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Surface grating loaded VCSEL with single mode power of over 80 mW

Shanting Hu' >*®, Ahmed Hassan> 3, Xiaodong Gu” , Masanori Nakahama® “, and Fumio Koyama

Abstract We demonstrate a surface grating loaded VCSEL showing high
power, good beam quality and stable single mode operation. In the struc-
ture, a single slow light mode propagating laterally along the long cavity
of an oxide VCSEL can be selected thanks to the surface Bragg-grating.
Experimental results of spectrum, L/I characteristics and beam quality with
different device lengths are presented. A single mode power of over 80 mW
is realized with a narrow diffraction-limited divergence angle of 0.15° for
a VCSEL with an oxide aperture of 4 um X 500 pm under CW operation. A
higher single mode power is expected through extending the device length
with the proven scaling law.
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1. Introduction

With various advantages such as low cost and low power con-
sumptions, VCSEL has been a key light source in short-reach
optical communication systems [1, 2, 3, 4, 5]. As technol-
ogy matures, VCSEL applications diversified including laser
mice, printers, medical imaging and soon [6, 7, 8,9, 10, 11].
In recent years, VCSEL technology for 3D sensing has been
attracting more and more interests [12, 13, 14, 15, 16]. For
3D sensing applications such as LiDAR, a high-power light
source has been developed. At the current stage, a common
solution is to utilize two-dimensional VCSEL arrays, which
offer kW-class output powers [17, 18, 19]. However, exter-
nal optical elements are needed for beam convergence since
the beam divergence angle of the array is over 10°, which
adds costs and complexities to the sensing system. Thus,
a new VCSEL technology with high power and high beam
quality emerges as a challenge for new applications.

In our group, we demonstrated the slow light VCSEL
amplifier with single mode output power of over 8 W and a
narrow diffraction-limited divergence beam below 0.03° [20,
21, 22]. An input light is coupled through a lensed fiber to
a lateral propagation mode with a small group velocity so
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called “slow light”. The slow light can be amplified along
the long cavity with pumping the VCSEL amplifier above the
threshold and is emitted from the top surface. In this case,
the amplified output is proportional to the amplifier length
and the beam divergence is getting smaller and smaller with
increasing the length. Very recently we came to the idea to
utilize either the surface grating structure or coupled cavity
to select a single slow light mode of the long cavity VCSEL
itself, which we call a “slow-light laser” [23, 24]. However,
since high order grating is applied in the first demonstration,
there still remains issues in achieving good mode stability in
the entire current range.

In this paper, we present a slow light laser based on 1st-
order surface grating loaded VCSEL exhibiting the stable
single-mode operation in the entire current range and a
single-mode power over 80 mW.

2. Device structure

The schematic structure of a surface grating loaded VCSEL
is illustrated in Fig. 1 (a). The proposed slow-light VCSEL
has the same vertical structure as the conventional oxide-
confined VCSEL except that the top surface is periodically
etched to form lateral Bragg-grating mirrors. Similar to a
DFB edge emitting laser [25, 26, 27, 28], a single slow-light
mode nearly at the Bragg-wavelength at a tilted angle can be
selected due to the optical feedback in the grating. We expect
various advantages in our new structures. No face damages
cannot be seen, which could be one of limiting factors in
high-power GaAlAs edge emitting lasers. The fabrication
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Fig. 1 (a) Schematic side view of the proposed slow light laser; (b) top
view of a fabricated device; (c) magnified cross-sectional view of the grating
region
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is the same as well-established conventional VCSELs ex-
cept surface grating process. The phase index for slow-light
modes is smaller than unity thanks to large waveguide dis-
persion [29]. The grating pitch of the 1st-order grating is
typically 0.5-0.6 um for 850 nm wavelength bands, which
makes a grating process easier. The field intensity of the
slow-light mode penetrates to the top surface, thus the shal-
low surface grating offers a strong optical feedback. No
regrowth process is needed.

