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Abstract—In this paper, 4 pairs of commercial 12-channel 

electronic and photonic dies have been assembled on a patterned 

wet etched silicon interposer for a terabit/s class optical 

interconnect. In the scheme, the optical dies are flip-chip bonded 

to form a 4 × 12 optical matrix with 250 μm pitch in both x- and y- 

directions. A single compact optical connector, which is designed 

based on the commercial PRIZM® MT ferrule, is employed to 

enable a single and direct connection of four fiber ribbons to all 48 

channels. The alignment tolerance of the suggested optical 

connector is tested, and the best case loss is 1.0 dB. The electrical 

interface, for the connection of CMOS ICs and VCSEL dies, is 

designed and patterned on the silicon interposer. The process and 

assembly are also detailed. In performance testing, clear eye 

patterns for all the 48 channels are captured at 15 Gbps with a 

PRBS 231-1 patterns. The BER curves of all the channels are 

recorded at 10 Gbps, and show a receiver sensitivity spread of less 

than 2.1 dB across all 48 channels at 10-12 level. In addition, 

crosstalk effects are also characterized, showing a negligible 

power penalty of less than 0.2 dB. The fully assembled module can 

offer for the first time 0.72 Tbps optical data output, within an 

area of 1.32 cm2 by using low cost processes and commercially 

available dies.  

 
Index Terms—Optical interconnections, silicon interposer, 

optoelectronic integration 

 

I. INTRODUCTION 

O meet the demand of data communication, data centers 

(DCs) are scaling up, and increasing number of parallel 

optical interconnects are needed [1], [2]. Electro-optical 

transceivers are essential parts in these networks, allowing for 

low loss data transport and next to fast electronic packet 

switching. These transceivers should preferably work at high 

data rates and be fabricated using low-cost manufacture and 

assemble processes. On the other hand, as the performance of 

processors improve, the number of off-chip inputs/outputs, 

provided by ball grid arrays (BGA) package, reach their limit 

[3]. Employing the surface area of processors for optical 
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interconnects can be a solution, which requires small form 

factor transceivers based on 2-dimensional (2D) arrays of 

emitters/detectors to be stacked on the top of the functional IC 

to achieve higher density of inputs/outputs ports [3]. 

Transceivers, based on vertical-cavity surface-emitting 

lasers (VCSELs), working at 850 nm, have become the most 

prevalent short-reach optical interconnect solutions [4]. Further 

scaling optical interconnects in density through making 2D 

matrix of emitters and detectors is difficult, due to the high cost 

of 2D optical chips and associated packaging issues. 

Previously, 2D optical array co-packaged on an active CMOS 

driver/router chip has been developed [5, 6], however, the 

whole packaged scheme required fully dedicated 2D 

opto-electronic and ASIC chips designs. The opto-electronics 

were assembled on the active CMOS chip, which inevitably 

consumes valuable silicon area and increases the associated 

costs. A special optical fiber-bundle assembly was also needed 

for the full package demonstration [7]. A back-end-of-line 

processed silicon interposer based transceiver was also 

demonstrated [8], however, the process included numerous 

electrical through silicon vias and optical holes, delaying its 

introduction into high volume manufacturing. In addition, 

proprietary offset optical arrays and CMOS ICs were used to 

realize the connection between them.  

A more viable solution for making 2D arrays of 

emitters/detectors may make use of commercially available 1D 

array dies and assemble them through a single-side designed 

electrical interface. In this packaging scheme, impedance 

matched traces should be designed for 2D arrays connections. 

Besides, a simple 2D optical connector should be developed. 

Recently, a large effort has taken place for developing new 

assembly schemes based on 2.5D silicon interposers for CMOS 

microelectronics [9], and 3D hybrid optical integration [10]. 

The main technology and costs effort here reside in making 

electrical through silicon vias (TSVs) [11].  

