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A New Semiconductor Technology: Photonic Interposer Chips
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ABSTRACT

Photonic interposer chips are expected to drive the emergence of a new semiconductor market
by offering considerably higher bandwidths than high-bandwidth memories. Based on the current
distribution of light sources deployed in data centers, vertical-cavity surface-emitting lasers
(VCSELSs) are regarded as promising light sources for integration into photonic interposer chips.
Accordingly, it is essential to develop technologies that enable the efficient coupling of VCSEL light
into and out of optical waveguides. Since 2023, TSMC, Samsung,and other leading companies have
invested substantial human and financial resources in silicon photonics. However, the potential of
VCSEL-based photonic interposer chips has not been fully recognized. If the coupling technology
can be secured, VCSEL-based photonic interposer chips could be the most viable solution for
commercialization. Because the first demonstration product provides a competitive edge, it is
crucial for companies to implement timely strategic initiatives.
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ABSTRACT
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Photonic interposer chips are expected to drive the emergence of a new semiconductor market
by offering considerably higher bandwidths than high-bandwidth memories. Based on the current
distribution of light sources deployed in data centers, vertical-cavity surface-emitting lasers
(VCSELs) are regarded as promising light sources for integration into photonic interposer chips.
Accordingly, it is essential to develop technologies that enable the efficient coupling of VCSEL light
into and out of optical waveguides. Since 2023, TSMC, Samsung, and other leading companies have
invested substantial human and financial resources in silicon photonics. However, the potential of
VCSEL-based photonic interposer chips has not been fully recognized. If the coupling technology
can be secured, VCSEL-based photonic interposer chips could be the most viable solution for
commercialization. Because the first demonstration product provides a competitive edge, it is
crucial for companies to implement timely strategic initiatives.

KEYWORDS HBM, Interposer, Photonic interposer, Silicon photonics, VCSEL

l. Introduction

Technological competition in the semiconductor
field has been driven by advancements in process
and design technologies and the development
of new technologies. In process technology, the

industry is approaching the mass production stage

(2025) of sub-2nm node and 3D gate structures
such as Gate-All-Around (GAA). Minimizing
feature size not only increases transistor density
but also enhances performance. AMD and Nvidia
secured top-tier performance in CPUs and GPUs
early on by outsourcing to TSMC. By contrast,
Intel’s commitment to in-house fabrication has

* OPROCESSOR INC was founded by the author of this manuscript. The company is the first in the world to develop a technology

to couple multimode VCSEL signals into and out of optical waveguides composed of non-silicon materials, fabricated via CMOS

processes. This technology was developed based on the author's doctoral research, which focused on extracting photons confined

within a VCSEL cavity using a prism. The study examined interactions between the photons and the cavity.

* This is the English version of the Korean article with DOI: https://doi.org/10.22648/ETRI.2025.].400411.
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contributed to its difficulties in competing with
more flexible rivals, despite having led in design
technology for years.

Artificial intelligence (AI) accelerators and
photonics represent disruptive new technologies
with the potential to alter the semiconductor
industry landscape. Al chips, including GPUs,
depend heavily on advanced design methodologies
and cutting-edge foundry capabilities. This domain
is becoming consolidated by Nvidia and TSMC.
Photonic integration, on the other hand, leverages
optical components and advanced 2.5D/3D
packaging. Since it doesn’t require sub-10nm
lithography, China has also been investing in it
from the beginning, along with the U.S. and Europe.
Taiwanese firms, particularly TSMC, have been at
the front of interposer chip fabrication and 2.5D/3D
packaging, and have started R&D and investments
toward silicon photonics since 2023 [1]. Samsung
also announced roadmap for commercialization of
silicon photonics in June 2024 [2].

High Bandwidth Memory (HBM) was first
commercialized by SK Hynix in 2013 and was
initially adopted in AMD’s GPUs in 2015 [3,4]. To
enable high-bandwidth communication between
memory and GPU, AMD formed a four-party
consortium with UMC, ASE, and SK Hynix, leading
to the successful commercialization of the GPU
packaged with HBM. In 2016, Samsung Electronics
introduced HBM2, and Nvidia released P100 GPU
using TSMC’s foundry and Samsung’s HBM[3]. Due
to weak market demand through 2019, Samsung
suspended HBM production. Meanwhile, Nvidia has
collaborated with TSMC and SK Hynix to accelerate
market adoption. Recently, SK Hynix was reported
to have taken the lead in global DRAM market
share, an example of how emerging technologies
can reshape industry leadership.

