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In this paper, we present monolithic 910 nm high-power vertical-cavity surface-emitting laser (VCSEL) arrays with addressable sectors suitable for
long-distance light detection and ranging (LIDAR). The peak output power of a single VCSEL array (163 devices) reaches 25.5W under 30-ns-
pulse operation. The peak power of the larger sectored 2x2 VCSEL array reaches 100 W at an operating current of 55A. To the best of our
knowledge, this is the first report on achieving a 100 W output power level with a 910 nm VCSEL array at such a low driving current. Our VCSEL
array shows stable impulse response characteristics and uniform far-field spot morphology. © 2018 The Japan Society of Applied Physics

vertical-cavity surface emitting laser (VCSEL) has

unique advantages, such as the lack of catastrophic

optical mirror damage (COMD), high modulation
speed, monolithic array fabrication capability, and good
beam-shape symmetry.'™> Moreover, VCSELs have been
applied and developed in the fields of three-dimensional
(3D) face recognition, light detection and ranging (LIDAR),
and virtual reality/augmented reality (VR/AR) technology
in recent years.*” In these fields, VCSEL arrays composed
of hundreds of lasing devices are used. VCSEL arrays can
provide much higher laser powers than the conventional
VCSELs used in optical communication systems. The
application of high-power VCSEL arrays, especially in flash
LIDAR, can help to achieve high-integration, compact opti-
cal systems at low cost and high volumes. Here, the intrinsic
advantages of the unique VCSEL technology can prove its
superiority.

Flash LIDAR systems are based on time-of-flight (TOF)
depth sensing. The system combines a detector array with the
measured return times from pulses of light to provide range
information. Each pixel of the detector array measures a return
time from its part of the field of view. Thus, the range infor-
mation is added to provide the third dimension via a depth
map. In most cases, the light source provides a single pulse per
frame, resulting in a low duty cycle, but a high peak optical
power is required. Typical pulse widths are in the ~1-25ns
range, and the repetition rate of the optical pulse may be up to
100kHz. According to the actual requirements of LIDAR,
VCSEL arrays for that purpose must support pulsed operation
with narrow pulse widths and extremely low duty cycles. The
laser peak power is required to reach dozens or even hundreds
of watts to ensure a sufficiently large safe detection distance
whilst ensuring eye safety. At present, most studies of
VCSELs with a high peak power mainly concentrate on the
980 nm waveband. Since 2009, the laser power levels of the
980 nm VCSELs and its arrays have gradually increased from
the initial 10W® to 40 W and higher.” Subsequently, our
team increased the 980 nm VCSEL single-emitter laser power
to 92 W'Y and the VCSEL array laser power to 123 W.'D In
addition, the output power was increased to 210 W using four
single emitters in a series structure.'?
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Although the 980nm VCSEL achieved high laser power
levels, the wavelength is unsuitable for the LIDAR system
needed for intelligent driving. The 910nm laser source is
currently used in LIDAR to reduce water vapor absorption in
the environment. Solutions in the long-wavelength regime'?
share the same properties here, but require expensive detectors
whilst low-cost silicon detectors have the best response
sensitivity in the 910 nm wavelength band.'¥ However, the
development of 910nm VCSELs is challenging. For the
910nm VCSEL, the Al content of the lower Al layer in the
distributed Bragg reflector (DBR) should be larger than 10%
to avoid the optical absorption risk at this wavelength.
However, binary GaAs can be used as the lower Al layer in
the DBR for the 980nm VCSEL, which has larger thermal
and electrical conductivities. Thus, the DBR material of the
910nm VCSEL has to be adopted with a higher Al content
in the high-refractive-index layer. This lowers the Al content
difference together with the refractive-index contrast. Con-
sequently, additional p-DBR pairs are needed to maintain the
required DBR reflectivity to confine the optical wave. This
generates higher ohmic resistance and optical absorption
losses. In addition, the GaAs substrates used in the VCSEL
growth have an optical absorption risk near the 910nm.
Therefore, a top emitting structure must be used. However, the
lower conductivity of p-type materials together with the
current aperture formed by oxidation with their curved current
paths makes VCSELSs prone to current crowding.'> This can
subsequently result in spatial hole-burning and a nonuniform
optical field distribution. To avoid the current crowding effect,
the mesa dimension of a top-emitting VCSEL is usually less
than 50 um. However, for the 980 nm VCSEL with the bottom
emitting structure, the mesa dimension of more than 100 um
can be used. Also, a more efficient heat removal can be
realized for the bottom emitting structure because of the very
close distance between the active region and the heat sink.

