxidation process to create a conducting aperture in lieu of proton implantation contributed to a
significant improvement in performance . As a result of various optimizations, the shortest (pulsed) wavelength of
629nm '° and threshold current density as low as 1.8kA/cm”*2 with output power up to 4.6mW at 650~657nm '7 were
demonstrated. With optimization of growth condition and using linear graded C-doped AlGaAs DBRs SmW CW was
demonstrated at 670nm, as well as a maximum lasing temperature of 160 deg C under pulse conditions, at 660nm '>'*.
Temperature characteristics of red VCSELs were investigated in Ref. [20]: a CW power of 0.2mW was obtained at
652nm and 50C. Reliability of red VCSEL was investigated at great length in Ref. [21]. The general conclusion is that
665nm VCSEIls can be used under CW up to 60 deg C, and in pulsed up to 85 deg C while maintaining adequate
reliability for practical usages. High reliable red VCSELs were also demonstrated in Ref. [22]. A recent review > also
confirmed the good reliability of red VCSELSs.

Some novel approaches in the area of red VCSEL development include the use of photonic crystals to improve
single-mode operation **, as well as the use of InP quantum dots to reduce the threshold current and improve the
temperature characteristics *°.

Finally, in terms of high power, optically pumped red VECSEL structures producing more than 1.2W in CW
operation (used for the second harmonic generation of UV light) was demonstrated “**". A multi-quantum-well structure
with 20 GalnP compressively strained wells was used, with an intra-cavity diamond heat-spreader.

To the best of our knowledge, there are no reports on high-power (Watt-level) electrically-injected red VCSEL
sources. It was shown *** that VCSELs can be used as very high-power laser sources by fabricating large two-
dimensional (2D) planar arrays of low-power, high-efficiency single-emitters. Power levels can range from a few Watts
to several hundred Watts, while keeping the power conversion efficiency (PCE) at high levels (typically >40% for arrays
emitting at 808nm or 976nm). These high-power, high-efficiency VCSEL sources preserve many of the advantages
present in a single VCSEL device, such as low-cost manufacturing, high reliability, and operation at high temperatures.
In addition, such high-power VCSEL arrays emit in a spectrally narrow beam (full-width at half-maximum typically
<2nm) and in an intrinsically circular, narrow divergence uniform beam (numerical aperture typically between 0.15 and
0.20) without the need for optics. As such, VCSEL arrays offer much potential for many high-power applications (see
Ref. [14], Chap. 8 for example).

In this paper we present recent results on VCSELs emitting at the 650nm and 688nm emission wavelengths. First,
we briefly review the red VCSEL single device structure and results. We then discuss the array fabrication process, as it
presents some additional challenges compared to a 976nm VCSEL structure for example. We then present results on
high-power red VCSEL arrays, and discuss some of the challenges in obtaining high-power CW operation. Finally, a
short summary concludes this paper.
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2. SINGLE DEVICE DESIGN AND RESULTS

The basic building blocks of VCSEL-based high-power 2D VCSEL arrays are single devices. Depending on the power
level required, the high power arrays we developed at various IR wavelengths range from ~Ilmm x 1mm to ~6mm x
6mm in size and contain from a few hundred to a few 10,000’s of eclements connected in parallel. VCSEL-based
modules can contain single or multiple arrays, depending on the power level required and the application.

Epitaxial VCSEL materials designed to lase around 650nm and 688nm were grown on 10-deg-off N-type GaAs
substrate using MOCVD. For current and optical confinement, the selective oxidation process is used to create an
aperture near the active region to improve performance. In the case of the 6xx nm material, the growth starts with an
etch-stop layer to facilitate substrate removal for processing of arrays as explained below. Following the etch-stop layer
is a highly doped N-GaAs layer that is used for the N-contact of the arrays. Then, an AlGaAs N-type high-reflectivity
distributed Bragg reflector (DBR) follows. The (AlGa)InP cavity consists of InGaP/(AlGa)InP quantum wells, and is
followed by a P-type AlGaAs DBR output mirror, whose reflectivity is optimized for maximum power conversion
efficiency (PCE). A high-Aluminum content layer is placed near the first pair of the P-DBR to later form the oxide
aperture. The placement and design of the aperture is critical to minimize optical losses and current spreading. Band-
gap engineering (including modulation doping) is used to design low-resistivity DBRs with low-absorption losses. A
schematic of the structure is shown in Fig. 1.
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Fig. 1. Schematic of the selectively oxidized, top-emitting 6xx nm VCSEL structure.