Photonic semiconductors are expected to

once again reshape the competitive landscape of

the semiconductor industry. According to the
news published in 2024, photonic technologies
are projected to be gradually integrated into
semiconductor chips. This integration is expected
to deliver approximately a 10-fold increase in data
transmission rate and a 10-fold reduction in power
consumption [5]. Based on these projections,
Taiwan has launched a nationwide initiative,
forming an alliance of 30 companies dedicated to
advancing silicon photonics technology [6].

Since the early 2000s, major U.S. semiconductor
companies such as Intel, HP, and IBM have actively
invested in and conducted research to lead the
development of photonics technologies. Intel was
the first to commercialize optical transceivers for
data centers based on silicon photonics and has
since shipped several million units. Moreover,
Intel continues to publish high-quality research
on photonic technologies utilizing vertical-
cavity surface-emitting lasers (VCSELs) [7]. HP
was relatively late in initiating silicon photonics
research but has recently reported impressive
results [8], particularly in the development of
high performance single-mode VCSELs [9].
Although IBM discontinued its silicon photonics
research in the mid-2010s, it has continued to
make steady advancements in VCSEL-based
photonics, supported by U.S. government funding.
Recent developments include promising device
characteristics, and IBM continues to play a leading
role in standardization [10].

Japan has lagged behind in silicon photonics
research compared to other leading countries.
However, its research on VCSEL-based optical
devices has produced state-of-the-art results [11].
In particular, the single-mode VCSELs developed at
Tokyo Institute of Technology have demonstrated
world-leading performance characteristics [12].
Fujitsu and Furukawa Electric, under government-

funded projects, are currently developing multi-
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channel optical transceivers utilizing the single-
mode VCSELs [13,14].

1. Photonics Technology

Table 1 lists the technology trends predicted
within the semiconductor industry [5]. As of 2024,
optical transceivers are plugged in at the server
board edge. By 2026, they are expected to be co-
packaged with XPU or switch chips on the substrate
(Co-Packaged Optics, CPO) and eventually co-
packaged on the silicon chip. Currently, a single
optical transceiver supports data rate of 1.6 Tb/s. It
is expected to achieve tenfold increase in bandwidth,
a tenfold reduction in power consumption per
gigabit, and a twenty-fold decrease in transmission
latency on the silicon chip.

Figure 1 illustrates the arrangement of servers
and switch equipment within data center racks.
Each rack typically contains 10 to 30 servers, with
a switch module usually located at the top. Large-
scale data centers deploy thousands of such racks.
Servers are connected to switches, and switches to

other switches, primarily via optical communication

If >500m, SMF
(DFB)

(VCSEL)

RACK1 RACK2

Figure 1 Servers and switch
equipment within data center racks.

Table 1 Optical transceiver technology trend

Pluggable CPO on CPO on
on Board Substrate Chip
2024 2026 202x
Bandwidth 1.6Tb/s 6.4Tb/s 12.8Tb/s
Power 1x < 0.5x < 0.1x
Latency 1x <0.1x < 0.05x

cables. Copper cables are also used for connections
within 10 meters. As shown in the figure, connec-
tions between a switch and a switch spanning
distances greater than 500 meters utilize distributed
feedback (DFB) lasers and single-mode fibers (SMF),
whereas the majority of other links rely on VCSELs
and multi-mode fibers (MMF).

Table 2 compares a silicon photonics transceiver
with VCSEL-based one. Since most communication
distances within data centers are under 100 meters,
VCSELs remain the dominant optical source.
Although silicon photonics is used for links over

100 meters, conventional optical transceivers are

Table 2 Comparison of silicon photonics and VCSEL-
based optical transceivers

DFB lasers + Si WG

Signal source
g -based modulators

Distance 500 m, 2 km, 10 km
Si-Photon. Tran§m|55|on S!ngle mode fiber,
. medium Si waveguides
Transceiv.
Power per 20~100 MW
channel
Footprint per 5x
channel
Sienal source VCSEL, directly
g modulated
Distance 100 m (50 m for 112 Gb/s,
30 m for 224 Gb/s)
VCSEL- Transmission
based medi rrl1 : Multimode fiber
Transceiv. el
Power per <10 mwW
channel
Footprint per 1

channel
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still predominantly deployed. Silicon photonics
transceivers consume more power and are more
expensive to manufacture than VCSEL-based
transceivers. In terms of footprint of light signal
source, the area per channel for silicon photonics is
approximately five times larger than that of VCSELs,
primarily due to the silicon Mach-Zehnder
modulators used for optical modulation.