Previously, we reported on low cost wet etched silicon 

interposers for 2.5D and 3D opto-electronic integration, based 

on commercially available dies, making use of both sides of the 

interposer [12, 13]. This was fabricated at a wafer scale by 

using CMOS technology, making this assembly approach ready 

for mass production. Also the optical through silicon vias 

(OTSVs) were fabricated through low cost wet etching. To take 

advantages of the low cost processed silicon interposer and of 

the available higher resolution lithography, we put forward a 

new 2.5D scheme for connecting 2D opto-electronics and their 

CMOS IC parts [14]. However, due to high electrical signal 

losses and reflections on the silicon substrate, only a limited 

number of eight channels showed open eye patterns.  
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In this paper, the 2.5D schematic is exploited, and for the 

first time a 2D 48-channel transmitter is fully assembled, 

offering 0.72 Tbps optical data output within an area of 1.32 

cm2. The electrical interface performance is improved by 

additional straightforward surface treatment processes. In 

addition, we reduce the optical interface (OI) insertion losses 

by setting the optimal distance between VCSELs and OI. For 

this prototype, a single direct optical connections with fiber 

ribbons to all 48 channels, with optical losses as low as 1.0 dB, 

is demonstrated.  

The paper is organized as it follows. Firstly, we describe the 

concept of assembly for a 2D 48-channel transmitter. Secondly, 

the OI is designed, fabricated and tested. Thirdly, the electrical 

interface is designed. After that, the process of the interposer 

and the assembly of the devices are described. Finally, we test 

the performance of assembled sub-module for each channel, in 

terms of data integrity and crosstalk between channels. 

II. PACKAGING CONCEPT 

A schematic drawing of the conceived assembly is shown in 

Fig. 1. The passive silicon interposer is patterned to provide the 

metal traces and optical vias, used for the full assembly of the 

electronic and optoelectronic dies. Four 12-channel VCSEL 

arrays are aligned and flip-chip bonded side by side in the 

center of the silicon interposer to create 2D 48-channel optical 

outputs with a pitch of 250 μm in both matrix directions. A 

single OI is attached at the opposite side of silicon, to couple 

the light from the 48 VCSEL channels through OTSVs into 

standard fiber ribbons.  

 
Fig. 1. Scheme of the 2D optical assembly on a patterned silicon interposer 

(cross-section), including the optical interface, heatsink, four optics arrays and 

their CMOS drivers. 

The suggested position of the heatsink at the bottom of the 

schematic drawing is made possible, thanks to fact that silicon 

is an excellent thermal conductor and the heat can be easily 

transferred to the heatsink regardless of the side on which it is 

assembled [12]. The total area of the backside is 132 mm2, and 

there is a total convective cooling area of 100 mm2 available. 

With a heat transfer coefficient of 5000 W/K·m2 on the cooling 

area, the whole module is expected to stay below 40 °C, while 

working at room temperature (22 °C). 

The placement of the dies and connection details are depicted 

in Fig. 2 (a). Four 12-channel CMOS drivers are placed at the 

four corners of the silicon interposer, and each driver is 

connected to one quarter of the optical matrix through coplanar 

waveguides (CPWs). This design choice implies the 

co-presence of longer and shorter CPWs for the same driver 

connections. Coupled traces, with 100 Ω impedance matching, 

are routed to the edges of the silicon interposer with a pitch of 

250 μm. The connection details of one quarter of the VCSEL 

channels is zoomed in Fig. 2 (b). The size of the assembled 

transmitter module is 11 mm × 12 mm, and 1. 2 mm thick. This 

small form factor transmitter means that the same module can 

be used for different applications (pluggable, onboard, on-chip 

etc.). The assembled module can also be surface mounted on a 

print circuit board (PCB) with recessed area, because all the 

connections are routed to 1D pad arrays with a pitch of standard 

250 μm. The electrical connections from PCB can be designed 

as standard interfaces, for example on board optics, for the 

connections with ASIC. 

 

 

Fig. 2. (a) Scheme of the 2D layout (top view) on the fabricated interposer; (b) 

details of the VCSEL channel connections in driver 3. Yellow layout shows the 
impedance matched electrical interface, and ground (G) and signal (S) are 

indicated. Red squares are through silicon optical vias with 250 μm pitch in 

both x- and y- direction.  