Thus far, only Carson and colleagues of Trilumina Com-
pany have reported the preliminary achievement of high-
peak-power VCSELSs dedicated to long-distance LIDAR.!'%17)
In their paper, a 1 X 5 sectored VCSEL array module at 905
nm is presented. When the driving current of their array
module is 100 A, the output power is approximately 80 W,!”

© 2018 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic diagram of 910 nm VCSEL cross-
sectional structure and the distribution of standing wave near the active area
(inset).

and the maximum slope efficiency is approximately 1.4 W/A
only. Hence, a significant increase in operating current is
required to achieve a higher laser output power. A high
operating current and its high bias voltage would undoubtedly
increase the risk of electric breakdown of the VCSEL array,
which can seriously affect the working reliability of the array.
In addition, achieving a driving current of hundreds of am-
peres is difficult with a highly integrated laser LIDAR driving
power supply module. Therefore, achieving high peak power
at the lowest laser current is one of the key requirements for
the LIDAR system application of VCSEL arrays.

In this paper, we present our latest achievements in fabri-
cating high-peak-power 910nm VCSEL arrays with a low
operating current and its sectored array modules. Firstly,
we discuss the optimization of a high-peak-power 910 nm
VCSEL array and explain the selection principle of the tech-
nological parameters. Secondly, after presenting the laser
power characteristics of our VCSEL arrays, we analyze power
saturation phenomena in the power—current curve by spectral
measurement and compare the optical pulse waveforms of the
sectored array under different operating currents. Finally, we
verify the beam shaping of the sectored array using an external
optical collimator lens. We could achieve a peak power
exceeding 100 W with operating currents as low as 55 A.

The schematic diagram of the epitaxial structure of our
910 nm VCSEL is shown in Fig. 1. The structure consists of an
n-doped lower DBR structure, an active region, and a p-doped
top DBR structure. The active region is composed of three 6
nm Ing 11Gag goAs quantum wells (QWs) and 8 nm Alj3Gag ;-
As barrier layers. The optical thickness of the active region is
one 4 in wavelength. For high optical gain, the three QWs are
located at the center of the standing wave peak in the structural
design (Fig. 1). The carbon-doped p-type Bragg reflector
consisted of 20 pairs of Aly12GagggAs/AlyoGagAs layers.
For selective oxidation, a 30-nm-thick Alj¢gGaggoAs layer
was partially used instead of the AlyoGay As layer, near the
active region, in the p-side DBR. The AljgsGaggrAs layer
is then selectively oxidized to form an oxide aperture for
current-and-transverse optical mode confinement. The 34-
period n-mirror below the active region was Si-doped. A top
lasing structure was adopted for the VCSEL structure to avoid
optical absorption by the GaAs substrate. We defined the
p-metal ring contact together with the lasing window by a
metal lift-off process. The thickness of the substrate is reduced
to be 150 um before depositing the n-type contact metal.

For our top emission VCSEL array, we reduced the
number of p-DBR pairs to 20 to achieve high slope efficiency
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Fig. 2. (Color online) Quasi-CW (100 Hz, 200 us) characteristics of the
163-device VCSEL array. (a) Laser output power, wall-plug efficiency, and
voltage versus driving current (inset: photograph of the mounted VCSEL
array). (b) Far-field divergence angle of the array parallel and perpendicular
to the wafer crystal.

and output power. This method can also effectively reduce its
resistance. To ensure a high dynamic response with superior
pulse output characteristics of the VCSEL array, we opti-
mized the dimensions of the oxide aperture and the electrode
aperture of the single emitter within the array'®!® to obtain
the highest element slope efficiency together with a low
threshold current. Finally, we determined the optimal geom-
etry of the oxide aperture and top contact window of the
VCSEL array elements to be 8 and 15 pum, respectively. The
mesa diameter is 30 um and the array has a pitch of 50 um.
Given the parallel geometry, power scales with the elements
of the VCSEL array.”” Therefore, we integrated as many
solitary VCSEL elements as possible in the array. At the
same time, this reduces the parasitic inductance effect of the
whole array.”” To ensure the most similar working state
among the elements and ensure the uniformity of the VCSEL
array, we fabricated a VCSEL array structure with lumines-
cent elements arranged in a hexagonal honeycomb shape.
The total number of luminescent elements in the array is 163
(a total active area of 8189 um?).