Figure 2(a) illustrates the configuration in which
plug-in optical engines (OEs) are installed in
switches and servers. Switch ASICs used in data
centers operate at a signal processing speed of 51.2
Tb/s. Thirty-two optical transceivers are inserted
into plug-in connectors located at the edge of
the motherboard, 16 for input and 16 for output.
When 25.6 Tb/s of data is received through 16

input channels, the switch routes the data based

Pluggable Optics
(Present)

Switch Board
51.2 Tbps (2022)

Server Board
OE 1.6 Tbps (2022)

_ Electrical line

Switch

substrate Optical line

(@)

Co-Packaged Optics
(CPO- 1%t gen)

51.2 Tbps (2026) OE 6.4 Tbps (2026)

Switch /\/“
substrate Optical line T

MMF
PCB PCB (VCSEL)
(b)

Co-Packaged Optics
(CPO- 2 gen)
102.4 Thps (202X)

OE 12.8 Tbps (202X)

Optical line

PCB Optical waveguide

PCB (VCSEL)

(0

Figure 2 Technological trend in co-packaged optics.

on predefined instructions through the 16 output
channels. Each server contains a single optical
transceiver installed at the edge of the motherboard.
The CPU, memory, and GPU are interconnected
through electrical circuits on the motherboard.
High-performance GPUs are typically integrated
with HBM using 2.5D packaging technology,
where GPU and HBMs are mounted on a silicon
interposer.

Figure 2(b) illustrates the relocation of the optical
transceiver from the edge of the motherboard to the
package substrate of the switch chip or CPU chip.
This change is not merely a shift in physical position;
rather, the optical transceiver is co-packaged with
the switch or CPU chip, a configuration known as
Co-Packaged Optics (CPO). The data capacity of
the optical transceiver is expected to reach 6.4 Tb/s,
with commercial products anticipated to be available
around 2026. Figure 2(c) depicts co-packaging
of the optical transceiver with the switch or CPU
chip on a silicon interposer chip. By relocating the
transceiver from the motherboard edge to the edge
of the package substrate, and ultimately onto the
silicon interposer, the performance improves, as
shown in Table 1.

Figure 3 illustrates the technical differences
that arise when the optical transceiver is relocated
from the edge of the motherboard to the package
substrate or the silicon interposer. Specifically,
one major distinction is the elimination of a DSP
(Digital Signal Processor), which implies that the
data transmission is reduced from two stages to
a single stage. As shown in Figure 3(a), the data
signal generated by the switch or CPU is first
delivered to DSP 1. The signal undergoes multiple
processing steps, among which the most critical
are serialization and deserialization. Since the
number of lanes differs at each transmission stage,
signals must be merged or split accordingly for

transmission.
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XPU

substrate
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EQ, ADC Des,

| Fibers
HE

COR, TX
EQ DAC Ser,

CDR,  RX
EQ, ADC Des,

CDR, X
EQ, DAC Ser,

Switch or
XPU

Figure 3 Technological differences between two
optical transceiver placements.

In the configuration where data must travel across
the motherboard, DSP 1 performs serialization, after
which the signal is deserialized by DSP 2. It then
undergoes additional signal processing, including
signal regeneration. Before the regenerated
signal is converted to an optical signal, it is again
serialized to match the lane count required for
optical transmission. The serialized signal is then
sent to a modulator driver, where it is amplified
to a level suitable for driving the modulator. The
amplified signal is passed to the modulator, where
it is converted into an optical signal. In the optical
transceiver, the electronic integrated circuit (EIC)
is co-packaged with the photonic integrated circuit
(PIC), and DSP 2 is embedded within the EIC.
When receiving optical signals, the process occurs
in reverse and the recovered signal is delivered to
the switch chip or CPU.