III. DESIGN OF THE OPTICAL INTERFACE 

To realize a low cost optical access by direct fiber attachment, 

we employ the light coupling and alignment mechanism 

between two PRIZM® MT ferrules [15], which offer collimated 

beams and are used for high counts multi-mode fibers 

connections. We take out the lens array and the self-aligning 

post and hole at the head of one ferrule, by machining one 

ferrule. In this way, we keep the optics and the alignment 

features of the original ferrule, and a robust OI is realized, 

which will connect to its mated ferrule. In addition, the lensed 

ferrule requires a force of only 3N to maintain contact at the 

lens mating plane, which is much lower than the normal ferrule 

and can be easily achieved [15].  Therefore, we do not expect to 

have any stress or reliability issues as a result of connector 

mating. The complexity and space of the ferrule housing can be 

eliminated accordingly for a small form factor package. This is 
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a low cost method for vertically coupling fiber ribbons to arrays 

of VCSEL/PD, benefitting from expanded light beams created 

by the lenses at the end face of the connectors. Based on the 

PRIZM® MT ferrule design, this high potential platform will 

support up to 16-fiber ribbons in 4 rows, for fibers counts as 

high as 64. 

Apart from cutting off part of the ferrule, we further 

micro-machine the total thickness of the OI to accommodate 

the silicon interposer and get the lowest coupling losses with 

the VCSELs, since the ferrules and lenses are originally 

designed for light coupling between multi-mode fibers.  

 

 
Fig. 3. The light coupling testing scheme for the machined ferrule (left) and 

photography (right) of OI based on a flip-chip bonder. The VCSEL can be 
moved in 3 directions. 

 

  
Fig. 4. Alignment tolerance measurement results. Left: effect of the distance 

between VCSEL and cut plane on coupling power loss; right: effect of x- and y- 

offset from best coupling point (z = 150 μm) on coupling power loss. 
 

After machining 150 μm of the OI, the light coupling 

tolerance test is firstly performed on a flip-chip bonder 

(FINEPLACER® lambda) which provides a positioning 

accuracy of within 1 μm in x-, y- directions and 10 μm in z- 

direction. The scheme and the setup are shown in Fig. 3. The 

fabricated OI together with the ferrule are clamped on the arm 

of the flip-chip bonder, and connected with fiber ribbons. We 

use a VCSEL with a 25° beam divergence and 8.5 µm aperture 

diameter. The lens of OI is aligned with the aperture of the 

VCSEL, and the optical output is tested from one of the 

break-out fibers, changing the distance in the z- direction with 

10 μm step. In addition, at the best coupling z- position, we also 

test the light loss by changing x- and y- offsets, with the step of 

1 μm, to measure the alignment tolerances.  

The testing results are shown in Fig. 4. The minimum 

coupling loss for the OI is 1.0 dB, which corresponds to a 

distance of this machined OI of 150 μm. There is around 0.7 dB 

loss in the coupled ferrules, which is the main reason for power 

loss [15]. Since the ferrule is originally designed for fiber 

connections, beam divergence could be another reason for the 

optical loss. Besides, there is 1.5 dB displacement tolerances of 

±50 μm in z- direction, while for the x- and y- directions a 1.5 

dB displacement tolerance of ± 5 μm is measured.  

In the scheme shown in Fig. 1, the gap between OI and 

VCSEL is set by the thickness of the wafer, which should be 

thinned to be 150 μm to achieve optimal light coupling. During 

assembly, four VCSEL arrays will be passively aligned 

according to the corresponding OTSVs, one by one. The OI is 

aligned to apertures of VCSELs to avoid building up alignment 

error. A 1.5 dB displacement tolerance can be guaranteed, for a 

misalignment of ± 5 μm. In addition, since we keep the 

alignment features of the ferrules, the fan-out fibers can be 

assembled without any further alignment. 

