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We demonstrate the non-mechanical beam steering and amplifier operation of a vertical cavity surface emitting laser
(VCSEL) integrated Bragg reflector waveguide amplifier with a cut-off wavelength detuning design, which enables unidi-
rectional lateral coupling, continuous electrical beam steering, and diffraction-limited divergence angle. We present the
modeling of the proposed structure for unidirectional coupling between a seed single-mode VCSEL and slow-light amplifier.
We also present the detailed operating characteristics including the near-field and far-field patterns, light/current char-
acteristics, and lasing spectrum. The experimental measurements exhibit a single-mode output of over 8 mW under CW
operation, a continuous beam steering range of 16°, and beam divergence below 0.1° as an optical beam scanner. The inte-
grated amplifier length is as small as 0.9 mm, and thus we could expect much higher powers and higher resolution points by
increasing the amplifier lengths.
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1. Introduction

As for applications such as 3D scanners, LiDAR, and free-space
optical communications, optical scanning technology with low
cost, high resolution, and high speed is highly demanded[1–6].
While a mechanical beam scanner has been commercially avail-
able, there remain difficulties such as its large module size,
uncertain long-term reliability, and low steering speed. With
the potential of low cost and super compactness, solid-state
scanning is considered to be an attractive option. On the other
hand, vertical cavity surface emitting lasers (VCSELs) have vari-
ous advantages such as low cost, high efficiency, and ease for
mass production[7–11]. Solid-state scanning devices utilizing a
two-dimensional (2D) VCSEL array and phased arrays have
been reported, but there still remain difficulties in their limited
steering performances[12–16].
In our group, a solid-state scanner based on a VCSEL struc-

ture is proposed and demonstrated[17–19]. In the device, an input
light from a tunable laser is coupled into the Bragg reflector
waveguide by a lensed fiber. When the waveguide is pumped
above threshold, amplification of the coupling light along the
waveguide can be achieved. The amplified output gets larger and
larger by increasing the device length, and the corresponding

beam divergence becomes smaller and smaller. Large angle
beam steering can be achieved by a scan through the input wave-
length since the slow-light waveguide can provide large
dispersion near the cut-off wavelength. We then presented a
10 mW class single-mode amplifier composed of a VCSEL
working as a seed laser laterally integrated with a slow-light
waveguide[20,21]. However, when we pump the seed laser and
the slow-light waveguide (amplifier) simultaneously, the cou-
pling light from the slow-light waveguide functioning as a
multi-mode VCSEL will cause mode hopping and multi-mode
operation in the seed laser. Mutual coupling between the seed
laser and amplifier strictly limits the beam steering range of
the device, since the beam steering range is dependent on the
continuous wavelength tuning range of the seed laser.
In this paper, we demonstrate a novel beam scanner based on

a VCSEL integrated amplifier with an in-plane cut-off wave-
length detuning design. Thanks to the mode stability brought
by the unidirectional behavior of the new structure, a continuous
beam steering of 16° is obtained, exhibiting a record number of
resolution points of over 200 for the total chip length of 1.2 mm,
which has been a great improvement compared with our former
work in Ref. [21], which exhibits 13° beam steering range and 30
resolution points.
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2. Structure and Modeling

The schematic illustration of our solid-state VCSEL beam scan-
ner is shown in Fig. 1. The half-VCSEL structure is that of con-
ventional 850 nm VCSELs without a top distributed Bragg
reflector (DBR). The device has the same vertical structure as
that of a half-VCSEL with four pairs of AlGaAs top DBRs
and a phase control layer, which includes two sections integrated
laterally: one VCSEL on the left and a long VCSEL amplifier on
the right side. The amplifier section can also act as a multi-mode
VCSEL when pumped above the threshold. The two sections are
electrically isolated via an ion implantation process. The phase
control layer on top of the VCSEL section is partly removed by
wet-etching to form a resonant wavelength separation between
the two sections. Then, a seven-pair SiO2=Ta2O5 dielectric mir-
ror is deposited as the top DBR to acquire high reflectivity for
lasing[22,23]. As shown in Fig. 1(b), due to wet-etching of the
phase control layer, the cavity resonance of the VCSEL shifts
to a shorter wavelength[24,25]. Thereafter, unidirectional cou-
pling behavior can be achieved in the new structure, since a
longer wavelength light in the amplifier section cannot be
coupled to the VCSEL section due to its cut-off condition, as
stated in Refs. [26–28].
Figure 1(c) shows the top view of a fabricated device, where

the oxidized aperture of a VCSEL section is 3 μm × 3 μm, and
the length of an amplifier section is 900 μm. A 150 μm long
unpumped taper section is also formed to avoid the reflection
at the end of the amplifier. The total chip length is 1.2 mm.
The amount of wavelength detuning is calculated by utilizing

a standard transfer matrix method[29–31]. The modeling is based
on a structure of an 850 nm half-VCSEL composed of four-pair
AlGaAs top DBR and 40-pair bottom DBR. The calculated
transmittances in each cavity are shown in Fig. 2(a). Detuning
of 7 nm of the lasing wavelength of the seed laser from that
of the amplifier can be achieved when the phase control layer
of the seed laser is removed by 30 nm through wet-etching.

