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Abstract: High-power semiconductor laser has more significant applications in long distance and
high-reliability optical communication systems. It is noticed that the packaging plays an important
role in the performance of high-power semiconductor laser, including high output power, high
coupling efficiency, low relative intensity noise (RIN), and so on. Usually, in a symmetrical optical
path, the light, which incident directly parallel to the optical axis of the lens, will be partially reflected
back to the laser and cause noise. To solve this problem, a novel asymmetric optical path is designed
and implemented to meet the requirement of using a high-power laser with low RIN in this work.
By employing an isolator between the first and second lens, the laser with high beam quality and
low reflection of the signal was achieved. Moreover, the optical focal length of the collimating lens
and the angle of the inclined lens were optimized by simulation. The proposed laser exhibited
high coupling efficiency with a RIN of —168.89 dB/Hz. According to theoretical and experimental
analysis, the performance of the laser will be helpful in fabricating a high-power laser with low RIN
for next-generation optical communication.

Keywords: high-power laser; relative intensity noise; optical path; packaging

1. Introduction

In recent years, improving the speed of optical communication systems has increas-
ingly been a requirement for developing high-power semiconductor lasers [1]. As demands
on the performance of high-power semiconductor lasers increase, new packaging tech-
niques must be developed to meet the demands for high power, high reliability, low relative
intensity noise (RIN), and low cost. Numerous improvements such as soldering technique,
thermal management, and optical output system have been made to the packing technology.
It is worth noting that a single laser chip is the basic unit of a packaged high-power semi-
conductor laser. Furthermore, the RIN plays an important role in packaging technology,
limiting the performance and reliability of high-power semiconductor lasers [2].

According to the working principle of a laser chip, the light emission of the laser
chip is stimulated radiation [3]. Specifically, an electron in the excited state transitions a
radiated photon to a lower energy or ground state, which possesses the same frequency,
phase, propagation direction, and polarization state characteristics as external photons [4,5].
Unfortunately, due to the optical reflection, the emitted photons by stimulating radiation
will introduce an extra system noise under the interference condition [6]. It was reported
that the RIN value of a high-power laser is mostly controlled between —165 dB/Hz and
—150 dB/Hz, which is unable to meet the standard requirements in 5G optical communica-
tion [7-11].

In this work, a novel packaging optical path for enhancing the performance of high-
power semiconductor laser is proposed. An isolator is utilized to achieve high beam
quality and low signal reflection. Moreover, the optical focal length of the collimating
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lens and the angle of the inclined lens were optimized by simulation. The average RIN
valve of —168.89 dB/Hz was obtained. Besides, the angle between the beam axis of the
semiconductor laser chip and the lens axis is also demonstrated. This work provides
a feasible path for realizing low RIN optical path design in the optical communication
field, which is sufficient to meet the requirements of improving the system rate of the
sixth-generation (6G) optical communication in the future.

2. Materials and Methods
2.1. Optical Path Design

The principle diagram of the double lens optical path of the optical transmitter is
shown in Figure 1. The optical emission chip as the light source emits Gaussian light,
which becomes parallel light after passing through the collimating lens, and converges
into the optical fiber core after reaching the focusing lens through the isolator. Figure 2
displays the results of the simulation. It was found that coupling efficiency was 93.45% with
1550 nm. However, the optical centers of all components are on the same optical axis in
this optical path system. This kind of coaxial optical system can induce extra RIN, and the
RIN can only reach —150 dB/Hz. Simultaneously, the light from the chip is reflected onto
the chip through subsequent optical elements, causing laser damage. In order to solve this
problem, the optical system was optimized and simulated by ZEMAX software. Meanwhile,
the evaluation function in ZEMAX was used to restrict some parameters, including the
curvature radius of the lens, aspherical coefficient, material, etc. The coupling efficiency
is guaranteed, and the back loss by the eccentricity of the light source or tilt of the lens is
reduced. The setting parameters are shown in Table 1. The double lens optical path model
after finish optimization is shown in Figure 3. It is observed that the eccentric distance of
the light source along the x-axis direction is 50 um, and the collimating lens is inclined by
3°. The proposed packaged single laser exhibited good RIN with a high coupling efficiency
of 88.92%, shown in Figure 4.