IV. DESIGN OF THE ELECTRICAL INTERFACE 

As shown in the packaging concept, to replace wire bonding, 

the optical and electrical dies are flip-chipped on the silicon 

interposer. Therefore, all of the electrical connections are 

designed with impedance matched connections, and fabricated 

through standard lithography and electro-plating processes on 

one side of the silicon interposer. Two kinds of transmission 

lines (TMLs) are used in connections, the 100 Ω differential 

TML for the digital signal metal lines (towards the CMOS 

inputs) and the single ended TML for analog signal metal lines 

(from CMOS to optics). We use a similar approach in ref [12], 

for 100 Ω differential TMLs, which results in low transmission 

loss.  

 
Fig. 5. Transmission S(4,1), S(6,5) and reflection S(1,1), S(5,5) parameters of 

path 0 (long trace, red) and path 11 (short trace, blue) at the frequency range 

from 0 to 50 GHz. Lower panel: electrical crosstalk between two long traces, 

NEXT S(1,2) and FEXT S(1,3). 

 

In this work, the single ended (analog) TMLs are also 

designed by using the Keysight Advanced Design System 

(ADS) software. The CPW is designed on high resistivity 

silicon substrate (2000 Ωcm), with a dielectric layer of SiNx, 

200 nm thick. The electrical connections between driver and 
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VCSEL are designed as 50 Ω CPWs, with 25 μm width of 

signal trace and 11 μm gap, matching the expected series 

resistance of the VCSELs. The entire design of driver 3, shown 

in Fig. 2, is developed by maintaining impedance matching in 

ADS, calculating simultaneously 6 ports on both ends of the 

traces (including the 2 longest traces and 1 shortest trace). 

Transmission parameters of the long (5 mm, path 0) and short 

(0.9 mm, path 11) traces are simulated. As shown in Fig. 5, the 

transmission loss is 1.7 dB (S(4,1)) and 0.4 dB (S(6,5)) at 50 

GHz, respectively for path 0 and 11, and the reflection (S(1,1) 

and S(5,5)) is below -20 dB. In addition, the channel crosstalk 

is also simulated: both near end cross talk (NEXT) and far end 

cross talk (FEXT) between 2 long traces are below -25 dB, 

shown in Fig. 5, lower panel. 

V. SILICON INTERPOSER FABRICATION 

The fabrication process, using the standard CMOS technology, 

includes 4 steps of lithography. According to the coupling 

testing of the machined OI (section III), the distance between 

VCSEL and OI needs to be optimized. Therefore, the cleaved 

1-inch silicon sample with a thickness of 210 μm is further 

thinned down to 180 μm in potassium hydroxide (KOH) 

solution at 80.0 °C. Further thinning of the substrate is not done 

to avoid possible breaking of the wafer during process. 

Additional oxygen plasma treatment and buffered hydrofluoric 

dip are used to clean the surface. About 200 nm thick SiNx 

mask is then deposited. Before performing the lithography 

steps to define the metal traces and bumps, a seed layer is 

sputtered. Following 2 steps of electro-plating, the OTSVs are 

made by double side anisotropic silicon wet etching in the same 

KOH solution, and vertically side walls are easily formed by 

controlling etching time [12, 16]. The SEM image in Fig. 6 

shows the CPWs for the electrical connections and the OTSVs 

for 48-channel VCSEL, after removing the seed layer. All of 

the traces are well defined on one layer with a single 

lithography step, without passivation: this further lowers down 

the process costs associated with larger wafer processing. The 

inset shows gold bumps and the details of OTSVs, with 

vertically etched side wall. 

 

 
Fig. 6. SEM image of CPW connections and OTSV s for 48 channels of 

VCSEL arrays. Inset: zoomed-in SEM image of channels at corner shows the 

CPW, OTSV and Au bump. 