Figure 2(b) shows the simulation results of the unidirectional
coupling utilizing the film mode matching method[32]. We use a
parameter coupling efficiency η to evaluate the coupling strength
between the two cavities. η is defined in the following equation:

η =
αc

αa � αm � αc
, �1�

where αc is the coupled rate per unit length for lateral coupling
light, αm is the radiation loss per unit length for vertical emission
light through a top mirror, and αa is the loss per unit length for
the absorption loss in the cavity.
αc is calculated through the following equation:

αc =

R jEoj2dy · vgRR
vcsel jEj2dydz

, �2�

where vg is the group velocity of the slow-light mode, Eo is the
electric-field distribution in the coupled cavity waveguide, and E
is the electric-field distribution in the lasing VCSEL cavity. It is
similar to the definition of the slope efficiency of edge emitting
lasers.

Fig. 1. Schematic of the proposed solid-state beam scanner from the (a) side
view and (b) cross-sectional view; (c) top view of a fabricated beam scanner.

Fig. 2. (a) Transmittance of top DBR mirror of the VCSEL seed laser section
and amplifier section when 30 nm of the phase control layer of the VCSEL side
is removed as a function of wavelength; (b) simulation results of lateral cou-
pling behavior when the seed laser and amplifier are pumped separately.
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When a slow-light mode at the wavelength in the VCSEL cav-
ity (840 nm) is excited, a large amount of power is coupled into
the amplifier section. The coupling efficiency is as large as 70%.
However, when we assumed a slow-light mode excited in the
amplifier section, which is 0.5 nm shorter than the vertical res-
onant wavelength (847 nm), the lateral leakage of light from the
amplifier section to the seed VCSEL can barely be seen. The cou-
pling efficiency is less than 0.1%, which is limited by the calcu-
lation accuracy. The unidirectional coupling behavior of our
proposed VCSEL integrated amplifier helps us to realize stable
lateral coupling.

3. Experimental Results and Discussions

The measured lasing spectra for the VCSEL and amplifier sec-
tions pumped separately when the phase layer on top of the
VCSEL is partly removed by wet-etching are shown in Fig. 3(a),
which has the same structure as we assumed in the simulation.
As can be seen, when 30 nm of the phase layer on top of the
VCSEL section is wet-etched, the lasing wavelength of the ampli-
fier (843.5 nm) is around 7.5 nm longer than that of the seed
VCSEL (837 nm). Good agreement is shown between the sim-
ulation and experimental results. The near-field pattern (NFP) is
shown in Fig. 3(b) when we pump the VCSEL and amplifier sec-
tion separately. As shown in Fig. 3(b), the strong leakage light
from the VCSEL into the amplifier section can be seen in the
NFP when we only pump the seed VCSEL section, which indi-
cates strong coupling from the seedVCSEL into the amplifier. At
the same time, hardly any coupling can be seen from the reverse
direction when we only pump the amplifier, as shown in the bot-
tom figure. The unidirectional coupling behavior we observed in
the experiment agrees well with the simulation results, as dem-
onstrated in Fig. 2(b). We could estimate the coupled slow-light
power from the VCSEL to the amplifier through calculating the
absorbed power in the amplifier section when the amplifier sec-
tion is reversely biased, which is similar to the situation in the
electro-absorption waveguide modulator[33]. Figure 3(c) shows
the measured photocurrent with a reverse bias voltage at the
amplifier section and a current pump of 8 mA at the VCSEL.
Amaximum photocurrent of 0.5 mA is obtained with a reversed
voltage of −2V at the amplifier, which corresponds to an
absorbed power around 0.6 mW.
We show the amplifier function and beam steering perfor-

mance of the 850 nm VCSEL integrated with a 900 μm ampli-
fier/beam scanner. When a slow light is coupled from the
VCSEL, the coupled slow light is amplified in the amplifier
pumped above the threshold current. The measured far-field
pattern (FFP) when two sections are pumped simultaneously
is presented in Fig. 4(a), showing a narrow single peak at a
deflection angle of 19.5°. When the VCSEL is pumped at
8 mA and the amplifier is pumped at 100 mA CW current, a
single-peak FFP with a diffraction-limited narrow beam diver-
gence of 0.06° can be seen. It is close to the calculated diffraction
limit of 0.04° for a 900 μm long amplifier. The measurment
result of light/current (L/I) as a function of the amplifier current

with 8mA current pump at the VCSEL is shown in Fig. 4(b). The
output power is limited by the coupled power from the seed
VCSEL. Very recently, we proposed a surface grating loaded
seed VCSEL, which can offer larger coupling power. An output
power could be over 1 W. The result will be reported elsewhere.
A large area photo-detector is put above the device with a tilted
angle of 25° to avoid capturing the vertical emission power. An
output power of over 8 mW was obtained. Single-mode opera-
tion can be confirmed in the spectrum, as shown in Fig. 4(c).
Single-mode lasing at the wavelength of the seed VCSEL with
side-mode suppression ratio (SMSR) of over 25 dB can be wit-
nessed in the entire current range. Compared with the former

