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A 100 Gbps Optical Transceiver Engine by Using
Photo-Imageable Thick Film on Ceramics

Teng Li , Chenhui Li , Member, IEEE, Jasper Nab, Ripalta Stabile, Member, IEEE,

and Oded Raz Member, IEEE

Abstract— A ceramics-based 100 Gbps optical transceiver
engine is demonstrated. A ceramics-based interposer is fabricated
using the multilayer thick film (MLTF) and photo-imageable
thick film (PITF) technologies, which allow for multilayer
metallization and ultra-fine resolution. The packaging method
requires several flip-chip bonding steps using industry standard
solder reflow and ultrasonic bonding processes. The assembled
4-channel optical engine performs error-free at 25.78 Gbps. Bit
error rates (BER) and eye diagrams for all channels for both
transmitter and receiver side are measured. Further, a crosstalk
below 0.4 dB from adjacent channels is measured.

Index Terms— Ceramics, optical transmitters, optical receivers,
chip scale packaging, flip-chip devices, photo-imageable thick film
technologies.

I. INTRODUCTION

TO SUPPORT the rapid exponentially growth of data
center network traffic, the required optical interconnect

bandwidth is scaling up accordingly. Hence, high-speed paral-
lel optical interconnects must meet the increase of bandwidth
density [1]. In 2018, the shipments of 100-gigabit-per-second
(100G) Ethernet modules exceeded 7 million units [2] and
Ovum has predicted that 100G Ethernet transceivers will
exceed 15 million units a year by 2021 [3]. Since opto-
electronic packaging and assembly dominate the cost of the
module [4], a large number of techniques and designs have
been proposed and researched in this area [5]–[7]. As the
size of devices continue to shrink and systems are required
to demonstrate ever higher bandwidth densities, packaging
solutions must offer a path for tighter integration.

There are many types of materials used as inter-
posers/platforms in optoelectronic packaging. Printed circuit
boards (PCB) offer low-cost due to their large panel size
and optimized fabrication process. However, the standard PCB
fabrication processes do not readily support high-resolution
circuitry (<50 μm) and the mismatch of coefficient of ther-
mal expansion (CTE) between chips and PCB carriers could
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decrease the reliability of the joints. Flexible print circuits
(FPC) support higher resolution but suffer from similar CTE
mismatch issues and unwanted deflection at high tempera-
tures. Glass is an interesting candidate substrate as it has
a wide transmission window, from visible light to telecom
wavelengths, for assemblies where light needs to go through
the substrate. However, the low thermal conductivity makes
heat dissipation a big challenge. Silicon offers large thermal
conductivity and excellent CTE but getting the light through
the substrate requires the inclusion of optical vias on silicon
which in turn require KOH etching process [5]. Also, the plat-
ing through vias on both silicon and glass are expensive and
result in large electrical losses [5].

Relative to the materials discussed above, ceramics have
a comparably low and stable CTE (close to silicon and far
below that of most common metals) improving the long-
term reliability of assemblies. It also offers good thermal
conductivity, chemical stability, mechanical stiffness, thermal
resistance, and can withstand high process temperatures. These
properties are compatible with most packaging and assembly
processes. In addition, ceramic substrates have stable dielectric
permittivity and low loss factor at radio frequencies [8].
Although ceramics has a small panel size, it is still cost-
effective [9]. As a result, ceramics has a long history of being
an excellent substrate for electronic applications [10], [11] and
the research of ceramics-based optoelectronic packaging has
dramatically increased over the last decade [12]–[14]. In order
to fully utilize the potential of ceramic substrates for packaging
of high-density and high bandwidth sub-systems, a techno-
logical solution offering very high resolution patterning and
multi-layer structures is required.

Conventional multilayer thick film (MLTF) technology has
driven the development of improved resolution and patterning
for many years. However, screen-printing has become the
bottleneck and the coarse patterning resolution directly leads
to low scale integration and limits bandwidth density.

The photo-imageable thick film (PITF) technology was
reported since 1990s [15]–[17] and PITF technology is capa-
ble of realizing trace widths as fine as 30 μm. However,
no demonstration of multilayer structures using PITF tech-
nology only was reported. In 2017, an emerging fabrication
technology combining PITF technology and MLTF technol-
ogy [9] has been demonstrated to successfully develop 30 μm
trace widths and multilayer structures on ceramics.