VI. ASSEMBLY 

After fabricating process complete, the silicon interposer is 

cleaved out for further assembly. Optics and electronic dies are 

flip-chip bonded on the die bonder. After a heat reflow (280 

°C), the gold pads on the VCSEL and the plated bumps on 

silicon interposer are connected. Four VCSEL arrays are 

aligned one by one based on the OTSVs and optical apertures of 

VCSEL. A slight mismatch took place, during assembly, 

between Arrays 1&2 and Arrays 3&4. These two array groups 

are bonded back to back. This is due to a small offset of the 

OTSV with respect to the VCSELs apertures when rotating the 

VCSEL arrays. A microscope photo is taken from the back side 

of the silicon interposer, showing the 2D apertures of 48 

VCSELs in Fig. 7.  

 
Fig. 7. Camera image under microscope, taken from the backside of silicon 

interposer through optical vias, after flip-chip bonding of VCSELs. 

After that, four VCSEL drivers are also reflowed (225 °C) on 

the same die bonder. The final step of the assembly is the OI 

attachment on the opposite side of silicon interposer. Similar 

with the light coupling test, the alignment is performed between 

the lens of OI and apertures of VCSELs. Since there is an offset 

between two opposite VCSELs groups, lenses of OI are aligned 

with the 24 apertures of one group to get the best light coupling 

value. As a result the coupling results for the other group are 

impacted due to the slight misalignment. OI is aligned and 

mounted at the backside of silicon interposer by epoxy, 

EPO-TEK® 301, with 2 hour curing at 65 °C. A camera image 

from the top side of silicon carrier under microscope shows the 

fully assembled transmitter (Fig. 8). 

 
Fig. 8. Camera image under microscope of fully assembled 48-channel 

transmitter sub-module. Each quadrant of VCSELs is connected with one 

CMOS driver, and the middle channels of VCSEL array are connected with 
longest traces.  
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VII. HIGH SPEED CHARACTERIZATION 

As shown in Fig. 9, through the guide post and hole, a standard 

48-channel PRIZM® MT ferrule is connected with the fixed OI 

on the opposite side of silicon interposer with a clamping tool. 

The 48 separate channels are made easily accessible using a 

MPO to 48 break-up LC fibers.  

 

 
Fig. 9. Camera image of the side view of the assembled transmitter sub-module. 

The attached optical interface is connected with a PRIZM® MT ferrule, and the 
fiber ribbons.  

 

The assembled 48-channel transmitter is completely 

characterized on a probe station. Power and control signals are 

provided to the pads on the top surface of silicon interposer 

through multi-probes. The differential probes are used for the 

high speed electrical signal inputs. The commercial SFP+ 

module and QSFP28 are used as photo detectors for the 10 

Gbps and 15 Gbps characterization.  

A. Signal Integrity Characterization  

Firstly, eye diagrams are measured at 15 Gbps, which is 50% 

higher than the chip set specification. A non-return to zero 

(NRZ) with a 231-1 pseudo random bit stream (PRBS) is fed by 

multiple differential RF probes (signal-signal) through fan-out 

pads on the silicon interposer of each channel. The converted 

optical signal is detected by the QSFP28 module through the 

break-up LC fiber. The eye patterns of the electrical output 

from the QSFP28 is captured by an oscilloscope. All 48 

channels separately driven by the four drivers. Uniform and 

clear eye patterns are obtained. The Fig. 10 presents the eye 

patterns from all channels, shown with the same position of the 

bonded VCSEL channels and the indication of different length 

of CPWs. 

 

 
Fig. 10. Eye patterns of all 48 channels, working at 15Gbps, 231-1 PRBS. 

 

 
Fig. 11. BER curves of each quadrant of transmitter sub-module Channel 0 represents the longest trace in driver 2 and driver 3, and channel 11 represents the longest 

trace in driver 1 and 4. 
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Bit error rate (BER) is tested at 10 Gbps with 231-1 PRBS 

patterns. The QSFP28 is replaced by the SFP+, and the 

converted electrical signal is characterized by an error detector. 

All of the 48 channels have been tested, grouped into the 4 

drivers. The four groups of 12 receiver sensitivity curves are 

shown in Fig. 11, and each group includes the shortest and the 

longest trace, with the spread of power penalty of 1.9 dB, 1.8 

dB, 1.5 dB and 1.7 dB for each group at 10-12 level. The 

channels with longer traces are under performing, which is 

mainly due to the higher loss in long channels. This is validated 

by using a Vector Network Analyzer (VNA) to test the actual 

transmission S(2,1) and reflection S(1,1) parameter of the 

traces on the silicon interposer, fabricated in the same batch. 

