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A dual-lens-integrated distributed feedback (DFB) laser based on hybrid integration for single-mode transmitter opti-

cal subassembly (TOSAs) is discussed in this paper. The alignment and fixing of the lenses are simple to manipulate 

and highly accurate, making it possible to achieve high-efficient optical coupling to single-mode fiber (SMF) without 

additional high-precision tools and fixing equipment. The capability for a low coupling loss of less than 3 dB between 

the laser and fiber was demonstrated. The fabricated TOSA module has clear opening eyes with minor time jitters at a 

bit rate of 25 Gbit/s. This hybrid integration is a low fabrication cost, compact, and low insertion loss method to man-

ufacture TOSA for a 200 or 400 GbE optical transceiver in a high-speed optical network. 
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In recent years, the increasing number of fiber access 
networks and the continuous rollout of 5G services are 
driving higher transmission rate and larger interconnec-
tion density which pose huge challenges to the current 
communication networks[1]. Therefore, the appearance of 
optical interconnection has attracted great attention and 
has been applied widely in the telecommunication net-
works and data center networks. Distributed feedback 
(DFB) laser diode with narrower linewidth and higher 
output power has become a significant optical source for 
long-reach optical transmission by employing parallel 
fibers or wavelength division multiplexing (WDM) ap-
proach[2]. With the development of small-form trans-
ceivers[3], the optical sub-assembly, especially the optical 
coupling structure between DFB and optical elements in 
the transmitter optical subassembly (TOSAs) has become 
a critical part which has a non-negligible influence on 
power consumption and hybrid integration density of 
optical systems.  

Generally, the TOSAs can be categorized as two types 
according to the optical coupling schemes: direct cou-
pling[4,5] and lens coupling[6-8]. Direct coupling schemes 
require a submicron alignment tolerance and have a high 
coupling loss because of the significant mode mismatch 
between lasers and planar lightwave circuits (PLC) / sin-
gle mode fibers (SMF). Although with the maturity of 
fiber micro-lens processing technology in recent years, 

the coupling efficiency has been greatly improved, and 
the offset tolerance problem has been partially 
solved[9-12]. However, the laser system with direct fiber 
coupling can only transmit in a single channel. Therefore, 
it is difficult to be applied in high-speed optical networks 
such as data centers or coherent optical communication 
on a large scale. 

For lens coupling of DFB lasers, the main challenge and 
limitation are the alignment and fixing of different optical 
components because of their sub-micron positional toler-
ances, which means high-precision tools and fixing 
equipment are required to achieve efficient optical cou-
pling. However, highly accurate tools are of large size and 
complicate, and require tight process control, so they are 
expensive for practical applications. Besides, the fixing 
methods using laser welding or solder/epoxy bonding of-
ten result in large offsets in post-bonding of optical com-
ponents which will degrade device performance and re-
duce manufacturing yields[13]. Researchers have made lots 
of efforts on improving coupling efficiency between DFB 
laser and optical elements. Previous solutions include the 
use of ball lenses or aspherical lenses, causing incident 
light rays to focus on different points when forming an 
image. The divergence angle of the laser and the size of 
the spot can be determined by the design of the lenses[14,15]. 
In addition, to overcome time-consuming assembly pro-
cess and high-precision requirements, an integration solu-
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tion that uses two ball lenses to steer the beam and 
properly match the different waveguide modes to achieve 
efficient optical coupling is proposed[16]. Moreover, 
Ref.[17] proposed a novel two-lens configuration for the 
coupling between distributed feedback laser diodes and a 
silica-based planar lightwave circuit arrayed waveguide 
grating to relax the lenses assembly requirement. Although 
these solutions may be able to replace costly and bulky 
high-precision tools, they increase the difficulty and com-
plexity of chip processing. 

In our approach, a novel dual-lens TOSA for DFB laser 
and a hybrid integration process based on the silicon 
sub-mount which is a very mature and cost-effective ma-
terial platform are designed and verified. The dual-lens 
structure is a combination of a ball lens and an aspherical 
lens. Simulation results show the positional offsets of the 
ball lens can be largely compensated by re-aligning the 
aspherical lens, and both lenses are much tolerant to the 
misalignment errors. Therefore, to achieve efficient cou-
pling, there is no need to employ expensive and complex 
high-precision tools, and manufacturing yields can be im-
proved at the same time which will make assembly of 
each optical system become more cost-effective. In addi-
tion, the ball lens is directly fixed onto the hole in the sili-
con substrate without any mounting structures, so it has 
great potential for dense integration of multiple channels 
while maintaining a compact size, which will increase area 
utilization and reduce cost. The system has been demon-
strated with a coupling loss of less than 3 dB between 
DFB lasers and SMF and a clear eye diagram at 25 Gbit/s.  