Figure 3(b) shows the relocation of the EIC and
PIC of the optical transceiver to the position of
DSP 1. The data signal generated from the switch

chip or CPU undergoes a single serialization

before being sent to the modulator driver,
where it is converted into an optical signal. This
configuration offers significant advantages in terms
of reduced power consumption and transmission
latency. Additionally, the number of lanes can be
substantially increased, allowing for a proportional
increase in data transmission bandwidth. This
architecture is referred to as Co-Packaged Optics
(CPO) and is expected to reach commercialization
around 2026. A key drawback, however, is that if
the optical transceiver fails, it cannot be replaced
independently from the expensive switch or CPU
chip, since they are co-packaged.

A vertical structure corresponding to Figure 2(c)
or Figure 3(b) is illustrated in Figure 4. Although
specific implementations may vary depending on
the technology applied to the photonic interposer,
the configuration shown illustrates an anticipated
and typical structure. Electronic components such
as the CPU, HBM, and EIC, are bonded onto the
top surface of a silicon interposer chip. Advanced
technologies such as Cu-to-Cu hybrid bonding
can be employed for integration. On the underside
of the silicon interposer chip, not only electrical
circuits but also optical waveguides and photonic
devices are incorporated. Electrical interconnection
between the top and bottom layers of the interposer
is achieved via through-silicon vias (TSVs). Beneath
the optical waveguides and photonic devices, a
redistribution layer (RDL) is formed. The RDL

Cu-to-Cu Bond
or Micro-Bump

Si-Interposer
RDL layer
C4 Bump

BGA

Figure 4 Vertical structure of a photonic
interposer package.
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circuitry provides electrical connectivity to the
package substrate. To transmit optical signals
externally, the optical engine (OE) depicted in
Figure 3(b) can be positioned on the top surface
of the silicon interposer, as shown with the PIC in

Figure 4.

I1l. VCSEL-based Photonics

Table 3 lists the highest-performing optical
modulators, as of 2025, that are suitable for use in
co-packaged optics. With the exception of VCSELs,
all listed devices are modulators used in silicon
photonics optical transceivers. The data is based on
peer-reviewed journal articles, which are considered
more reliable than conference presentations.
The directly modulated laser (DML) shows the
highest value among the listed devices. However,
its main drawback is high power consumption.
This is because the reflection peak of distributed
Bragg reflector (DBR) is detuned to the slope of
the photoluminescence curve, rather than to the
peak, in order to maximize modulation speed, at

the expense of significant output power. Other

Table 3 Highest performances of optical modulators

Si M-Z modulator Si Ring modulator

fﬁdozfl"\’rate 47 GHz 49 GHz
(PAM4) 250 Gb/s 200 Gb/s
Affiliat. Canada, Mcgill U. Hést.tyjrl_(lepcomm
Publication ~ PTL 2021 [17] 2024 [18]
EML/DML VCSEL
EML-65 GHz Multimode 30 GHz
fAdO%EIWF o 225Gbls 224 Gb/s
(PAM45 DML-108 GHz Single M. 39.4 GHz
256 Gb/s 100 Gb/s
Japan, Mitsubishi
: ! Germany, VIS
Affilat. 2P ) EL 2024 [21]
N Japan NTT
Publication Nature Photon 2021 Japan, T.I.T.
CLEO 2024 [12]

[20]

modulators also pursue trade-offs through various
design strategies to achieve higher modulation
speeds.

The quantum wells used in the laser and the
modulator must be designed differently. However,
this optimization comes at the cost of both reduced
output power and increased fabrication complexity.

As a result, despite their potential for higher

Table 4 Components and properties for photonic

interposer chips

Si M-Z Modulator  Si Ring Modulator

1. DFB laser
2. Ring Modulator
3. MUX/DeMUX

1. DFB lasers
2. M-Z modulator

Components 3. MUX/DeMUX 4.PD
4. PD 5. SOA (option)
5. Sol wafer 6. Temp. controller
7. Sol wafer
Footprint 6x 2
per channel
Power per 5x 5x
channel
SCINTIL Photonics,
Dust Photonics,
Company Kyocera Corp. Intel
Cisco Systems,
Intel
EML/DML VCSEL
1. DFB laser
2. EAM modulator
3. MUX/DeMUX
4. PD
’ ) 1. VCSEL (Laser +
T
Components —~~~ — — " — DeMUX on a prism)
1. DML (Laser + § Etiafer
Modul.) ’
2. MUX/DeMUX
3.PD
4. Si wafer
) Si WG 2x, SiN WG 8x
Footprint = "~~~ "~ Ix
per channel 8x
Powerper 5, /10 x
channel
OpenLight - EML
Company POET Technologies OPROCESSOR INC
- DML
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modulation speeds, many research groups prefer
Mach-Zehnder or ring modulators over EMLs or
DMLs.