The tested S(2,1) and S(1,1) of both long and short traces are 

shown in Fig. 12. From the testing results, there is a higher loss, 

while reflection is low in the entire band (-20 dB), comparing 

with simulation results in Fig. 5. This higher measured losses 

are mainly due to the thin gold traces. In the future, a thicker 

layer of gold will be plated to improve the ohmic loss. 

Moreover, this loss spread is a consequence of the design 

choice to place the drivers at the 4 corners of the silicon die. 

Therefore, only by rotating the CMOS drivers, the length of 

CPWs can be balanced to minimize this variation. 

 

 
Fig. 12. Measured transmission S(2,1) and reflection S(1,1) parameters of the 
long and the short trace, respectively.  

 

B. Crosstalk Penalties  

The effect of channel crosstalk (including electrical and 

optical crosstalk) is also characterized by testing the penalty at 

the receiver sensitivity curves.  

Firstly, the optical power leaking into an adjacent channels to 

the active one is measured to be below - 50 dBm, which 

indicates nearly no power leakage to neighbor channels. After 

that, the three pairs of differential signals are fed into three 

adjacent channels of driver 3, channel 1, 2, 3, which represent 

the longest traces, shown in Fig. 2. In our design, channel 2 is 

routed between 1 and 3, and the optical output of channel 3 is 

closer to that of channels 1 and 2 in x- and y- directions. 

Therefore, the BER curves of channel 2 (worst effected 

electrical channel) and channel 3 (worst effected optical 

channel) are shown in Fig. 13, together with the curves related 

to the case all 3 channels are working at same time. Very 

limited effect of crosstalk is found: less than 0.2 dB power 

penalty is measured. 

 

 
Fig. 13. Crosstalk test for 3 channels with the longest electrical connections, 

working at the same time. 
 

C. Power Losses on the Optical Interface  

During testing, the highest output optical power of all 48 

channels is recorded, and the power loss of each channel is 

calculated based on an absolute output value of 1.0 dBm. The 

calculated coupling losses of 48 channels are shown in Fig. 14 

for all four VCSEL arrays.  

 

 
Fig. 14. Power loss on 48-channel VCSEL. The channel count is according to 

the VCSEL array. 

 

The output power of the best coupled channel is -0.2 dBm, 

indicating the lowest possible total coupling loss of 1.2 dB. The 

additional 0.2 dB loss, comparing with the coupling test results, 

is mainly due to a thicker interposer used. Three worst 

channels, channel 1 of array 1, 2 and 3, show a large additional 

loss, 6.4 dB, 7.7 dB and 7.7 dB respectively. This is due to the 

spread of the epoxy during mounting. Small trenches can be 

etched during the etching of via to guide the epoxy filling.  

In addition, because there is a shift of the Array 1 and the 

Array 2, comparing with the other two arrays, this causes an 
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additional 1.5 dB loss, indicating around 8 μm total 

misalignment (in Fig. 4).  

The average power loss in the alignment between VCSELs 

and OI is calculated to be 2.4 dB, excluding the three worst 

channels. Further, the standard deviation of each array is 

calculated to be 0.36 dB, 0.27 dB, 0.35 dB, 0.44 dB for Array 

1-4, respectively. In addition, the deviation of coupling losses 

can be reduced by aligning of OI to the OTSVs, which is a 

standard matrix indicating the average positions for all the 

channels. 

VIII. CONCLUSION  

We have demonstrated a novel approach for the VCSEL based 

high density 2D 48-channel optical transmitter packaging. A 

low cost wet-etched silicon interposer is designed and 

fabricated for components assembly. The highly integrated 

optical transmitter module is packaged with only commercial 

components. Besides, a low cost OI with up to 64 lanes is 

designed based on commercially available ferrules. The 

coupling tolerance is tested, showing the loss can be as low as 

1.0 dB and below 1.5 dB within the range of 100 μm in z- 

direction, and 3 dB within 10 μm in the x and y directions. The 

250 μm pitch 2D optical transmitter is easily coupled with 

standard fiber ribbons through this machined OI.  