Fig. 3. (a) Measured spectrum of the VCSEL seed laser and amplifier pumped
separately when 30 nm of the phase control layer of VCSEL side is removed;
(b) experimentally measured NFP when the VCSEL seed laser and amplifier
are pumped separately; (c) photocurrent against reversed voltage at the
amplifier.
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result of the amplified lasing spectrum in Ref. [20], Fig. 4(c)
clearly shows that the single-mode stability of our new device
is improved thanks to the unidirectional behavior brought by
the resonant wavelength detuning design.
Continuous beam steering is carried out by changing the

injection current of the seed VCSEL, as shown in Fig. 4(d).
The lasing wavelength of the seed VCSEL can be electro-ther-
mally tuned continuously due to the self-heating effect[34,35].
A continuous change in the injection current of the seed
VCSEL leads to a continuous sweep of the beam deflection angle
from the amplifier. At the same time, when we change the pump
current in the amplifier, the refractive index of the amplifier will
also increase due to self-heating. As a result, the FFP angle will
increase when we increase the pump current, which provides the
push–pull operation for beam steering[36]. A beam divergence is
dependent on the injection current with the narrowest diver-
gence of around 0.06°. A total scanning range of 16° under
the push–pull pumping is achieved with a resolution of 200
points, which is a record high resolution for a non-mechanical
beam scanner with an integrated light souce. The side lobe of
FFP in Figs. 4(a) and 4(d) could be due to the non-uniform cur-
rent distribution in the amplifier, which is caused by a single-
probe measurement in the experiment. This could be improved
by wire-bonding for better current uniformity.
We also carried out the measurement of the beam steering

speed of the integrated device. By applying a sinusoidal modu-
lation current at the seed VCSEL, we are able to measure the
dynamic response of the beam steering. Figure 5(a) shows the
measured FFP with different modulation frequencies of the

Fig. 4. (a) Measured FFP of amplified slow light; (b) output power of the device under amplification against the pump current at the amplifier; (c) measured lasing
spectrum of the amplifier with the current pump; (d) continuous beam steering through push–pull current pumping.

Fig. 5. (a) Averaged FFP of the device when the VCSEL side is pumped by a
sinusoidal modulation current with modulation frequencies of 70 kHz and
10 kHz; (b) dynamic response of the beam steering.
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sinusoidal current. Since the capture time of the FFP camera is
much slower than the modulation frequency of the beam steer-
ing, the data show the averaged FFP. The full width of the aver-
aged FFP is shown as a function of the modulation frequency in
Fig. 5(b). The beam steering angle decreases as the modulation
frequency increases. The 3 dB bandwidth of beam steering is
over 70 kHz, which is much larger than that of mechanical beam
steering devices. It could be large enough for beam scanning
LiDAR with a typical frame rate of 30–50 frames per second.

4. Conclusion

The novel concept of the lateral integration of a VCSEL and
amplifier with unidirectional coupling is given for non-
mechanical beam scanners. The simulation and experimental
measurements of a VCSEL integrated non-mechanical beam
scanner with an amplifier function are demonstrated. We car-
ried out the design of a slow-light amplifier laterally integrated
with a VCSEL, which avoids mutual lateral coupling due to the
in-plane resonant wavelength detuning. We also experimentally
showed that slow light is coupled unidirectionally from the
VCSEL to the amplifier. Beam steering is able to be achieved
by simply changing the injection current at the VCSEL. The
device shows a single-mode power of over 8 mW for VCSELs
thanks to the amplifier integration.
We achieved a continuous beam steering range of 16°, beam

divergence below 0.1°, and, hence, a record number of resolution
points of over 200 for a solid-state beam scanner with the inte-
gration of a light source. After optimization of the designs and
fabrication processes, further enhancement of the pulsed single-
mode power up to 1 W is expected by extending the length of
amplifier to several millimeters (mm) since we confirmed the
output power is in proportion to the amplifier length. Also,
the number of resolution points could be improved at the same
time. Althoughwe only demonstrated the one-dimensional (1D)
beam steering of our device in this paper, 2D beam steering[37]

can also be achieved through fabricating a 1D array of our pro-
posed device and adding a cylindrical lens to the system. Our
integrated solid-state scanner is promising as a key component
in VCSEL photonics, providing a powerful engine for various
applications such as 3D camera and LiDAR thanks to its com-
pact and non-mechanical fashion.
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