Table 1. Setting Parameters of Zemax.

Collimating lens Focal lens
Material VCSEL-LENS K-PBK40
Mechanical half diameter/mm 0.275 mm 0.275 mm
Aperture/mm 0.25 mm 0.275 mm
Thickness/mm 0.72 1.1
Focal length/mm 0.17 1.9
Radius of curvature 0.754 —0.482 1.4 —8.632
Aspheric coefficient —24.476 —1.079 —0.101 —74.471
Forth term coefficient 0.006406 —0.298 —0.017 0.017
Sixth term coefficient —-0.192 0.519 —0.001632 0.028
Eighth term coefficient / 0.891 —0.002056 —0.018
Tenth term coefficient / 1.532 —3.025 /

LD CHIP

Figure 1. Ideal optical path model of high-power laser.
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Figure 2. Coupling efficiency simulation of Ideal optical path model.
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Figure 3. Optical path model after finish optimization.
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Figure 4. Coupling efficiency simulation of an optimized optical path model.

2.2. Device Assembly

The optical path of the optical device proposed in this paper requires optical compo-
nents such as a lens and isolator to form a certain offset with the laser chip. High precision
die bonder and multidimensional active optical path coupling system are needed in the
assembly process. Firstly, the position of the laser chip is fixed with a die bonder with an
accuracy of 5 um. This position is the result of an optical strategy optimization. Secondly,
the first lens was coupled using a multidimensional active optical path coupling system.
By adjusting the position of the first lens, there is a minimum light spot on the mode field
analyzer, as Figure 5 shown. Meanwhile, the position change of the light spot at 1000 mm
is less than 500 um. Then the isolator was placed according to the same principle of placing
the first lens. In the process of placing the isolator, it is necessary to ensure that the optical
path insertion loss should be less than 0.3 dB. Finally, a second lens was placed according
to the designed position to couple the light into the optical fiber, which can ensure the
coupling efficiency above 85%.

These results indicated that the high coupling efficiency of above 80% could be
achieved through fine-tuning the optical elements to make the laser chip offset along
the x-axis direction and rotating the tilt angle of the collimating lens to realize low RIN. At
the same time, the eccentricity can reach 50 um, and the angle rotation can be greater than
1.8°. During the adjustment, eight dimensions (xq,x2,y1,y2,2,0x,0y,0, Xyz are axial motion,
0 is angle motion) are required to adjust with a step accuracy greater than 0.5 pm.
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Figure 5. Measurement of laser spot after laser chip collimation with beam scan.

3. Results and Discussion
3.1. Theoretical Analysis

Most high-power laser adopts a dual-lens structure because of its high coupling
efficiency [12,13]. The coupling efficiency of dual-lens structure simulation can reach more
than 95%, but the coupling efficiency achieved by the actual process can only reach 80%.
The coupling efficiency of single lens structure simulation is only 85%, and the coupling
efficiency achieved by the actual process is only 65% [14]. The ideal optical path is shown
in Figure 1. The light emitted by the laser chip passes through the first collimator lens
to become parallel light and then passes through the second lens to converge into the
optical fiber.

The output beam of the semiconductor laser is a paraxial wave, and the energy of
the beam gradually diverges along the axis z direction, which is distributed as a Gaussian
beam [15]. The change of Gaussian beam w(z) with the axial distance z is shown in Figure 6.
At z = 0, the beam width of w(0) = wy is the smallest, which is called the beam waist
position. At z = £zj, w(xzp) = wy, In/z/ > zy, w(z) changes linearly with z: w(z) = z,
at this point, the equal phase surface is approximately spherical [16]. The optical field
distribution of semiconductor laser is usually described by the near field and far field
properties. The range of z = £z is called the Rayleigh range of the Gaussian beam, and the
near-field region refers to the region between the beam waist and Rayleigh length, and the
region of z > zj is called the far-field region [17].

20, beam waist

Figure 6. Schematic of Gaussian beam radius.