In this letter, we report the application of the multilayer
thick film (MLTF) and photo-imageable thick film (PITF) tech-
nologies to demonstrate a ceramics-based 100 Gbps optical
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Fig. 1. The assembling scheme for the 100G ceramics-based optical engine.

Fig. 2. Drawing of the lateral view of 100 � differential pairs on ceramics.

transceiver engine. In order to ensure easy and low-cost
packaging, the electrical and optic components are flip-chip
bonded on a ceramic interposer by a die bonder. The complete
optical engine includes a 4-channel transmitter and a 4-channel
receiver. A 12-channel optical straight lens connector is used to
couple the light to/from the optical dies into a 12 fibers MPO
connectors with a MT ferrule. The optical engine performance
at 25.78 Gbps and eye-diagrams and BER curves are reported.

II. DESIGN CONCEPT AND FABRICATION

As presented in Figure 1, a 2.5 D packaging concept is
used to obtain the ceramics-based optical engine. To achieve
the excellent high-speed performance required, signal integrity
is the most important factor to consider in the substrate design.

The low-loss interposer substrate used for the optical engine
is 200 μm thick and made of 96% Alumina (Al2O3), which
has a dielectric constant of 9.4 and a dissipation factor
of 0.0004 at 1 MHz. An 8 × 7.5 mm2 patterned ceramic
interposer is designed for an optical engine which supports a
bi-directional 100 Gbps transmitter and receiver. Due to the
long distance between the switch board and optical engine,
edge coupled differential pairs are used between the probe
pads and electrical chips to minimize noise. These differential
pairs are designed to be of equal length to avoid phase shift
and the differential impedance is simulated and optimized
to be 100 � to reduce unwanted reflections. A schematic
drawing of 100 � differential pair with design sizes is shown
in Figure 2. These differential pairs are fan-out from the chip
pads with 130 μm pitch to 250 μm pitch for connection to
a differential probe. Each electrical chip is addressed with
4 differential pairs. To insure maximum signal integrity, traces
between optical dies and electrical chips are design to be as
short as 350 μm.

The fabrication processes of traces on the ceramics are
based on PITF and MLTF technology and carried out at
Neways Micro Electronics B.V. The PITF schematic process
flow is shown in Figure 3.

The photo-imageable paste is screen-printed on ceramics
and is dried using an oven. After aligning with a mask,

Fig. 3. Schematic process flow of PITF technology.

a collimated scanning UV light emitting diode (LED) array
is used to expose the photo-imageable paste and the traces are
created during the development process. The firing process is
used afterward at 850◦C (max) for 1 hour. MLTF processes
can be used on the other side of ceramics in order to build
up additional layers. As the light sources and detectors are
assembled face down on the ceramic substrate, optical vias are
needed in the substrate. Therefore, in between the fabrication
process of the two layers, optical vias are opened by using a
laser drilling process.

III. ASSEMBLY

After dicing, the fabricated ceramic interposer is used for
the assembly of the 100 Gbps optical engine. Both optical
dies (850 nm MM VCSELs and PDs) and electrical chips
(BiCMOS driver and TIA chips) are flip-chip bonded by
using a die bonder. The connections between optical dies and
ceramic interposer are achieved by using thermosonic bonding.
Solder reflow process is then applied to bond the electrical
chips at 244◦C for 20 s. Both solder reflow and ultrasonic
bonding processes are used directly on the ceramic interposer
without the need for additional cleanroom processing. We sug-
gest that this process can be taken over by an automated flip-
chip machines in assembly lines as it requires low alignment
accuracy [6] and is realized using panel-level packaging to
reduce the cost.

As illustrated in Figure 4, the distance between apertures
of VCSELs and PDs is 250 μm and the distance between
apertures of the nearest VCSELs and PDs is 1250 μm. This
arrangement is similar to that of a commercial QSFP28 trans-
ceiver module. The alignment between the lens of an optical
straight lens connector and the apertures of VCSELs and PDs
is performed with an accuracy of 1 μm. The optical straight
lens connector is then glued on the back side of the ceramic
interposer. The fully assembled ceramics-based optical engine
is shown in Figure 5.

