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Abstract: We demonstrate the monolithic integration of an electro-
thermal beam deflector based on a slow-light Bragg reflector
waveguide with a VCSEL for the first time. The slow-light mode is
laterally exited from a VCSEL and is directly coupled to the slow-
light waveguide. The chip size is smaller than 300 yum. The fabrica-
tion process is the same as that of conventional VCSELs. Continuous
electro-thermal beam steering of over 9° with a diffraction-limited
divergence angle of 2.2° is obtained. In addition, a potential in
compact and high-resolution on-chip beam deflectors is suggested.
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1 Introduction

Optical beam deflectors/scanners have been key components for various
fields such as sensing, imaging, free-space switching and so on [1, 2]. A
mechanical scanner with a rotated polygonal mirror has been widely used
because of its high resolution performance. However, those devices are
bulky and the speed of steering is also slow. There have been various
approaches using laser diodes for beam steering including in-plane laser
arrays, photonic crystal lasers, phase-locked VCSEL arrays and so on [3, 4,
5]. While non-mechanical beam steering was demonstrated, the number of
resolution points N (= 0,,,4:/64i,), which can be defined as the maximum
beam-steering angle @,,,,, divided by a beam divergence angle 0, has been
limited below 100. The number of resolution-points N is needed to be over
1,000 for practical applications. We recently proposed a beam steering
device based on a slow-light Bragg reflector waveguide [6] whose structure
is the same as that of conventional VCSELs [7]. We found that the
deflection angle of output radiated from a slow-light waveguide can be
widely tuned by changing the wavelength of an external light source thanks
to the giant waveguide dispersion [8] of a Bragg reflector waveguide. Also, a
diffraction-limited pattern of a narrow divergence angle of below 0.1° can be
obtained at the same time. We demonstrated the ultra-high resolution-
points over 1000, which is the highest number ever reported in non-
mechanical beam steering devices [9, 10, 11, 12]. However an external light
source was needed for our beam steering devices. If we integrate a VCSEL
and a beam deflector, an on-chip beam steering device can be realized in a
compact fashion. We already proposed and demonstrated the lateral
integration of a VCSEL and a slow-light amplifier/modulator [13, 14, 15].
The same structure could be applied for an on-chip beam steering device.

In this paper, we demonstrate a VCSEL based on-chip beam deflector
involving a 980nm VCSEL with a laterally coupled slow-light Bragg
reflector waveguide. Continuous beam steering is demonstrated by electro-
thermal tuning.

2 Structure

We fabricated a VCSEL based on-chip beam deflector consisting of a
980 nm InGaAs QW VCSEL and a laterally coupled slow-light waveguide.
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The schematic view and the top view of a fabricated device are shown in
Figs. 1 (a) and (b), respectively. The wafer structure is the same as that of
conventional 980 nm top-emitting VCSELs. An active region which consists
of triple Iny,GaggAs MQWSs and one — A cavity are sandwiched by top and
bottom distributed Bragg reflector mirrors (DBR). The vertical emission of
the VCSEL is inhibited by covering with a top electrode, which makes the
portion of confined light to be coupled into a slow-light waveguide. The
Bragg reflector waveguide can support the lateral guiding of a slow-light
mode with giant waveguide dispersion. The output is taken from the
surface of a slow-light waveguide functioning as a beam deflector. The top
mirror is composed of 25-pairs of Alj16GaggsAs/AlygeGagegAs DBR for
getting the output from the surface of a slow-light waveguide. On the
other hand, the bottom mirror is composed of 40-pairs Alj6GaggsAs/
Aly92GagosAs DBR, providing almost 100% reflection. The gain region of
the VCSEL are 12 pum X 12 pum which was defined by the lateral wet-
oxidation process of an AlAs layer. Two top p-type electrodes are formed on
the surface of the integrated chip. One is for injecting current into a
VCSEL. The other one is used for electro-thermal tuning of the refractive
index of the slow-light waveguide. By flowing current between the two
electrodes IypaT, the surface of the slow-light waveguide is heated, resulting
the refractive index change of the waveguide. The spacing between the top
electrodes of the VCSEL and the slow-light waveguide is 40 um. A part of
mesa is etched by inductively-coupled plasma etching for efficient electro-
thermal tuning. The fabrication process is the same as that of conventional
VCSEL:s.
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Fig. 1. (a) Schematic structure and (b) top view of an
integrated beam steering device.
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3 On-chip electro-thermal beam steering

The I-L-V characteristic and the lasing spectrum of a VCSEL, exhibiting a
single mode operation, are shown in Figs. 2 (a) and (b), respectively. Its
relatively high threshold comes from a lateral leakage current into a slow-
light waveguide, which can be avoided by introducing an electrical isolation
using proton implantation. The measured near-field pattern (NFP) and far-
field pattern (FFP) are shown in Fig. 3 when an injection current into a
VCSEL is 6.8 mA. The position 0 um indicates the point of the edge of the
top VCSEL electrode. We can clearly see the lateral excitation of a slow-
light mode from a VCSEL to a Bragg reflector waveguide. According to the
propagation length (20 um) observed in the measured NFP, we can
estimate a diffraction-limited divergence angle of 2.8°, which is in agreement
of the measured value. This indicates the radiated field from the Bragg
reflector waveguide is diffraction-limited.
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Fig. 2. (a) I L-V characteristics and (b) lasing spectrum
at bias current of 6.8 mA.
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Fig. 3. (a) Measured near-field pattern. (b) Measured far-
field pattern. The injection current is 6.8 mA.
Position 0 pm indicates the edge of VCSEL top
electrode in NFP.