All 48 channels of transmitters have been tested. Uniform 

and clear eye patterns for all the channels are captured at 15 

Gbps with PRBS 231-1 pattern. The BER curves and crosstalk 

effect are also measured. The results shows that the long traces 

channel perform less, with around 1 dB additional power 

penalty. The victim channels of electrical and optical crosstalk 

is tested respectively, shows the neglect power penalty (less 

than 0.2 dB). The transmitter offer up to 0.72 Tbps data rate for 

a total density of 5.45 Gb/s/mm2, indicating that this packaging 

approach is a promising solution for terabits class module in the 

next generation optical interconnection links. 

In the future work, better placement of CMOS ICs could 

deliver a more balanced and shorter length of CPWs, together 

with shorter differential traces, within 1 cm2. A smaller form 

factor can also be beneficial as it may enhance the mechanical 

strength of the assembled module. If 25 Gbps chip sets are used, 

higher data rate of up to 1.2 Tbps is possible within the same 

area. In addition, the maximum lane counts is 64, which means 

more channels can be integrated on this platform to meet the 

requirements of higher data rate. 

ACKNOWLEDGMENT 

The authors acknowledge Salvatore Polito for his support in 

ADS simulation.  

The authors also acknowledge US Conec for the samples of 

PRIZM® MT ferrule and fan-out fiber assembly. The authors 

acknowledge TE connectivity for the CMOS drivers. 

REFERENCES 

 
[1] C. V. networking Index, "Forecast and methodology, 2016-2021, white 

paper," San Jose, CA, USA, Sep. 2016. [Online]. 

Available:https://www.cisco.com/c/en/us/solutions/collateral/service-pro

vider/visual-networking-index-vni/complete-white-paper-c11-481360.ht

ml  
[2] H. Dorren, E. H. Wittebol, R. de Kluijver, G. Guelbenzu de Villota, P. 

Duan, and O. Raz, "Challenges for Optically Enabled High-Radix 

Switches for Data Center Networks," Journal of Lightwave Technology, 
vol. 33, pp. 1117-1125, Mar. 2015. DOI:10.1109/JLT.2015.2391301 

[3] D. A. Miller, "Device requirements for optical interconnects to silicon 

chips," Proceedings of the IEEE, vol. 97, pp. 1166-1185, Jul. 2009. 
DOI:10.1109/JPROC.2009.2014298 

[4] P. Moser, P. Wolf, G. Larisch, H. Li, J. A. Lott, and D. Bimberg, 

"Energy-efficient oxide-confined high-speed VCSELs for optical 
interconnects," in Proc. SPIE, 2014, p. 900103.  

DOI:10.1117/12.2044319 

[5] Y. Benjamin, K. Hasharoni, and M. Mesh, "Assembly development of 1.3 
Tb/s full duplex optical module," in Electronic Components and 

Technology Conference (ECTC), 2013 IEEE 63rd, 2013, pp. 292-296. 

DOI:10.1109/ECTC.2013.6575586 
[6] F. E. Doany, C. L. Schow, C. W. Baks, D. M. Kuchta, P. Pepeljugoski, L. 

Schares, R. Budd, F. Libsch, R. Dangel, F. Horst, B. J. Offrein, and J. A. 

Kash, "160 Gb/s bidirectional polymer-waveguide board-level optical 
interconnects using CMOS-based transceivers," IEEE Transactions on 

Advanced Packaging, vol. 32, pp. 345-359, May. 2009. DOI : 

10.1109/TADVP.2009.2014877 

[7] S. Benjamin, K. Hasharoni, A. Maman, S. Stepanov, M. Mesh, H. 