IV. EXPERIMENTAL RESULTS

As shown in Figure 6, a commercial 12-channel MT fer-
rule with fiber ribbon provides light access to the optical
module. Flip-chip bonded chips can also be seen in the
photo. An MPO cable is used to connect the fiber ribbon
and a commercial QSFP28 module, which is deployed to
characterize the 100 Gbps ceramics-based optical engines.
A 250 μm differential RF probe is used to send the high-speed
electrical signals and the power, ground, and I2C bus lines are
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Fig. 4. Top view of the 100G ceramics-based optical engine (top picture)
and assembled VCSELs and PDs, looking at the bottom side of interposer
(bottom picture).

Fig. 5. The fully assembled 100G ceramics-based optical engine.

connected to a 3.3 V power supply and a microcontroller with
125 μm pitch DC probes.

A. Transmitter Side

The 4-channel transmitter is tested with a 231 –1 NRZ PRBS
at 25.78 Gbps. A commercial QSFP28 module is used to
receive and convert the optical signals from the assembled
transmitter module into electrical signals to be sent to an
oscilloscope and an error detector. All the VCSEL channels
are turned on and the measured output power ranges from
−1.8 dBm to −2.4 dBm. The best case channel coupling loss
is measured to be −0.6 dB due to the insertion loss and the
misalignment between the optical chips and the lens optical
connector. As shown in Figure 7, the eye-diagrams are clearly
open. Also, the bit error rate (BER) of 4 channels is tested
one by one and the results are shown in Figure 8.

Based on the results, all channels are working uniformly
and the spread of the BER curves is within 0.5 dB for a BER
of 1e-12. Measured receiver sensitivity surpasses the one of a
commercial QSFP28 module with 1dB on average.

Fig. 6. Side view of the fully assembled 100G ceramics-based optical engine.

Fig. 7. The eye-diagrams of transmitter at 25.78 Gbps, 231-1 PRBS.

Fig. 8. The BER curves of all transmitter channels.

Fig. 9. The eye-diagrams of receiver at 25.78 Gbps, 231-1 PRBS.

B. Receiver Side

The 4-channel receiver is also tested with a 231 –1 NRZ
PRBS at 25.78 Gbps. The commercial QSFP28 module is
operated as a transmitter to provide the high-speed optical
signals to characterize the performance of the assembled
receiver. The oscilloscope and the error detector are used
to measure the eye-diagrams and BER as well. The pre-
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Fig. 10. The BER curves of all receiver channels.

Fig. 11. BER curves of channel 2 of receiver, when Channel 2 alone,
Channel 2 and Channel 1, and three channels are fed with optical signals.

emphasis function is enabled during the whole test. As shown
in Figure 9, the eye-diagrams at 25.78 Gbps for all 4 channels
are visibly open and their BER curves are shown in Figure 10.

The results show that all channels in the assembled receiver
run error-free at 25.78 Gbps with a 0.4 dB variation of receiver
sensitivity at BER level 1e-12. Also, the performance of the
receiver is still better than a commercial QSFP28 module with
a marginal improvement of 0.5 dB.

C. Crosstalk Testing
To characterize the crosstalk performance of the assembled

optical engine, optical crosstalk to an adjacent channel is
measured to below −40 dB. Then the electrical crosstalk per-
formance of the receiver is tested. Compared to the transmitter,
the receiver is more prone to signal degradation and it is more
sensitive to the crosstalk created by adjacent channels, two
optical signals at 25.78 Gbps are generated by the commercial
QSFP28 module and fed to adjacent channels (1 and 3) while
testing the performance of Channel 2 using an error detector
module with differential inputs. In Figure 11, the comparison
of the BER curves of channel 2 is shown comparing operation

with a single channel, one adjacent channel on (Channel 1),
and two adjacent channels on (Channel 1 and 3). The crosstalk
induced receiver sensitivity penalty for each adjacent channel
is found to be less than 0.4 dB.

V. CONCLUSION

An optical transceiver engine has been packaged by assem-
bling optical and electrical chips on a ceramics-based inter-
poser using the MLTF and PITF technologies. The optical
engine has been tested. Clear eye-diagrams for both 4-channel
transmitter and 4-channel receiver up to 25.78 Gbps are
obtained. The spread of BER curves of the transmitter is
within 0.5 dB for a BER of 1e-12 and the variation of receiver
sensitivity at a BER of 1e-12 is within 0.4 dB. The BER
results show both transmitter and receiver reported in this letter
have better performance than a commercial QSFP28 module.
Channel crosstalk is only observed at the receiver side and is
lower than 0.4 dB. This ceramics-based optical engine design
can be proposed as a cost-effective and reliable solution for
100G optical transceiver applications.
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