Fig.1 shows a schematic structure of the TOSA, which 
mainly comprises six main parts: a silicon sub-mount, a 
metal substrate, commercial edge emitting DFB lasers 
(1310D-501 or 1310D-LCT11, Macom) of wavelength 
around 1 310 nm, a 400-µm-diameter ball lens, an as-
pherical lens (FBS010Z, IO Solution) and an SMF. Light 
emitted by the DFB laser is firstly refracted and collected 
by the ball lens, and the light from the ball lens can be 
regarded as parallel light. Since the ball lens has different 
focusing effects on the fast axis and the slow axis of the 
light, the astigmatism of the beam after compression is 
more serious, and the spherical aberration of the focused 
beam is larger, which affects the quality of the beam 
greatly. When the beam passes through the aspherical 
lens, the aspherical lens will eliminate and compensate 
the spherical aberration caused by the ball lens and fo-
cuses the light further, thus light convergence and small 
angle incidence can be achieved.  

We have built an optical simulation model in the 
commercial optical tracing software Zemax to acquire 
optical transmission characteristic of the system. In Ze-
max non-sequential mode, DFB laser, ball lens, aspheri-
cal lens, and fiber are all properly added and set. Firstly, 
for DFB laser, the wavelength is set to 1 310 nm, the size 
of the light-emitting surface is roughly 2 μm×1.5 μm, 
and the maximum divergence angle is 20°×18°. Then 
radius of curvature, radius/height, aspheric coefficient 

and material for the lens are set. Finally, fiber and detec-
tion surface are set up. The simulation model in Zemax is 
shown in Fig.2. By optimizing the distance S1 from the 
laser to the ball lens, the distance S2 from the ball lens to 
the aspheric lens, and the distance S3 from the aspherical 
lens to the fiber, the minimum coupling loss from the 
laser to the fiber can be obtained as 1.82 dB.  

 

 

Fig.1 Structure of the dual-lens optical coupling system 

 

Fig.2 Simulation model of the dual-lens optical cou-
pling system 

 
Comparison between single lens and du-

al-lens-coupling systems is shown in Tab.1, where DC 
refers to the direct current laser with a divergence angle 
of 20°×18°, and AC refers to a high-speed laser with a 
divergence angle of 40°×25° that can support 25 Gbit/s. 
It can be seen the TOSA structure with du-
al-lens-coupling we designed has better coupling effi-
ciency and more compact footprint, which means smaller 
form factor and has much potential for dense integration.  

 
Tab.1 Comparison between the coupling systems 

 

System Laser
Coupling effi-

ciency 
Focal length 

Ease of assem-

bly 

Single 

aspherical 

lens 

DC 1.94 dB 4 000 μm Easy (Less 

optical compo-

nents) AC 2.60 dB 4 000 μm 

Dual-lens
DC 1.82 dB 1 720 μm Easy (Larger 

assembly tol-

erance) AC 2.28 dB 1 300 μm 

 
By changing the position of the lens relative to the 

x-axis, y-axis, and z-axis, assembly tolerance of the lens 
in each direction can be evaluated. When the ball lens is 
offset from its optimal position, coupling performance is 
shown in Fig.3. The red curve indicates the relative cou-
pling loss of the ball lens as a function of the placement 
error along the x/y-axis. It can be seen that when the as-
pherical lens is fixed, the coupling efficiency drops as 
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much as1 dB for a ±0.7 μm offset from the ideal position 
which means positional error tolerance is very tight. 
When offsetting the ball lens and optimizing the position 
of the aspherical lens at the same time, the black curve in 
Fig.3 indicates that an offset of ±7 μm of the ball lens 
only degrades the coupling efficiency by 1 dB. This 
demonstrates that positional errors of the ball lens can be 
largely compensated by re-aligning the aspherical lens to 
steer the beam.  

 

 

Fig.3 Coupling loss with position offset of the ball lens 
 
On the other hand, if the ball lens is fixed, positional 

tolerance of the aspherical lens for efficient coupling is 
shown in Fig.4. We can see an offset of ±4 μm on x/y 
axis of the aspherical lens gives an acceptable relative 
coupling loss of 1 dB, and the lens is much more tolerant 
to placement error along z axis. The ball lens has similar 
tolerance on the vertical axis which is not showed here. 