Recent transmission experiments employ four-
level pulse amplitude modulation (PAM4). On-
off keying corresponds to two-level amplitude
modulation. As shown in Table 3, most modulators
have demonstrated modulation speeds exceeding
200 Gb/s. Therefore, modulation speed is no longer
considered a critical factor in modulator selection.
For single-mode VCSELs, further transmission
experiments are needed to fully evaluate their
modulation performance.

Table 4 summarizes information on the de-
velopment of optical transceivers by modulation
type. Many startups provide specifications for
silicon photonics solutions utilizing silicon Mach-
Zehnder modulators or EML/DML. The companies
listed in Table 4 represent some notable companies.
Intel has been developing optical transceivers based
on silicon ring modulators for an extended period
and has recently published experimental results
[15]. While several companies are working on
optical transceivers employing VCSEL [7,10,13,14],
OPROCESSOR INC" is currently the only known
company with proprietary technology for coupling
multimode VCSEL light into and out of optical
waveguides to be embedded in photonic interposer
chips [16].

The footprint of VCSEL-based systems is roughly
equivalent to that of the light source itself, as the
light source, modulator, and MUX/DeMUX are co-
located on a prism [16]. The prism can be fabricated
to a size comparable to that of VCSEL itself. By
contrast, other approaches arrange components
side-by-side on a plane, resulting in each element
occupying separate physical space. Compared to
VCSEL-based systems, other approaches require 2
to 8 times larger footprints and 5 to 10 times greater

power consumption per channel. Furthermore,

the manufacturing cost for the approach based
on VCSELs is the lowest among the options.
Therefore, the VCSEL approach is not only the
most advantageous for photonic interposer chip
fabrication but also the most feasible. Due to their
large per-channel footprint and power consumption,
Mach-Zehnder and EML/DML approaches have
a low likelihood of being integrated into photonic
interposer chips.

In the case of silicon ring modulators, even if the
footprint and power consumption are acceptable,
yield and temperature control issues cannot be
overlooked. Intel emphasizes that the key advantage
of the ring modulator approach lies in its favorable
optical alignment and mass production capabilities,
achieved by bonding a compound wafer (InP
wafer) prepared with quantum wells to a silicon
wafer patterned with a distributed Bragg reflector
(DBR) to form a DFB laser. Intel, Openlight, and
several other companies use lasers fabricated by
this method as light sources for Mach-Zehnder
modulator approach as well. However, a significant
drawback is the requirement for high yield.

Yield is not a critical issue when manufacturing
individual optical transceivers because only good-
quality chips are selected for use. However, for
application in photonic interposer chips, where
dozens to hundreds of lasers must all be functional,
yield becomes a significant concern. When using
multiple wavelengths, the design of the quantum
wells differs for each wavelength, requiring bonding
each laser corresponding to a specific wavelength
onto a separate wafer section. This increases
both the number and complexity of the wafer
bonding processes. Furthermore, the suitability of
the fabricated lasers can only be confirmed after
completing the photodiodes, through testing with
only the good photodiodes, and defective lasers
cannot be replaced. In other words, just a few

defective lasers can result in the entire photonic
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interposer chip being discarded.

To use silicon rings as modulators, the resonance
wavelength of the ring must match the laser wave-
length. Due to statistical variations in the fabrication
process, the resonance wavelength typically does
not coincide with the laser wavelength. Therefore,
microheaters are installed on the surface of the
ring modulators to locally adjust the temperature
and align the wavelengths. When the ambient
temperature changes, the wavelengths become
mismatched again, requiring continuous monitoring
and active wavelength alignment. Implementing
and operating such feedback systems independently
for dozens to hundreds of modulators is not
only technically challenging but can also lead to
significant cost increases.

The primary advantage of VCSELs is that
their light is emitted perpendicular to the wafer
surface, enabling laser characterization at the
water level without the need to dice the wafer into
individual chips. This advantage similarly applies
to the fabrication of photonic interposer chips
utilizing VCSELs. Figure 5 illustrates transmission
experiments of VCSEL signals through optical
waveguides, as reported in reference [16].