The operating principle of our integrated beam scanner is based on the
giant waveguide dispersion of a Bragg reflector waveguide. It is noted that
the slow-light mode propagation constant 3 is highly dispersive in a Bragg
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reflector waveguide [8], which makes a large beam steering angle possible
[6]. Following the Snell’s law, the deflection angle 6, is approximately given

by [6]
o Aveser \ (1)
sl = Ny X |1 — .

where n,, is a refractive index of the waveguide, Aycgp; is a lasing
wavelength of the VCSEL and A, is a cut-off wavelength of a Bragg
reflector waveguide. Equation (1) shows that the deflection angle 6, can be
tuned by changing either the input wavelength Aycgg, or the cut-off
wavelength of the slow-light waveguide ..

When we increase the heater current IygaT, the waveguide is heated up
and ). is larger, and hence the deflection angle is increased. On the other
hand, if we keep the A, constant while thermally changing \ycggr by
increasing the VCSEL current by (Alycsgr), the deflection angle can be
decreased. Therefore, the deflection angle 6, can be tuned by changing
either the injection current into the VCSEL or the heater current of the
slow-light waveguide surface.

We carried out beam steering by changing either the VCSEL current
(Iycser) or changing the heater current (Iggat). Figures 4 (a) and (b) show
the measured FFP with changing Alycser, and Iggar, separately.
Figure 4 (c¢) shows the deflection angle as a function of the deviation of
the two currents. We can see the change of deflection angles depending on
Alycger, and Iggar. Here, the multiple-peak ripples in the FFP can be seen.
In our fabricated device, the side of the mesa was etched for efficient
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Fig. 4. Far-field patterns controlled by currents in a
VCSEL (Alycsgr) (a) and an on-chip heater
(Igeat) (b), and deflection angle as a function of
controlling currents (c).
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electro-thermal tuning as shown in Fig. 1 (b). The boundary between the
VCSEL and the etched region makes noticeable scattering, which may
contribute to lower angles radiation apart from the main lobe of the FFP
with increasing the heater current. The interference between the scattering
and the radiation from the slow-light waveguide may cause the ripples in
Fig. 4. This could be avoided by eliminating the scattering. Careful design
of side-etching and/or the use of other electrical isolation technique for
efficient electro-thermal tunign such as proton-implantation could be great
help.

We obtained continuous beam steering of over 9° for the main lobe.
From the experiment, we estimate a local temperature change of
approximately 50 K. The number of resolution points N, which is defined
by te ratio of the maximum beam steering range A6,,,,, and divergence
angle 04, [6], is limited to approximately 4 in the present device. In order to
increase N, not only larger A#,,,,, but also smaller 64, is important. The
divergence angle 64, depends on the propagation length L. We are able to
obtain smaller divergence angles with increasing the propagation length in
a lower-loss Bragg reflector waveguide. The divergence angle in the present
device is mainly limited by the absorption loss and the radiation loss in the
slow light waveguide. These losses can be reduced by injecting current in
the slow light waveguide to compensate the propagation loss and increasing
the number of pairs of the top DBR. We could obtain a few mm
propagation length resulting in a divergence angle of below 0.04° in a
solitary beam scanner [12].

Figure 5 shows the calculated number of resolution-points N as a
function of temperature changes and propagation length L in a Bragg
reflector waveguide. As shown in Fig. 5, we expect a much larger number of
resolution-points over 100 by increasing the propagation length over
500 pum in the Bragg reflector waveguide, which could be realized by
injecting current in the slow-light waveguide to compensate the propaga-
tion loss and/or increasing the top mirror reflectivity [9].

Another possibility for a higher-resolution on-chip beam deflector is to
integrate a widely-tunable MEMS VCSEL and a slow-light amplifier [16].
This scheme enables a tunable steering angle of over 30 A number of
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Fig. 5. Number of resolution-points as a function of
temperature change and propagation length in
Bragg reflector waveguide.
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resolution-points over 300 can be expected by combining this large steering
angle with a small divergence angle below 0.1 which can be obtained in
case of 1 mm long propagation length. The tuning speed of MEMS VCSELSs
is typically a few hundred kHz which is 100 times faster than that of
polygonal mirror beam scanners. Thus, the lateral integration of a MEMS
VCSEL and our slow-light beam scanner could be an alternative for higher-
resolutions without sacrificing the steering speed and compactness. An on-
chip beam deflector based on VCSEL, which has a number of resolution-
points over several hundreds, can be expected by combining these
approaches such as reducing the propagation losses for a small divergence
angle and the integration of a widely tunable MEMS VCSEL for a larger
beam steering angle.

4 Conclusion

We demonstrated the on-chip electro-thermal beam deflector based on a
highly-dispersive Bragg reflector waveguide laterally integrated with a
VCSEL. A diffraction-limited divergence angle of 2.2" and continuous beam
steering of over 9° were obtained by changing the current in a VCSEL and
the heater current. A potential in compact (<500 pum) and high resolution
(>100) on-chip electro-thermal beam deflector is suggested. Our lateral
integration scheme may open up new functionalities in VCSELs.
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