In order to improve the beam quality and reduce the impact of reflection on the signal,
an isolator between the first and second lens is placed. The purpose is to prevent the light
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passing through the isolator from reflecting the original path into the chip. The generated
spontaneous radiation will affect the beam quality. The working principle of the isolator
for the incident and reflected light beam is shown in Figure 7. The isolator consists of three
parts: one 0° polarizer and two 45° polarizers. During the assembly of the isolator, the
position of the 0° polarizer should be consistent with the polarization direction of the laser
chip, so the light emitted by the laser chip can pass through the 0° polarizer without loss, as
shown in Figure 7a. The 45° polarizer rotates the polarization direction of the laser light to
45° and then passes through the 45° polarizer. In other words, the beam passes through the
isolator and changes from horizontal polarization to 45° polarization. After passing through
the isolator, the reflected light beam will change from 45° polarization to 90° polarization,
which is exactly perpendicular to the direction of the 0° polarizer, thus preventing the light
beam from injecting into the laser chip, as shown in Figure 7b. The isolation of the isolator
needs more than 50 dB, and the insertion loss needs less than 0.3 dB. For example, as in
Figure 8, the laser output power P1 is 10 dBm (100 mW); after passing through, the power
Pmin will be 9.7 dBm. On the other side, if 2% (100 mW x 2% =2 mW = 3.01 dBm) power
was reflected as P2. the remaining power Pmax should be less than —46.99 dBm.

Magnet
s : N

Output Input

m—— Kt L
Polarizer 0° Faraday Rotator  Polarizer 45° Polarizer 0° Faraday Rotator Polarizer 45°
| ELTTTTIEREERRE e, 1 grimsi

Laser Light path direction of isolator Laser Light path direction of isolator
(a) (b)

Figure 7. Working principle of the isolator (a) output light path (b) feedback light path.

P1=10dBm Pmin=9.7dBm

Pmax=-46.99dBm P2=3.01dBm

Figure 8. Output power through isolator.

3.2. Packaging and Testing

The light path of the 100 mw laser chip package after collimating the light spot is
shown in Figure 4. The light quality meets the design requirements through the collimator
lens. The beam analyzer measured the spot position at 10 cm and 100 cm, and the spot
center deviation was less than 0.5 mm. The Gaussian beam can be acquired using the

following equation [18]
2
E— EO& r

W(Z) exp(_m) (1)
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where z is the distance propagated from the plane when the wavefront is flat, Wy is the
radius of the irradiance contour at the plane, and W(z) is the radius of the 1/ e? contour
after the wave has propagated a distance z. When the amplitude has fallen to 1/e? of the
maximum value within the beam section, the distance from the optical axis is defined as
the spot radius.

r=W(z) 2)

From the definition of W(z), we can get:

2 2
W(z)_zﬁz1 3)
VVbz ZO2

The calculated change ratio of 10 cm collimation spot diameter and 100 cm spot
diameter was less than 0.005, and the actual change ratio of spot diameter was 0.003. The
optical fiber welding process was carried out after packaging the second lens. Finally, the
fiber input power of the laser was measured to be 81 mW, that is, the packaging coupling
efficiency reached 80%. Meanwhile, testing the RIN performance by using the system is
shown in Figure 9. PD device was needed to transform the optical signal into an electronic
signal; the signal analyzer can conclude the relative intensity noise of this laser. It can be
observed in Figure 10 that the RIN of the laser is still very high, even at high coupling
efficiency. Meanwhile, there was a strong feedback signal at around 2.8 GHz.

. Optical [ lor— |
Laser Device O Splitter 5 o Signal
Undor Tast Rl ‘ Electrical \ Amplifier e

Reciver

v Variable
reflector

Figure 9. RIN test system.

RIN (Laser) = -141.20@ dB/Hz
— RIN (System) = -148.93 dB/Hz
— Thermal Noise Term = -156.25 dB/Hz
Shot Noise Term = -156.84 dB/Hz
g AL -18.6@ dBm MKR #1 FRO 2.808 GHz
ATTEN 1 dR QW OFT -EF.9F dBm (T Hz)
i S
AVG PWR 3{H dBm QP T SAMALE
MARKER
c.BW| GHz
=55 836dBm—Hz)
™
) X ; ) Y
Wl A
START B Hz STOP 2080 GH:
RE 3.80 MHz  UB 380 kH: ST 277.8 msec

Figure 10. Relative intensity noise test of laser.