To verify the optimization effect of the above epitaxial
structure and process structure, we tested the working char-
acteristics of the fabricated VCSEL array under the quasi-
continuous driving of 100 Hz and 200 ps. The test results are
shown in Fig. 2. Before the test, we packaged the VCSEL
array briefly and completed the gold wire bonding. No heat
dissipation is applied during the test. Figure 2(a) depicts the
relation curve between the single-array laser power, voltage,
efficiency, and operating current. The threshold current is
0.5 A. When the VCSEL array achieves nearly 2W output
power, the slope efficiency is approximately 0.45 W /A, and

© 2018 The Japan Society of Applied Physics
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Fig. 3. (Color online) Laser output power versus driving current under a
repetition frequency of 10kHz and a pulse width of 30ns. (a) For the single
163-device 910nm VCSEL array and (b) for the sectored VCSEL array with
all of the 4 arrays connected in a 2 X 2 form lasing. The insets show photos
of the mounted VCSEL arrays measured.

the power curve does not show a thermal rollover yet. The
far-field divergence angle of the array is tested by the far-field
scanning CCD system that we built. As depicted by the far-
field divergence angle test results in Fig. 2(b), the optical
fields of the VCSEL arrays in the two orthogonal directions
are similar, and the divergence angles (FWHM) are 16.2 and
16.8°, which indicates that our array has a circular far-field
symmetry. The distribution of optical intensity near the peak
value in the curve is relatively smooth. Hence, all the ele-
ments in the VCSEL array emit uniformity, and good optical
field collimation can be expected in practical applications.

The relationship between the single VCSEL array peak
power and the operating current is measured under the pulsed
driving conditions with a repetition frequency of 10kHz and
a pulse width of 30 ns [Fig. 3(a)]. When the operating current
reaches 40 A, the peak power of the VCSEL array is 20 W.
As the operating current further increases, the peak laser
power of the single VCSEL array reached a maximum of
25.5 W at the operating current of 80 A.

We adopted a four-element sectored module structure!"
reported previously to fabricate a larger VCSEL array sub-
divided into 2 X 2 individually addressable sectors. Sectors
are covered by the graphical Au electroplating on the AIN
submount. Then, the submount is fixed by the designed
fixture tools and the solder is evaporated on the sector region.
The four VCSEL arrays are packaged on this submount by
the reflow soldering. With this array, we realized even higher
laser powers at a low driving current. The pulsed laser char-
acteristics of the sectored VCSEL array modules are shown
in Fig. 3(b). Under the same operating current, the laser out-
put power of the sectored VCSEL array module is approx-
imately four times that of a single VCSEL array, and the
maximum slope efficiency reaches 1.8 W/A. These results
indicate that our VCSEL arrays were fabricated with high
yield and good homogeneity. Under pulsed driving con-
ditions comparable to those of our single array, the output
power of the sectored VCSEL array module reached 100 W
under the operating current of 55A. To the best of our
knowledge, this is the first report on a 910nm VCSEL
module achieving the 100 W output power level at such a low
driving current. The peak laser power of the large sectored
VCSEL array reaches its maximum of 115 W at an operating
current of 80 A.
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Fig. 4. (Color online) Laser spectra of the sectored VCSEL array under
different driving currents in pulsed operation.

The laser output power curves of the single array and the
sectored module demonstrate an obvious power saturation
phenomenon at high driving currents (Fig. 3). This phenome-
non confirms that the laser power of the VCSEL array cannot
be increased infinitely with the increase in driving current
even at extremely low duty cycle pulse driving currents.
Subsequently, we analyzed the reason for the VCSEL power
saturation through the spectral characteristics of the large
sectored VCSEL array.

The variation of the laser spectra of the VCSEL array under
different driving currents is presented in Fig. 4. The laser
spectra show clear spectrum broadening with an increase in
operating current. When the driving current increased from 20
to 80 A, the spectral width increased from 0.8 to 1.96 nm
while the peak wavelength hardly changed. The spectral
broadening phenomenon is consistent with previously
reported VCSEL array research results” being attributed to
thermal crowding within the VCSEL array. On the basis of the
temperature coefficient of 0.06 nm/K,?” the average internal
temperature rise of the VCSEL arrays is estimated to be 20 K
at 80 A driving current. Thus, the center part of each array
would experience several increases in temperature, according
to the thermal crosstalk model of VCSEL arrays developed by
Amann and Hofmann.2"

The above phenomena indicate that the VCSEL array can
generate a serious internal thermal effect even under narrow
pulse driving current, owing to the high thermal time con-
stants. Moreover, a high carrier density is formed in the active
region of VCSEL array elements under large operating cur-
rents inducing serious carrier leakage within QWs at high
temperatures,”>?® causing the output power to saturate. To
sum up, for a high efficiency VCSEL module required by the
applications, achieving high output power together with low
driving currents is both challenging and essential.