The top view of a fabricated device is shown in Fig. 1 (b).
A standard 850 nm VCSEL wafer with 19 pairs top semicon-
ductor DBR is utilized. A wet-oxidation process is carried
out to define the active region. The oxide aperture width is
4 um. The active region length is defined by the length of the
top electrode raging from 300 um to 500 wm. The surface of
the mesa is periodically etched to form lateral Bragg-grating
mirrors. While the left-hand side of the cavity is termi-
nated by the oxide region, the right-hand side is coupled to
an un-pumped passive waveguide with a length of 2 mm,
which works as a low reflectivity end in order to break the
dual-mode degeneracy in DFB lasers [30, 31, 32]. Also, this
section functions as an amplifier if we inject a current above
the threshold, which will be reported elsewhere. The cross-
sectional figure of the fabricated surface grating is shown
in Fig. 1 (c). The Bragg wavelength is designed at 830 nm,
which is near the PL peak wavelength of the VCSEL wafer.
The first order grating pitch is 520 nm, which is fabricated
by EB lithography followed by dry-etching. 32 nm etching
depth is obtained by dry etching process. The first order
grating should help in stabilizing the single mode operation
of a slow light laser.

3. Experimental results and discussions

Figure 2 shows the measured lasing spectra of the fabricated
slow light laser with different lengths of 300 wm and 500 pwm.
Both shows stable single mode operations in the entire cur-
rent range. As shown in Fig. 2 (a), single-mode slow light
lasing at the Bragg wavelength is obtained for the 300 um
long laser until 150 mA with a side mode suppression ra-
tio (SMSR) over 30dB. Above 150mA, vertical emission
emerges at the wavelength of 858 nm, which causes the sat-
uration of the single slow light mode power. This is due
to the thermal induced red shift of the PL. wavelength. For
a 500 um laser, the single-mode operation is obtained up
to 250 mA with SMSR of 40dB. Vertical emission can be
suppressed through extending the device length to mitigate
the self-heating effect as shown in the experimental data.
Also, no bonding of the device and no heat-sinking are used
for measurements. Thus, higher power operations could be
expected with better thermal management. Another method
to suppress the vertical emission is to reduce the number
of top DBR pair to increase the modal loss for the vertical
lasing mode.

The measured light output/current characteristics of the
devices are shown in Fig. 3. The photodiode is positioned
at a tilted angle to capture only the slow light mode power.
Powers from the left side and right side of the device are
measured separately. The power discrepancy at two differ-
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Fig. 2 (a) Measured lasing spectra of (a) a 300 wum long device and (b) a
500 um long device.
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Fig.3 Measured L/I characteristics of (a) a 300 um long device and (b) a
500 um long device
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Fig.4 Measured FFP under different currents of ta 500 um long slow light
laser

ent directions is due to the asymmetric boundary condition
at the ends of the slow light laser. The power ratio from
different directions is dependent on the device length. It
is in agreement with the modeling, which will be reported
elsewhere. A total single mode power of 45 mW and 80 mW
is obtained for a 300 wum long device and for a 500 um long
device, respectively as shown in Fig. 3. The output power of
our slow light laser can be further increased by extending the
cavity length since a scaling law has been proven as shown
in the figure.

Figure 4 shows the far-field pattern (FFP) of a 500 wm long
device from the right side under different currents, the other
side shows similar patterns. A single peak at a FFP angle
around 50 degree can be seen in the entire current range. The
FFP shows a fan-shaped beam according to the rectangular
aperture with a diffraction-limited narrow divergence angle
of 0.15°. As shown in the figure, the output angle of the slow
light from the surface remains stable with different currents.
The emission angle of the slow light shows no dependency
on the injection currents and hence temperatures because
the thermal induced wavelength shift and refractive index
change cancels out for the output angle. This characteristic
enables our slow light laser to work as a stable light source
for various applications such as OCT, LiDAR and so on.

4. Conclusion

In conclusion, we present a slow light laser based on a 1st-
order surface grating loaded VCSEL structure. A record sin-
gle mode power of 80 mW under CW operation is achieved
among large oxide aperture VCSELs. Beam divergence as
narrow as 0.15° near to the diffraction limit was obtained.
The emission angle of the lasing slow-light stays stable with
the variation of injection currents. The output power can
be further boosted by increasing the device length since the
scaling law was proven. Also, a short pulse operation and
the thermal management with heat sinking can reduce the
self-heating effect for increasing output powers. Further in-
creases in the single mode power toward W-class operation
can be expected in the future. Our new single-mode VCSEL
with high single mode power and good beam quality can
work as a cost-effective and powerful light source for 3D
sensing technology.
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