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ABSTRACT

The coherent ring VCSEL (CR-VCSEL) structure developed at Dallas Quantum Devices is a monolithic, narrow linewidth
high power device configuration that can be fabricated using typical VCSEL epitaxy and conventional processing
techniques. So far, CR-VCSELs have demonstrated CW output power greater than 500mW with linewidths less than
0.2nm, power conversion efficiency greater than 30%, with full angle divergence angle less than 10 degrees. In applications
where they are appropriate, CR-VCSELSs should enjoy significant cost advantages over other high power, narrow linewidth
semiconductor laser configurations.
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1. INTRODUCTION

VCSEL oxide aperture emitter configurations can be used to tailor far field emission according to user defined needs in
illumination and optical pumping applications. Figure 1 shows three different, equal aperture area designs for comparison
at different drive currents. The configurations shown allow multiple optical modes in all dimensions with an aperture area
of ~340 square microns. The last design in the group, the ring variant, shows significant reduction in far field divergence
compared to the round emitter and cross versions also shown. In this work we further explore VCSELSs with ring aperture
configurations, focusing on coherence effects in designs that have single mode oxide aperture widths (around 2-5 microns
one dimension) and much larger ring diameters. And we use the term “Coherent Ring VCSEL” or “CR-VCSEL” to
describe emitters in a ring configuration with single mode width in one dimension.
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Figure 1. Emitter aperture configuration, far field cross sectional profile at 3 drive currents, and far field image are shown for
an emitter cross; 3 round, 12 micron diameter emitters; and a ring emitter.
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Figure 2 shows a functional drawing for a CR-VCSEL. In some operating configurations, we observe significant reduction
in both far field divergence and emission linewidth when compared to traditional round aperture VCSELs. We hypothesize
that the ring configuration encourages entrainment of optical modes around the ring, and in the extreme, could lead to
single mode operation via formation of an optical super mode for the entire ring structure[1]. This effect is encouraged in
a ring shape by the uniform thermal conditions around the ring, especially compared to more conventional multi-emitter
VCSEL arrays that see significantly higher temperature in the center of the array [2]. CR-VCSEL configurations can be
engineered for many applications utilizing the full toolbox of VCSEL fabrication technologies including epitaxy
wavelengths ranging from 650 to 1300nm, stacked junctions for more power and efficiency, etched gratings for mode or
polarization control, backside emission, and using other confinement schemes such as buried tunnel junctions or
lithographic apertures. The CR-VCSELS results discussed in this work are fabricated using DQD standard 850 nm high
power oxide confined epitaxial material, using processes already in place at DQD’s external foundry. A sample die image
is shown in figure 3.
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Figure 2. CR-VCSEL showing etched trench used to expose oxidation layer and entrained optical modes that form along the
device.
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Figure 3. CR-VCSEL die image showing two different emission regions, diameters 500 and 1000 microns.

2. CR-VCSEL PERFORMANCE

The primary utility of CR-VCSELSs lies in their capacity to scale up power from what is traditionally extracted from a
single mode VCSEL, similar to high power VCSEL arrays, with some reduction due to the small aperture size in one
dimension. The ring and the spot operating regimes may be separately optimized for different applications. Figure 4 shows



LI and PCE curves at 25, 50, and 75C for ring devices with diameters of 200, 500, and 1000 microns. Peak DC power
conversion efficiency shown here is 38% for a 200 micron diameter device, and maximum power extracted is in excess of
1 watt.

Far field divergence for all three device diameters shown as images on a graduated, illuminated target 25mm from the
devices at the same current density, are shown in figure 5. The far field divergence exhibits strong temperature dependence,
operating in a multimode high divergence ring, suggesting slow light operation [3], at epi substrate temperatures below
55C and transitioning to a low divergence partially coherent spot above 60C. The behavior is driven by the 15nm built in
quantum well gain to Fabry Perot cavity offset designed into this epi material and the availability of off axis modes in
devices with a much larger physical extent than a traditional round aperture VCSEL. It is worth noting that LI curves for
these devices shown in figure 4 are taken using an integrating sphere to ensure that all off axis emission is collected. Strong
kinks in output power are not present, suggesting that the device does not access whispering gallery or other higher loss
optical modes. Figure 5 further shows that when the device substrate temperature set to 75C emitter NA has dropped to
<0.1.
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Figure 4. Power conversion efficiency (PCE) and optical power output as a function of constant current for ring
diameters of 200, 500, and 1000um taken at temperatures of 25, 50 and 75°C.
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Figure 5. Far field screen images for 200, 500, and 1000 micron diameter CR-VCSEL emission for temperatures ranging from
15to 75C. All 3 devices are driven at the same current density.

