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A Microstructured Laser With Modulated
Period for Beam Control
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Abstract—In this paper, a microstructured laser with modulated
periodic microstructures for beam control is proposed for the first
time. Lasers using modulated periodic microstructures can emit
beam with lower vertical divergence angle for the same number
of microstructures. And lasers with specific period length can
transmit beam in specific direction. These lasers emitting beams
with different emission directions can be integrated into an array.
And this array can be used directly as a transmitter chip of LiDAR.
Both simulation and experimental results show that the modulated
periodic microstructures can effectively reduce the vertical diver-
gence angle. In the experiment, the lowest vertical divergence angle
of 0.88° and a large angle sweep range of 41.5° have been obtained.
A horizontal divergence angle of 4.3° is achieved with the taper
structure. Typical optical power is 29 mW.

Index Terms—Modulated period, periodic microstructures,
laser array, vertical divergence angle.

I. INTRODUCTION

L IGHT detection and ranging (LiDAR) is broadly used in
the automatic pilot system and the remote sensing [1], [2].

So far, several types of LiDAR are developed by the researchers,
such as mechanical LiDAR [3], micro-electromechanical sys-
tem (MEMS) LiDAR [4], flash LiDAR [5], and optical phased
array (OPA) LiDAR [6]. However, these types of LiDAR have
different limitations in the application. The complex scanning
structure makes mechanical LiDAR expensive and vulnerable.
The MEMS LiDAR has a complex optical path but a small
scanning range. The flash LiDAR has shortage in pixel precision.
In addition, the OPA LiDAR has problems in light utilization
efficiency and integration of light sources. Therefore, we need
a new LiDAR with simple structure and low price. We hope
to fabricate a laser array as a LiDAR emitter chip by ordinary
process. And it can emit direction controllable beams without
mechanical component.
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Conventional semiconductor lasers have larger vertical di-
vergence angles (about 40°) and cannot be directly used for
LiDAR. Although researchers reported some technologies for
reducing the divergence angle, such as coupled waveguide [7],
asymmetric waveguide [8], coupled large optical cavity [9],
ridge waveguide [10], modified Bragg-like waveguide [11],
super large optical cavity [12], and hybrid extended-distributed
Bragg reflector [13], the vertical divergence angle is still difficult
to be less than 10°. In order to solve this problem, microstructure
is designed to control the direction angle and lower the vertical
divergence angle. Yejin Zhang et al. have proposed a slotted
single-mode laser with directional angle of 54.6° and a vertical
divergence angle of 1.7° [14]. Xuefan Yin et al. have indicated
that the topological defect guides unidirectional resonances to
change direction of the beam emission [15]. Ahmed M. A. Has-
san et al. have fabricated a vertical cavity surface-emitting laser
with surface slots, and a very low divergence angle is achieved
in specific direction [16]. Yanmei Su et al. have reported a
direction tunable microstructured laser array with vertical di-
vergence angles ranging from 1.3° to 3.5° [17]. However, as a
lidar emitting chip, its performance characteristics may still be
improved, particularly in terms of divergence angles and optical
output power.

For the first time, modulated periodic microstructures are
employed to lower the divergence angle of laser in this paper.
This modulation methods allows to achieve a lower vertical
divergence angle for the same number of microstructures. Mean-
while, it can change the direction of the beam emission. During
the experiment, the emission direction of the beam changes from
69° (period of 8 μm) to 27.5° (period of 18 μm). The vertical
divergence angles range from 0.88° to 2.59° and the horizontal
divergence angles is around 4.3°. In addition, 29 mW optical
power output is obtained.

II. DEVICE STRUCTURE

The ridge waveguide lasers are manufactured by III-V epitax-
ial wafer, as shown in Table I [17]. The wavelength of the laser
is 1550 nm. Microstructures are etched into the ridge waveguide
to adjust emission direction of beam and lower the vertical
divergence angle.

The active region is composed of five pairs of quantum
wells. Each pair of quantum well contains [Al0.24Ga]In0.71As
layer and [Al0.44Ga]In0.49As layer. The active region is covered
by 0.12 μm-thick separate confinement heterostructure (SCH)
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TABLE I
ALGAINAS/INP MATERIAL STRUCTURE OF THE III-V EPITAXIAL WAFER

layer. The 1.67 μm-thick cladding layer, and 0.25 μm-thick
p-type contact layer is grown on the SCH layer as the waveguide
layer.

In this work, fifteen microstructures are etched into the ridge
waveguide to control the beam emitting direction and lower the
vertical divergence angle. In addition, the arrangement of the mi-
crostructures makes a significant difference in managing the ver-
tical divergence angle of the beams. A reasonable arrangement of
the microstructures can achieve a lower vertical divergence angle
in the same number of microstructures. The fifteen microstruc-
tures are split into three portions. And microstructures of each
portion are arranged in varied period lengths. A 150 μm-thick
laser array model is built for simulation. The period length and
the size of the microstructures are optimized to strengthen the
property of the lasers. Each laser can be individually designed
to emit beam with low divergence angle in specific direction.
These lasers with specific emission direction are integrated into
an array chip to serve as the transmitter chip for the LiDAR.