Luesebrink, R. Steffek, W. Pleyer, and C. Stommer, "336-Channel 

electro-optical interconnect: Underfill process improvement, fiber bundle 
and reliability results," in Electronic Components and Technology 

Conference (ECTC), 2014 IEEE 64th, 2014, pp. 1021-1027. 
DOI:10.1109/ECTC.2014.6897413 

[8] F. E. Doany, B. G. Lee, C. L. Schow, C. K. Tsang, C. Baks, Y. Kwark, R. 

John, J. U. Knickerbocker, and J. A. Kash, "Terabit/s-class 24-channel 
bidirectional optical transceiver module based on TSV Si carrier for 

board-level interconnects," in Electronic Components and Technology 

Conference (ECTC), 2010 Proceedings 60th, 2010, pp. 58-65. 
DOI:10.1109/ECTC.2010.5490882 

[9] X. Zhang, J. K. Lin, S. Wickramanayaka, S. Zhang, R. Weerasekera, R. 

Dutta, K. F. Chang, K. J. Chui, H. Y. Li, D. S. Wee Ho, L. Ding, G. Katti, 
S. Bhattacharya, and D. L. Kwong, "Heterogeneous 2.5 D integration on 

through silicon interposer," Applied Physics Reviews, vol. 2, p. 021308, 

2015. DOI:10.1063/1.4921463 
[10] K.-W. Lee, A. Noriki, K. Kiyoyama, T. Fukushima, T. Tanaka, and M. 

Koyanagi, "Three-dimensional hybrid integration technology of CMOS, 

MEMS, and photonics circuits for optoelectronic heterogeneous 

integrated systems," IEEE Transactions on Electron Devices, vol. 58, pp. 

748-757, Mar. 2011. DOI:10.1109/TED.2010.2099870 

[11] K. Takahashi and M. Sekiguchi, "Through silicon via and 3-D wafer/chip 
stacking technology," in VLSI Circuits, 2006. Digest of Technical Papers. 

2006 Symposium on, Jan. 2006, pp. 89-92.  

DOI:10.1109/VLSIC.2006.1705326 
[12] C. Li, T. Li, G. Guelbenzu, B. Smalbrugge, P. Stabile, and O. Raz, "Chip 

Scale 12-Channel 10 Gb/s Optical Transmitter and Receiver 

Sub-Assemblies Based on Wet Etched Silicon Interposer," Journal of 
Lightwave Technology, vol. 35, no. 15, pp. 3229–3236, Aug. 

2017.DOI:10.1109/JLT.2017.2681043 

[13] C. Li, R. Stabile, T. Li, B. Smalbrugge, G. G. de Villota, and O. Raz, 
"Wet-Etched Three-Level Silicon Interposer for 3-D Embedding and 

Connecting of Optoelectronic Dies and CMOS ICs," IEEE Transactions 

on Components, Packaging and Manufacturing Technology, pp. 1–8, 
2018.. DOI:10.1109/TCPMT.2017.2786550 

[14] C. Li, T. Li, R. Stabile, and O. Raz, "A Platform for 2-Dimensional 

48-Channel Optical Interconnects Based on Wet Etched Silicon 
Interposer," in 43rd European Conference and Exhibition on Optical 

Communication (ECOC 2017), 2017. 

DOI:10.1109/ECOC.2017.8345902. 
[15] D. Schoellner, J. Wakjira, S. Chuang, and S. Lutz, "Performance 

Methodology and Characterization of a Multi-Fiber Expanded Beam 

Lensed Optical Interconnect," in Electronic Components and Technology 
Conference (ECTC), 2016 IEEE 66th, Aug. 2016, pp. 2394-2400. 

DOI:10.1109/ECTC.2016.213 

[16] H.-S. Kim, J.-M. Kim, Y.-S. Bang, E.-S. Song, C.-H. Ji, and Y.-K. Kim, 
"Fabrication of a vertical sidewall using double-sided anisotropic etching 

of< 1 0 0> oriented silicon," Journal of Micromechanics and 

Microengineering, vol. 22, p. 095014, 2012. DOI: 
10.1088/0960-1317/22/9/095014 

 