Figure 6 shows emission spectra for the same devices, collected with an integrating sphere using a 600 micron core fiber
to couple adequate power to an optical spectrum analyzer. Spectral resolution is limited when using a large core fiber, but
the major features of the spectrum are visible. At 25C when only high angle off axis ring modes are visible, multiple
spectral peaks around 845nm are present. At 50 C both ring and spot modes are visible corresponding to spectral peaks
around 845 and 853nm. Then at 75C only the spot mode is observed, and it manifests as a single peak for the entire CR-
VCSEL device.

A corresponding near field emission image for the spot mode and the off-axis ring mode is shown in figure 7, with stable
mode structure visible at 70C. At 25C very little light is emitted into the objective, and the mode structure is not visible.
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Figure 6. Emission spectra at 25, 50 and 75C for 200, 500, and 1000 micron diameter devices.



Figure 7. High magnification near field emission for a 500 micron diameter CR-VCSEL at 150mA bias. Mode near field is
observable at 75C.

Figure 8 shows far field divergence the three CR-VCSEL diameters versus current density when all are operating in the
narrow divergence spot mode. For comparison, we also include divergence for a conventional single mode round aperture
VCSEL (diameter ~4 microns). For consistency, all divergence data in this figure is taken using a DataRay near field
camera using neutral density filters, but no optics. Distance from the camera is approximately 25mm. Divergence is found
based on calculation of the D86 diameter at multiple distances. CR-VCSEL NA is around 0.075, corresponding to a full
angle divergence of 8.6 degrees. SM VCSEL NA is 0.125. Note the SM VCSEL was fabricated on the same epi using the
same fab process and the same fab run as the CR-VCSELs. Sample far field emission is also shown in the same figure.
The narrowing of the far field divergence for the CR-VCSEL suggests partial coherence of the emission and mutual
entrainment of the optical modes around the CR-VCSEL ring.
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Figure 8. Numerical aperture versus current density for several ring diameters when lasing in the spot mode.
Substantially narrower than same-wafer traditional single mode VCSEL.

Figure 9 shows the optical spectrum for a 500 micron diameter CR-VCSEL operating at 75C in spot mode. In this case,
emission is collected using a low magnification microscope objective and a 100 micron core fiber. The observed spectral
width is limited to the linewidth of the system at 0.2nm or 80GHz at 850nm at power levels up to 325mW. This narrow



linewidth is already enough for some optical pumping applications and may provide the opportunity for pump and probe
integration on the same chip.
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Figure 9. Spot mode CR-VCSEL emission of a 500 micron diameter device at 70C. Observed linewidth is limited by
optical spectrum analyzer and fiber core size to 0.2nm.

3. CONCLUSIONS

CR-VCSELs present another possible avenue for the development of high power narrow linewidth laser sources. When
compared to PCSELS[4] or DFB sources, CR-VCSELSs can have power and efficiency similar to 2D VCSEL arrays,
along with advantages of conventional VCSEL processing and test infrastructure, making them potentially attractive for
many high volume applications.

[1

[2

(3]

[4]

REFERENCES

N. Jahan, K. A. Lakomy, P. Strzebonski, B. J. Thompson and K. D. Choquette, "Low Divergence Coherently Coupled
Vertical Cavity Surface Emitting Laser Ring Arrays," in IEEE Photonics Journal, vol. 14, no. 3, pp. 1-6, June 2022,
Art no. 1528806, doi: 10.1109/JPHOT.2022.3172030.

Luke A. Graham, Hao Chen, Jonathan Cruel, James Guenter, Bobby Hawkins, Bobby Hawthorne, David Q.
Kelly, Alirio Melgar, Mario Martinez, Edward Shaw, and Jim A. Tatum "High-power VCSEL arrays for consumer
electronics”, Proc. SPIE 9381, Vertical-Cavity Surface-Emitting Lasers XIX, 93810A (4 March
2015); https://doi.org/10.1117/12.2080064

F. Koyama and X. Gu, "Beam Steering, Beam Shaping, and Intensity Modulation Based on VCSEL Photonics,"
in IEEE Journal of Selected Topics in Quantum Electronics, vol. 19, no. 4, pp. 1701510-1701510, July-Aug. 2013,
Art no. 1701510, doi: 10.1109/JSTQE.2013.2247980.

Itoh Y, Aoki T, Fujii K, Yoshinaga H, Fujiwara N, Takada K, Ogasawara M, Sawada Y, Yagi H, Yanagisawa M,
Yoshida M, Inoue T, Zoysa M, Ishizaki K, Noda S. High-power and high-efficiency operation of 1.3 pm-wavelength
InP-based photonic-crystal surface-emitting lasers with metal reflector. Opt Express. 2024 Mar 25;32(7):12520-
12527. doi: 10.1364/0OE.521109. PMID: 38571072



https://www.spiedigitallibrary.org/profile/Luke.Graham-16010
https://www.spiedigitallibrary.org/profile/James.Guenter-8667
https://www.spiedigitallibrary.org/profile/Jim.Tatum-4342700
https://doi.org/10.1117/12.2080064