The processing of top-emitting single devices is straightforward. On the epitaxial side, Ti/Pt/Au ring contacts of
different dimensions are evaporated to form the P-type contacts, which at the same time help 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 (390~420 deg C) for the selective oxidation process. On the substrate side,
Ge/Au/Ni/Au metals are evaporated to form the N-contact. The devices are then probe tested at the wafer level.

Results for single devices operating under CW at a heat-sink temperature of 20 deg C are shown in Fig. 1(a) and (b)
for emission wavelengths of 650nm and 688nm, respectively.
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Fig. 2. Output power, voltage, and power conversion efficiency versus drive current for top-emitting single VCSEL

devices emitting at (a) 650nm and (b) 688nm. The devices are operated under CW at a 20 deg C heat-sink temperature.
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The 650nm VCSEL device has an 8.7micron aperture size. The 688nm VCSEL device has a 10micron aperture size.
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The 650nm VCSEL device has an 8.7micron aperture size. Threshold current, differential slope efficiency, and
differential resistance are 0.96mA, 36%, and 187Q), respectively. The device reaches a peak power conversion
efficiency of ~17% at 3mA current and 1.3mW output power. In terms of efficiency these results are similar to the ones
presented in Ref. [17]. The 688nm VCSEL device has a 10micron aperture size. Threshold current, differential slope
efficiency, and differential resistance for this device are 0.95mA, 57%, and 155Q, respectively. The device reaches a
peak power conversion efficiency of ~30% at 4mA current and 3mW output power.

The following results (Figure 3) shows the peak power conversion efficiency as a function of aperture size for the
650nm and 688nm emission wavelengths, for devices operated CW at a 20 deg C heat-sink temperature.

Fig. 3. Peak power conversion efficiency as a function of aperture size for the 650nm and 688nm emission wavelengths, for
devices operated CW at a 20 deg C heat-sink temperature.
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As can be seen the power conversion efficiency falls off rapidly with increasing aperture size. This is in sharp
contrast to the behavior at longer emission wavelengths such as 808nm * and 976nm **. As mentioned earlier, red
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VCSELs face some challenges in terms of high temperature performance because of the higher electron leakage issue
and the overall higher Aluminum content in the device, which reduces its thermal conductivity and increase absorption
losses. And since the thermal impedance of single VCSEL devices scales as the inverse of the aperture size rather than
the aperture area (see Ref. [30], Chap. 2 for example], larger devices will effectively perform worse than small devices.
This effect was shown in Ref. [17], where even though large (13microns) devices had the highest peak power conversion
efficiency, they were outperformed by smaller devices (with lower peak power conversion efficiency) in terms of the
maximum lasing temperature (~40 deg C for 13micron apertures versus ~60 deg C for 6micron apertures). Finally, it
should be mentioned that CW lasing of 688nm was demonstrated up to 115 deg C .

3. ARRAY FABRICATION AND RESULTS

As with high-power 808nm, in the case of 6xx nm VCSEL arrays, the GaAs substrate needs to be removed for efficient
heat removal ». The processing sequence for high-power red VCSEL arrays is summarized as follows.

First, the epitaxial side of the sample is fully processed, following a sequence similar to that of single devices, with
added electro-plated Gold to improve current distribution (Fig. 4(a)).

(a) VCSEL sample with processed epitaxial side (e) Cleaving of individual VCSEL arrays

VCSEL array
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Fig. 4. Processing and packaging steps for red VCSEL arrays. The chip soldered on the submount is only 10microns thick.
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Then, the process continues with the following steps (Fig. 4):

(b) The sample, with the epitaxial side fully processed (step (a) — see also Fig. 5), is bonded onto a sacrificial
carrier using a special bonding agent.

(c¢) The GaAs substrate is removed using a selective wet-etch. The etch-stop layer is then removed using
another selective wet-etch, thus exposing the N+ GaAs contact layer. At this stage, the sample is only
10microns thick.

(d) Patterned N-metal pads are evaporated onto the N+ GaAs contact layer. Alloying temperature is
minimized to avoid affecting the bonding agent, while still providing an Ohmic contact. These bonding
pads are then plated with Gold.