As shown in Fig. 1(a), a taper structure is designed on the top
to extend width of the ridge from 10 μm to 40 μm. And fifteen
microstructures in three portions are arranged into different
period length. The period lengths of the three parts are arranged
in arithmetic progression of 3:2:1. The period length of the third
part is the shortest of the three portions. In this work, the term
‘period length’ refers specifically to the period length of the third
part. The X, Y and Z direction refer to the longitudinal, vertical,
and horizontal direction, respectively. The cavity length of the
laser is 2000 μm. Width, and depth of the microstructures are
1.1 μm and 1.4 μm, respectively.

As shown in Fig. 1(b), the difference in the period length of
microstructures is 0.5 μm for two adjacent lasers. The period
length is increased from 8 μm to 18 μm, and a total of 21 lasers
are integrated into the array.

III. DEVICE CHARACTERISTICS AND ANALYSIS

The divergence angle of the far-field is positively correlated
with the size of the light emitting area in the near-field. For
the microstructured laser, a direct way to decrease the diver-
gence angle of the far-field spot is to increase the number of
microstructures. Nevertheless, it is shown that the energy loss
from a microstructure in the waveguide is fixed [18]. Increasing

Fig. 1. (a) Structure diagram of the microstructured laser. (b) Schematic of
the light emitting of the laser array.

the number of microstructures infinitely will greatly affect the
output power of the laser.

In addition, the relationship between the emission angle of
the beam and the period length of the microstructures is given
by (1) [19].

sin θ =
mλ

Λ
, (1)

where the Λ is the period length of the microstructures, the θ is
diffraction angle, m is diffraction order and λ is the wavelength.

Let Λn = nΛ and mn = nm to obtain (2):

sin θ =
mnλ

Λn
, n = 1, 2, 3 · · · , (2)

where the Λn is n times the period length of microstructures.
And mn is the nm order diffraction peak. According to (2),
an integer multiple increase in the period length produces the
diffraction peak of the beam at the same angle. The diffraction
peak at this angle changes from the originalm order tonm order.

In addition, the (3) is deduced from (1):

sin θm+1 − sin θm =
λ

Λ
, (3)

where θm+1 is the diffraction angle of m+ 1 order diffraction
peak, and θm is the angle of m order. From (3), the difference
between the angles of adjacent diffraction peaks is inversely
proportional to the period length.

In this work, the arrangement of the three portions microstruc-
tures will produce the diffraction peak at same angle while
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Fig. 2. (a) The optical transmission diagram of the longitudinal direction (XY
cross section) and (b) the vertical far-field of microstructured laser with period
length of 12 µm from simulation.

expanding the near-field spot. This arrangement allows to ob-
tain smaller vertical divergence angles for the same number of
microstructures and avoids introducing additional energy losses.

The optical performances of twenty-one lasers with differ-
ent period length are simulated by beam propagation method
(BPM). The near-field is converted to the far-field by Fourier
formula (4) [20].

I (θ) =

∣∣∣∣cos θ
∫ ∞

−∞
ũ (y) ei

2πy
λ

sin θdy

∣∣∣∣
2

, (4)

where ũ(y) is the near-field of the laser, and I(θ) is the relative
intensity of far-field.

Fig. 2(a) shows the optical transmission diagram of longitu-
dinal direction of the microstructured laser. The cavity length of
the microstructured laser is 2000 μm, and the period length is
12μm. The vertical far-field inferred by (4) from the near-field of
the emitting surface is shown in Fig. 2(b). Under the influence of
the modulated periodic microstructures, the emission direction
of 40.75° is realized, and the vertical divergence angle as low as
1.36°.

Fig. 3. The simulation results of (a) Vertical emission angles and (b) Vertical
divergence angles.

Fig. 3 shows the simulation results of the vertical emission
angle and vertical divergence angle as a function of period
length. In Fig. 3(a), as the period length increases from 8 μm
to 18 μm, the vertical emission angle changes from 68.25° to
21.75°. And the vertical divergence angles of 21 lasers range
from 3.36° to 1.27° as the period length changed.

According to the simulation results, two kinds of microstruc-
tured laser arrays with different arrangements of microstructures
are fabricated to test performances. One is the lasers with uni-
form periodic microstructures and the other with the modulated
periodic microstructures (Fig. 4).

The far-field characteristics of the microstructured lasers are
tested by a scanning method at room temperature. The Fig. 5
shows the vertical far-field diagram of the lasers with different
arrangements of microstructures at the period length of 12 μm.
Under the influence of microstructures, the emission directions
of both lasers are about 44°. However, for the same number
of microstructures, the vertical divergence angle of the mod-
ulated periodic laser is as low as 0.88°. It is a quarter of the
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Fig. 4. The photograph of the array chip with modulated periodic microstruc-
tured lasers.