The optical pulse output waveform of the VCSEL array
characterizes its pulse response characteristics under narrow
pulse driving conditions, which can directly affect the time
measurement accuracy of the LIDAR. We have developed the
external power supply by ourselves to investigate the stability
of our VCSEL arrays at different driving currents. As is
known, it is very difficult to achieve a driving power supply
with both a current of nearly 100 A and a nanosecond pulse
width. Thus, for comprehensive consideration, we developed
a power supply with a pulse width of 30 ns and a maximum
driving current of 80 A. In this work, the pulse width of 30 ns

© 2018 The Japan Society of Applied Physics
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Fig. 5. (Color online) Comparison of the optical pulse waveforms of the
sectored VCSEL array at different working currents.

is slightly larger than the required pulse width of the LIDAR.
However, the purpose of our test in this work is simply just
to verify the stability of the pulse response with the increase in
driving current. Therefore, a photodetector and an oscillo-
scope system are used to capture the optical pulse waveform
of our VCSEL arrays.

The optical pulse waveforms of the large VCSEL array
under different driving currents are shown in Fig. 5. The array
exhibits a smooth optical pulse waveform signal. Different
from previous reports,?*?» no serious tailing phenomenon
appears in our optical pulse waveform. Instead, a negative
signal overshoot emerges, which soon returns to zero. Given
that all solitary VCSEL devices of the array are operated in
parallel, we observe a lower inductance effect of our high-
density VCSEL array?" than of the VCSEL arrays with only a
few elements as reported previously. This design eliminates
the trailing effect of the optical pulse waveform driven by
narrow pulses. When the driving current of our sectored array
is increased from 20 to 80 A, the half width of the pulse wave-
form is widened from 31 to 34 ns, and the width is widened by
3ns (Fig. 5). The weak broadening of the optical pulses at a
high current is probably caused by internal heating at a high
current.”?” Although the optical pulse exhibits weak broad-
ening at a high current, the pulse waveforms of the array under
different driving currents still have a good pulse shape
(Fig. 5). The pulse stability shown by the large sectored
VCSEL array mentioned above is extremely important for
realizing the stable operation of the LIDAR in different
environments.

For the following collimating and beam shaping experi-
ments, we intentionally omitted costly lens arrays.?>2%
Instead, we directly used a conventional spherical collimator
of 100 mm focal length and 50 mm diameter to verify whether
our arrays can be applied in automotive solutions with high
cost pressure and high reliability requirements. We adjusted
the collimator lens position to optimize the collimation effect.
To monitor the far field, we put a coarse plastic screen
approximately 1 m away from the collimator lens, and then
used the CCD to capture the optical field morphology as
presented in Fig. 6. The collimated far-field light spot shows a
circular symmetrical shape, and the intensity distribution of
the light field gradually decreases from the central region to
the edge. The diameter of the spot 1 m distance from the lens
is about 67 cm. No dark spot was found in the entire light
field region. This outcome is similar to the far field dis-
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Fig. 6. (Color online) Far field at 1 m distance of the sectored VCSEL
array, all four sectors operating, beam collimation with a single spherical
collimator lens.

tribution morphology of the small VCSEL array as presented
in Fig. 2(b), which indicates that we achieved consistent far-
field spot morphology also with our compact 2 X 2 sectored
and addressable array modules.

We reported our latest achievements on high-peak-power
910nm VCSEL arrays, which can be successfully fabricated
in large sectored configurations. These arrays are an ideal
laser source for application in LIDAR. We realized a pulse
output power of 25.5W for a single VCSEL array of 163
VCSELs operating in parallel. On the basis of the above
analysis, an addressable four-sector VCSEL array witha 2 X 2
configuration was developed in this study. The maximum
slope efficiency of that array is 1.8 W/A, and the maximum
power reached 115 W. At a driving current of only 55 A, we
could already demonstrate an optical output exceeding 100 W.
An analysis of the spectral broadening of the sectored array
confirms that internal thermal effect and carrier leakage are the
main reasons for the power saturation of the laser peak power
at a high current. Such finding verifies the necessity of the
VCSEL array to achieve a high peak power output at a low
current. Targeting low-cost automotive solutions, we directly
used a single spherical lens as collimation optics of the
sectored array demonstrating a nearly Gaussian-shaped far
field with high uniformity and circular symmetry. Given its
advantages of low operating current, high peak power, good
pulse waveform, and easy collimation, we believe that this
VCSEL array can substantially reduce the cost of existing
laser radar systems, improve the integration and measurement
distance of such systems, and hasten the arrival of the future
intelligent driving era.
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