 

 
(a) 

 
(b) 

Fig.4 Coupling loss with position offset of the as-
pherical lens 

The TOSA fabrication processes include the assem-
bling of the silicon sub-mount on top of the metal 
heatsink, surface mounting of the DFB laser and the ball 
lens on top of the Si bench, and the aspherical lens on top 
of the mental plate, and wire bonding between the DFB 
laser and the Si bench. The silicon sub-mount is 390 μm 
thick. Signal integrity is fully considered when designing 
electrodes and the transmission line for DFB and inter-
connection on surface of the sub-mount to improve the 
bandwidth and reduce the electromagnetic radiant cross-
talk. In order to position the ball lens accurately, a hole is 
designed with a diameter of 204 μm to make center of 
the ball lens align with the output light of the laser ex-
actly. The metal substrate is used to place the aspherical 
lens and protect the assembled silicon sub-mount.  

Fig.5 shows the assembly flow diagram of the du-
al-lens optical coupling structure. Firstly, the DFB die is 
grasped and placed by Palomar 3800 automatic place-
ment machine. And the attachment to the Si sub-mount is 
achieved by using conductive silver epoxy. Secondly, the 
sub-mount assembled with DFB laser is attached to a 
metal substrate by using thermal conductive epoxy. Sub-
sequently, the ball lens is positioned through the hole on 
the silicon substrate generally to avoid introducing large 
post-bonding shifts. Then, the aspherical lens is placed 
on the metal substrate by using of UV curing epoxy and 
adjusted to find the best coupling position. Finally, the 
electrode pads of DFB are connected to the silicon 
sub-mount by wire bonding. Fig.6 shows a photograph of 
the assembled TOSA system with an inset of the silicon 
sub-mount under a microscope. 
 

 

Fig.5 Assembly flow diagram of the TOSA 
 
To better verify the L-I characteristics of the laser 

coupled into the SMF, we assembled and tested the DC 
laser (MACOM 1310D-501) with a narrower beam di-
vergence angle 20°×18° firstly. As shown by the solid 
line in Fig.7, the output power at 40 mA injection current 
is 3.8 mW and threshold current of the DC DFB laser is 
about 10 mA. Assuming the ramp efficiency of 0.4 
mW/mA, then the emitting power from the laser at 40 
mA is estimated to be 12 mW. Therefore, the total loss 
can be calculated to be 4.99 dB. The dotted line in Fig.7 
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presents the L-I characteristics of the AC laser coupled 
into the fiber with a beam divergence angle of 40°×25°, 
the coupling loss can be calculated by the same method 
as 6.2 dB, which is much bigger than coupling loss of the 
DC laser. This is because ball lens of the same diameter 
has a smaller converging effect on the beam with a large 
divergence angle. It should be noted that when calculat-
ing the coupling efficiency, the transmission loss of the 
single-mode fiber, the connect loss of the optical power 
meter, and also the inherent DFB loss are included. By 
subtracting the additional losses and considering the ac-
tual output fraction of laser light, the coupling efficiency 
of the dual-lens TOSA is estimated to be less than 3 dB. 
We believe the discrepancy of coupling efficiency be-
tween simulation and experiment results from DFB 
bonding accuracy, fixed accuracy from the machine for 
assembly, and manual error of fiber alignment.  

 

Fig.6 Photograph of the assembled coupling system 
 
 

 
Fig.7 Output power of the DFB lasers coupled to fiber 
as a function of injection current 
 

Eye diagram under 10 Gbit/s and 25 Gbit/s are tested 
to verify high-speed transmission performance of the 

TOSA. Schematic diagram and test results of the optical 
eye diagram measurement are shown in Fig.8 and Fig.9. 
Clear eye openings are obtained, which has extinction 
ratio of 3.2 dB and 4.5 dB, respectively. We believe 
there is still space to significantly improve the system’s 
high-speed performance by further optimizing the inter-
connect bandwidth of the test board. 

 

 

Fig.8 Schematic diagram of the high-speed perfor-
mance measurement setup 

 

 

Fig.9 Measured optical eye diagram at 10Gbps and 
25Gbps 
 

We have demonstrated a cost-efficient and compact 
TOSA module based on hybrid integration in the O band. 
The dual-lens is horizontally coupled to the DFB laser. A 
silicon carrier is used to connect the DFB laser with ex-
ternal circuit, which is optimized for high-speed trans-
mission performance. The system is much smaller com-
pared to conventional single lens system and has larger 
position tolerance. Besides, the system does not require 
much precision on equipment used to assemble which 
means higher yield and lower cost. The fabricated TOSA 
module has clearly opening eyes with minor time jitters 
at a baud rate of 25 GBaud. This hybrid integration is a 
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low fabrication cost, compact, and low insertion loss 
method, providing a potential solution for small-size and 
multi-channel optoelectronic subassembly explored DFB 
lasers in a high-speed optical network.  
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