Fig. 5. The vertical far-field diagram of the lasers with different arrangement
of microstructures at the period length of 12 µm.

vertical divergence angle of the uniform periodic laser. That
demonstrates the excellent performance of the modulated peri-
odic microstructures in reducing the vertical divergence angle.
According to (3), an increase in the period length brings the
adjacent diffraction peaks close together. In the far-field diagram
of modulated periodic laser, the lower intensity diffraction peaks
between 10° and 30° are diffracted by microstructures with lager
period lengths of fifteen microstructures. And the secondary
diffraction peak robs the energy that originally leaks from the end
face of the active region. Our next work is to seek for solution to
reduce the divergence angle of the main peak while suppressing
the secondary diffraction peaks and the energy loss from active
region.

In Fig. 6, The vertical emission angle and vertical divergence
angle of modulated periodic lasers are compared with uniform
periodic lasers. As the period length increased from 8 μm to
18 μm, the emission angles of both lasers are correspondingly
reduced from 69° to 27.5°. It means that the emission direction

Fig. 6. The comparison of modulated periodic lasers and uniform periodic
lasers of (a) the vertical emission angle and (b) Vertical divergence angle.

of the beam is not related to the arrangement of microstructures.
As shown in Fig. 6(b), the vertical divergence angle of the
modulated periodic lasers is controlled between 2.58° and 0.88°
with the period length changed from 8 μm to 18 μm. This result
is much better than the lasers with uniform periodic microstruc-
tures. It indicates that the modulated periodic microstructures
have an excellent effect on reducing the vertical divergence
angle.

The output powers are measured by the Thorlab PM16-401
power meter at the room temperature. And the high-reflection
coating is coated on the cavity surface of taper laser. Fig. 7
shows the typical light output power and voltage versus the
continuous injection current of modulated periodic and uni-
form periodic lasers. For the uniform periodic laser, the typical
power output and the threshold current is 24 mW and 180
mA, respectively. The typical output power and the threshold
current of the modulated periodic laser is 29 mW and 200 mA,
respectively. The arrangement of the microstructures does not
affect the power-current-voltage characteristics of the lasers.
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Fig. 7. Light output power and voltage versus the continuous injection current
of modulated periodic and uniform periodic lasers.

Fig. 8. Comparison of the simulation and the experimental results of
(a) Vertical emission angles and (b) Vertical divergence angles.

Fig. 9. Comparison of horizontal divergence angle between taper laser and
straight ridge laser.

And the difference between modulated periodic and uniform
periodic laser stems from deviation in production process (like
the homogeneity of high-reflection coating).

Fig. 8 shows the comparison of the simulation and the ex-
perimental results of the modulated periodic lasers. In Fig. 8(a),
with the changes of period length, the emission angle of beams
changes from 69° to 27.45°. And the vertical divergence an-
gles of 21 lasers are shown in Fig. 8(b), which change from
2.59° to 0.88° with the period length changed. The experi-
mental results basically conform to the trend of the simulation
results.

In practical applications, a small horizontal divergence angle
is desired. The taper structure is designed to lower the horizontal
divergence angle. Fig. 9 shows the difference in horizontal
divergence angle between taper laser and straight ridge laser.
The ridge width and the cavity length of the straight ridge is
10 μm and 2000 μm, respectively. The horizontal divergence
angle of the taper laser is 4.3°, which is one-third of the hori-
zontal divergence angle of straight ridge laser. The taper struc-
ture has obvious superiority in reducing horizontal divergence
angle.

IV. CONCLUSION

These experiments confirmed that the modulated periodic
microstructures using arithmetic progression can effectively
reduce the vertical divergence angle for the same number of
microstructures. And the emission direction of the beams can be
well controlled. In this work, based on the effective refractive
index approximation and finite difference beam propagation
method, the lasers with modulated periodic microstructures are
simulated. And an array chip with modulated periodic lasers
is fabricated to test. Both simulation and experimental results
show the excellent performance of the modulated periodic
microstructures in reducing the vertical divergence angle. A
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vertical divergence angle as low as 0.88° and emission direc-
tion angles in the range of 27.5° to 69° are obtained in the
experiment. Typical optical power is 29 mW with high-reflection
coating. The laser with modulated periodic microstructures has
a marvelous development prospect. In addition, the laser array
requires only low-cost i-line projection photolithography during
the whole fabrication process. The modulated periodic lasers
can emit beams with a low vertical divergence angle. And each
laser unit launches in a specified direction. Integrating differ-
ent numbers of lasers with modulated periodic microstructures
into an array as a scanning chip for LiDAR to meet different
requirements. Combined with the driving circuit, fast scanning
in different direction can be achieved.
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