Figure 5(a) schematically depicts the con-
figuration for coupling VCSEL signals into and out
of the optical waveguide via a prism. Figure 5(b)
shows a photograph capturing laser light emitted
from the prism surface. Reference [16] demonstrates
that the coupling and transmission losses are
acceptable for application to photonic interposer
chips.

Several research groups have reported experi-
mental results on coupling a single mode VCSEL
light into and out of single mode silicon optical
waveguides [22-24]. Due to the high refractive
index of silicon (n=3.45), prisms cannot be used
for coupling into the silicon optical waveguide,

and diffraction gratings must be employed

(b)

Figure 5 Transmission experiment of VCSEL light
through optical waveguides.

Source: Reprinted from S.G. Park et al., “Technologies for optically
interconnected CPU,” TechRxiv, 2022.
DOI: 10.36227/techrxiv.19738048.v1.

instead. VCSELs emit unpolarized light, whereas
diffraction gratings efficiently diffract only the TE
mode at appropriate angles, while the TM mode is
not effectively diffracted. As a result, an inherent
coupling loss of approximately 3 dB occurs. The
mode size mismatch between the laser beam and
the waveguide further exacerbates the coupling loss
without microlens, because commercial microlenses
cannot be used due to their excessive packaged
size. Consequently, coupling losses in these studies
exceed 10 dB.

Silicon optical waveguides have the drawback of
relatively high propagation losses, typically ranging
from 1 to 3 dB. Additionally, they require the use
of silicon-on-insulator (SOI) wafers. Since the
waveguides share the silicon layer with various logic
components, this may introduce certain constraints
in the overall circuit design.

It is more advantageous to form the optical

waveguides using non-silicon materials such as
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SiO, or SizNy. which are fabricated using CMOS
processes in silicon fabs. OPROCESSOR INC, a
startup spun off from ETRI, is the only known
company to report experimental demonstrations
and intellectual property for coupling VCSEL
signals into and out of waveguides made from such
materials [16,28].

Photonic interposer chips employing VCSELs are
highly advantageous for mass production, as optical
testing can be performed at the wafer level. The
process begins by permanently bonding a prism at a
predetermined position. A functional VCSEL is then
selected and mounted onto the holder equipment.
This holder is equipped with electrodes that allow
current injection and real-time observation of the
emitted laser light. The VCSEL is carefully aligned to
its target position, while simultaneously monitoring
light emission through the opposite prism in real
time. Once optimal alignment is achieved, the laser
is temporarily bonded using a transparent adhesive
that liquefies at approximately 120°C.

For high-volume manufacturing, dozens to hun-
dreds of components can be bonded simultaneously,
with defective units replaced or reworked as needed.
Since the positions of all prisms, VCSELs, and
photodiodes on the photonic interposer chip are
predetermined, multiple mask chips are prepared
to pre-align these components at their designated
locations. Once the actual interposer chip is ready,
the pre-aligned components can be transferred and
bonded in a single step using holding equipment.
Even after temporary bonding, the condition of
the VCSELs and photodiodes can be verified,
and any defective unit can be selectively replaced
by reheating the specific area to 120°C. Once all
VCSELs and photodiodes are confirmed to be
functional, permanent bonding is performed during

the RDL molding process.

IV. Discussion

Since light from a directly modulated VCSELSs can
be coupled into and out of an optical waveguide,
and multiple wavelengths can be transmitted
through a single waveguide, it becomes feasible
to construct an optical network on a silicon chip.
Both optical signal generation and photonic circuits
are achievable, and photonics based on VCSELs
becomes a viable technology. Reference [16] reports
input/output experimental results for a single
channel. Since multiple channels can be fabricated
simply by replicating a single channel, the number
of channels does not pose a limitation. Therefore, it
is possible to build not only a photonic interposer
chip that connects a few XPUs and HBMs, as shown
in Figure 4, but also a larger optical network chip
that connects dozens of processors and memory
chips, as shown in Figure 6.