(e) The individual arrays are cleaved. Each array is still attached to its individual sacrificial carrier.
(f) Each array/carrier assembly is then soldered to a high-conductivity submount (such as diamond).
(g) The sacrificial carrier is removed and the array-on-submount assembly is cleaned

(h) The array is wire-bonded and tested.

Even though the chips are very thin (10microns), we successfully soldered them on diamond submounts. The chip-
on-submount is then mounted on a Copper carrier with leads for testing.

Figure 5 shows a photograph of a packaged red VCSEL array chip on diamond submount as well as a schematic of
the cross section of the array mounted on submount.

; - i Au-platin ing- Light output
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Submount metals
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Fig. 5. (a) Photograph of a packaged red VCSEL array chip on diamond submount, and (b) schematic of cross section of
array chip on submount.

Figure 6 shows the power versus current and emission spectrum for a 2mm x 2mm 688nm VCSEL array packaged
on diamond submount and operated under CW. These arrays contain several hundreds of elements driven in parallel.
The LI curves were measured at heat-sink temperatures of 20, 30, 40, and 50 deg C. For each curve, the peak power
conversion efficiency point and value are shown. At 20 deg C, a peak efficiency of 22.2% at ~3W output power is
demonstrated. The peak efficiency point seems to be at a constant operating current (5A) for the range of temperatures
considered, and decreases down to 15.2% at 50 deg C. The emission spectrum is shown at 20 deg C and 5A operating
current (Fig. 6(b)). The spectral FWHM is only 0.65nm.

Figure 7 shows the power versus current for larger 4mm x 4mm 650nm and 688nm VCSEL arrays packaged on
diamond submount and operated under various duty cycles at a 20 deg C heat-sink temperature. These arrays contain
thousands of elements packed more densely than for the 2mm array configuration. The 650nm VCSEL array was
operated under a 100micro-second pulse width and duty cycles of 1%, 10%, and 50%. As can be seen, the drop in
output power with increasing duty cycle is severe. The array did not lase under CW operation. Under 100us/1%
operation at a peak power of ~17W is obtained.
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The 688nm 4mm array (Fig. 7(b)) does lase under CW operation, but with a maximum 3.8W output power only.
Under 100us/1% QCW operation, the array reaches a peak power of S5W.
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Fig. 6. (a) Output power versus drive current at different heat-sink temperatures of a 2mm x 2mm VCSEL array packaged
on diamond submount and emitting around 688nm. The peak power conversion efficiency points are also indicated.
(b) Output spectrum at SA and 20 deg C heat-sink temperature.
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Fig. 7. Output power versus drive current under different driving conditions for two 4mm x 4mm red VCSEL arrays
emitting at (a) 650nm and (b) 688nm. The arrays are operated at a 20 deg C heat-sink temperature. The peak power
conversion efficiency points are also indicated.

The sub-par CW performance of the 4mm arrays compared to 2mm arrays (and compared to even larger arrays at
longer wavelengths such as 808nm and 976nm) highlight the performance sensitivity of these types of material to higher
temperature operation. The higher number of elements and higher packing density of the 4mm arrays result in a higher
effective junction temperature due to a ‘nearest neighbor’ effect. Clearly further optimization of the layout and array
size is required to improve the CW output power or red VCSEL arrays.
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4. SUMMARY

Red VCSELs were developed at the 650nm and 688nm wavelengths, with the aim to develop high-power red laser
sources for a variety of applications. Single device performance shows power conversion efficiencies of ~17% for the
650nm wavelength and ~30% for the 688nm, similar to other published results. Large 2D arrays were fabricated by
removing the GaAs substrate and mounting the remaining epitaxy on high thermal conductivity diamond submounts.
For 2mm x 2mm 688nm VCSEL arrays, 3W output power was demonstrated under CW operation, with a power
conversion efficiency of 22.2%. However, for larger, more dense arrays (4mm x 4mm, few thousand elements), CW
operation becomes challenging, especially at the shorter, 650nm wavelength. Nevertheless, output powers of 17W
(650nm) and 55W (688nm) were obtained under QCW operation at a 20 deg C heat-sink operation. More work is
needed to improve the efficiency and temperature performance of these devices (especially at the lower red
wavelengths), as well as the designs of the array layouts.
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