3.3. Optimization and Test of Optical Path Reflection

It is very difficult to achieve a coupling efficiency of 80% based on the actual process
level, but only 20% of the light energy is reflected. At present, most high-power laser chips
are directly modulated laser (DML) chips, so the influence of the 20% optical path reflection
is very serious. How to avoid the reflected light from affecting the laser chip is the main
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point of the design. Figure 11 shows the optical path model for lenses near focus and with
partial focus. Defocusing between chip and lens is unavoidable in the actual packaging
process. Defocusing will cause the reflected light to enter the laser chip region, which will
interfere with the laser chip’s luminescence and generate noise, as shown in Figure 12a.
The laser region diameter of the laser chip is generally about 2 pm. The effective way to
ensure the coupling efficiency is to make the lens and chip at a 3° angle; this design can
avoid reflected light entering the active region, as shown in Figure 12b.

e
ANy |

Off Focal Point Fiber loss power

(a)

Off Optical Axis Fiber can not get power
(b)

Figure 11. Actual optical path model of laser (a) lens near focus (b) lens with partial focus.

. Collimator
Laser chip Feedback
Laser source
(a)
Laser chip Basiibadlk Collimator

(b)

Figure 12. Schematic diagram of laser beam and feedback between laser chip and collimation lens
(a) laser chip and collimator lens without angle (b) laser chip and collimator lens with angle.

Using software simulation, it has been found that lengthening the focal length of the
collimating lens can achieve higher coupling efficiency and lower laser region reflection.
When the collimating lens is generally at a distance of about 0.2 mm, some reflected light
can still enter the chip. The optical path of the lens is shown in Figure 13. When the focal
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length is about 0.6 mm, it can be seen that it is more challenging for the reflected light
to enter the chip. After optimization, the theoretical coupling efficiency can reach more
than 92%.

) Collimator
Laser chip Feedback
v‘ \
v E—
—_—
(a)
Feedback Collimator

Laser chip

\

1
1
1
1

(b)

Figure 13. Schematic diagram of the laser beam and feedback with longer work distance collimation

lens (a) short work distance (b) long work distance.

From the above theoretical analysis, the practical packaging experiments were con-
ducted, and the coupling efficiency measured in practice was still up to 80%, which was
the same as the previous coupling efficiency. It can be seen in Figure 14 that the RIN of the
laser is about —169 dB/Hz with good performance.

"

RIN (Laser)
— RIN (System)

— Thermal Noise Term

-168.89 dB/Hz*
-152.89 dB/Hz
-155.75 dB/Hz

Shot Noise Term

-155.83 dB/Hz

RL -1@.88 dBm HKR 31 FRA 6.88 GH:
ATTEN T ¥ [0 TOPT | -70.15 §Bm (0 Hz)
S 88|-4B 0 | | 1 |
AVG PUR 2]8 dBn 0P 1 ' | SAMPLE
MARKER | , '

E.80/GHz | I |

7245 dBa (L Hz) -

Figure 14. RIN test result of high-power laser after optimization.
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4. Conclusions

Although the coupling efficiency of the optical path during laser assembling is im-
proved, about 20% of the laser power can still be reflected. Some reflected power can enter
the chip's laser region, causing serious interference. In this paper, an isolator is placed
between the collimating lens and focus lens, which can ensure not only the optical coupling
efficiency but also the influence of reflected laser power on the laser region of the chip.
Furthermore, a longer working distance collimating lens is used in this optical system, as
well as the chip and the collimating lens are placed at a small angle, which can decrease
the effects of feedback simultaneously. The relative intensity noise of the device is im-
proved from —141.2 dB/Hz to —168.89 dB/Hz, better than the reported RIN —165 dB/Hz.
Consequently, the optical path will be used in high-power laser mass production. This
improvement in laser RIN performance will accelerate the research in next-generation
optical communication. In the following work, we will optimize the optical coating of
the lens and other optical elements used in the laser device. The AR coating and HR
coating would be added, which can increase the coupling efficiency and help reduce the
reflection, respectively.
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