As shown in Figure 2(c), to support an external
data rate of 12.8 Tb/s, the internal communication
must provide at least the same or greater bandwidth.
According to the 2024 JEDEC standard, the
bandwidth between HBM4 and a GPU is 13.1 Tb/s
[3]. JEDEC also specifies the signaling rate per

electrical lane (each lane consisting of two wires)

Figure 6 A conceptual diagram of an optical
network chip

Source: Reprinted from S.G. Park et al., “Technologies for optically
interconnected CPU,” TechRxiv, 2022.
DOI: 10.36227/techrxiv.19738048.v1.
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as 9.8 Gb/s for HBM3E and 6.4 Gb/s for HBM4
[3]. Meanwhile, the IEEE 802.3db standard (2022)
defines optical signaling at 106.25 Gb/s per channel,
with standardization for 200 Gb/s currently
underway [25,26]. As shown in Table 3, most
optical modulators are capable of supporting data
rates up to 200 Gb/s. Through wavelength division
multiplexing (WDM), a single optical waveguide
can carry eight different wavelengths [10], enabling
over 160 times the bandwidth capacity compared to
a single electrical lane.

Based on a 12.8 Tb/s data rate, an electrical
solution would require 2,560 wires (1,280 lanes),
while an optical approach using two wavelengths
per channel (64 channels total) and four channels
per waveguide would require only 16 optical
waveguides. This clearly indicates that, without
adopting optical signaling, the required number of
electrical interconnects will soon exceed what can
be physically integrated within an interposer chip.

Electrical signaling typically consumes more than
1 mW per Gb/s, whereas optical signaling consumes
less than 0.1 mW per Gb/s [27]. Unlike electrical
signals, which require periodic regeneration over
distance, optical signals can travel significantly
longer distances without the need for regeneration.
As a result, optical communication provides
advantages in both power consumption and latency,
often by an order of magnitude. Moreover, electrical
interconnects suffer from crosstalk at multi-Gb/s
data rates when wires are placed in close proximity,
thereby imposing limits on wire density. By contrast,
optical signals are inherently immune to such
crosstalk, allowing for much denser signal routing.
Due to these advantages, the need for optical
signaling within semiconductor chips has been
recognized since the early 2000s.

As shown in Table 4, when considering factors

such as footprint, power consumption, fabrication

cost, and wafer-level testing for optical devices,
VCSELs are the most advantageous option for
implementing photonic interposer chips. By
contrast, silicon waveguide-based solutions are
expected to face inherent limitations that will likely
restrict their application to co-packaged optical
transceivers mounted at the periphery of substrates
or interposer chips. Under such applications, the
market trend would likely remain similar to the
current optical transceiver market, with limited
growth potential. The current market dominance of
Taiwanese manufacturers would also persist. Only
by achieving full commercialization of photonic
interposer chips can a new semiconductor market
segment emerge. This transition would also create a
strategic opportunity for companies demonstrating
the required technologies.

The market size of photonic interposer chips can
be estimated in comparison to that of HBM, as HBM
is typically integrated on interposer chips and thus
supplied together. For a communication bandwidth
of 12.8 Tb/s, at least 64 VCSELs and 64 photodiodes
are required, with each device supporting 200 Gb/s.
Based on current prices, the cost of these optical
components is much higher than that of HBM.
Therefore, it is reasonable to expect that the market
size of photonic interposer chips will exceed that
of HBM.As the demand for bandwidth continues
to grow, electrical interconnects will no longer be
able to meet communication requirements, and
optical signaling will be introduced progressively.
Given that VCSELs and photodiodes have relatively
low manufacturing costs, the total price of optical
components is expected to drop significantly once
large-scale demand emerges. Companies that
are first to launch demonstration products and
pioneer this market are likely to benefit from highly

favorable market conditions.
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V. Conclusion

While HBM expands only the XPU-to-me-
mory bandwidth, a photonic interposer chip
enhances both XPU-to-XPU and XPU-to-memory
bandwidths. As a result, photonic interposer chips
are expected to create a new semiconductor market
for high-bandwidth interconnections, following the
success of HBM. VCSEL is the strongest candidate
as a light source for photonic interposer chips. The
technology for coupling VCSEL signals into and
out of waveguides made of non-silicon materials,
along with its experimental results and intellectual
property, has been reported, to the best of our
knowledge, only by researchers at the Electronics
and Telecommunications Research Institute (ETRI)
and a related startup company [16,28].

Currently, the silicon interposer chips used
in GPU packages are dominated by Taiwanese
companies. Taiwan is moving faster than other
countries to maintain its competitive edge, even

in the era of photonic integration. As discussed
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