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Abstract. The rapid surge in global data traffic, driven by artificial intelligence and hyperscale data centers,
has established copackaged optics (CPO) as a pivotal technology for next-generation high-bandwidth and
low-power interconnects. By integrating optical engines directly with application-specific integrated circuits
(ASICs) on a single substrate, CPO significantly reduces electrical link lengths and power consumption.
However, the extreme power density of ASICs, together with the temperature sensitivity of photonic com-
ponents, makes thermal management a critical bottleneck for CPO performance and reliability. We provide a
comprehensive review of thermal management in CPO, encompassing various aspects from device assembly
to system operation. We systematically discuss the packaging strategies and thermal reliability of lasers and
fiber arrays, address thermal design considerations at both chip and package levels, and evaluate advanced
thermal interface materials alongside module-level cooling technologies. Finally, we provide perspectives on
future optoelectronic co-design and the thermal challenges of next-generation optical interconnects.

Keywords: copackaged optics; thermal management; optoelectronic integration; advanced packaging; thermal interface material;

liquid cooling.

Received Nov. 15, 2025; revised manuscript received Feb. 5, 2026; accepted for publication Feb. 11, 2026; published online

Mar. 19, 2026.

© The Authors. Published by SPIE and CLP under a Creative Commons Attribution 4.0 International License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.

[DOI: 10.1117/1.APN.5.3.034001]

1 Introduction

As global data traffic continues to surge—driven by emerging
applications such as artificial intelligence (AI), autonomous ve-
hicles, and hyperscale data centers, optical communication has
remained the cornerstone of high-capacity, long-distance data
transmission, owing to its superior bandwidth and low-loss
characteristics. Since the inception of low-loss optical fiber,
pluggable transceivers have become the industry standard for
electro-optical conversion at the network edge. For many years,
research efforts were primarily focused on enhancing the speed
and integration level of these discrete optical modules. However,
as data rates have scaled beyond 800 Gbps per module, the
electrical interconnects between front-panel optics and switch
application-specific integrated circuits (ASICs) have emerged
as a critical bottleneck. Limitations in the integrity of electrical
signals, power consumption, and bandwidth density within tra-
ditional architectures have prompted a paradigm shift in optical
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system design. To address these challenges, copackaged optics
(CPO) has been proposed as a promising integration strategy
that places optical engines (OEs) close to electrical processing
units, such as switch ASICs or Al accelerators, on a common
package substrate. By significantly reducing the electrical link
length, CPO improves energy efficiency, reduces latency, and
enables higher bandwidth density. A growing number of com-
panies and research institutes, including Intel,' Ayar Labs,’
Ranovus,” IBM,* Marvell,” Rockley Photonics,® Cisco,” Ruijie
Networks,® Broadcom,” IME,'"” and TSMC," have invested
heavily in the development of CPO-based optical interconnects,
positioning the technology as a cornerstone for next-generation
data center and high-performance computing networks.
Despite its promising potential, CPO introduces significant
thermal management challenges that remain insufficiently ad-
dressed in current architectures. Unlike conventional pluggable
optics, where optical transceivers are thermally isolated from
high-power ASICs, CPO integrates thermally sensitive photonic
components, such as lasers and microring resonators, in close
proximity to high-power compute die (referred to as XPU,
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which may be a switch ASIC, CPU, GPU, or Al accelerator).
This proximity leads to elevated junction temperatures, in-
creased thermal coupling, and new reliability risks, which must
be addressed through co-optimized thermal design. Moreover,
the fragmented nature of the CPO development ecosystem,
where electrical, optical, and packaging engineers often work
in isolation, has limited system-level understanding. For exam-
ple, optical researchers may underestimate the mechanical and
thermal implications of advanced packaging processes, while
packaging engineers may lack insight into the temperature-
dependent behavior of photonic components.

To bridge this gap, this paper provides a comprehensive re-
view of thermal management in CPO modules, ranging from
the integration of thermally sensitive photonic devices to pack-
age- and module-level thermal management. We begin with
an overview of representative CPO architectures and power dis-
tribution, highlighting the architectural evolution from conven-
tional electrical-only packaging and pluggable optical modules
toward tightly integrated OEs copackaged with high-power
ASICs (Sec. 2). Section 3 details laser integration and thermal
management, covering various integration schemes and two
main approaches to ensure temperature-stable laser operation:
uncooled high-temperature lasers and thermoelectric coolers
(TECs). Section 4 discusses the fiber array unit (FAU) assembly
and the thermal stability of optical coupling efficiency. Section 5
discusses chip- and package-level thermal engineering strate-
gies. Furthermore, Sec. 6 reviews thermal interface materials
(TIMs) and module-level cooling strategies, including air-
cooled and liquid-cooling solutions. Sections 7 and 8 provide
future perspectives and conclusions on thermal codesign for
next-generation optical interconnects.

2 Overview of Copackaged Optics
2.1 Evolution from Pluggables to CPO

The evolution from pluggable optics to CPO has been primarily
driven by the need to reduce radio frequency (RF) loss and
power consumption. As summarized in Fig. 1, pluggable opti-
cal modules exhibit relatively low power density, but the long
electrical paths between the host ASIC and the OE lead to sig-
nificant insertion loss and limited bandwidth scalability. On-
board optics (OBO)" and near-package optics (NPO)*"* miti-
gate these issues by shortening interconnects and improving
power efficiency, yet thermal management remains at the board
level. By contrast, CPO integrates OEs directly with an ASIC
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on a common substrate,'*'” thereby minimizing the interconnect

length and RF loss. However, the high-power density in CPO
poses a significant challenge for thermal management. Looking
beyond conventional CPO, emerging concepts involve co-
packaging ASICs and OEs on an interposer, as discussed by
NVIDIA'® and TSMC," are expected to further increase power
density.

2.2 Typical CPO Architectures

The architecture of CPO fundamentally determines thermal
paths, interconnect lengths, and integration density, all of which
are critical to thermal management. Over the past decade, both
academia and industry have explored a variety of CPO architec-
tures, distinguished primarily by the spatial organization of
photonic and electronic components. Depending on the stacking
strategy between the electronic integrated circuits (EICs) and
the photonic integrated circuits (PICs), these architectures are
generally classified into four categories: 2D, 2.5D, 3D hetero-
geneous integration (3D HI), and 3D monolithic integration
(3D MI).

2D Packaging integrates PICs, EICs, and ASICs side-by-side
on a shared substrate, as demonstrated in early CPO prototypes.'®
This lateral configuration simplifies assembly and naturally
separates heat-generating EICs from thermally sensitive PICs,
facilitating basic thermal partitioning. Reported implementations
include Intel’s wire-bonded scheme, achieving 4 x 64 Gb/s at
1.3 pJ/bit,"” Acacia’s flip-chip architecture on LTCC sub-
strates,”” and Corning’s glass-based platform with through-glass
vias (TGVs) and metal redistribution layers (RDLs).*' More ad-
vanced fan-out wafer-level packaging (FOWLP) approaches™*
enable finer interconnects and improved form factors. Conven-
tional wire bonding faces parasitic and reliability challenges,***
whereas flip-chip and FOWLP provide more mechanical ro-
bustness.

2.5D Packaging places PICs and EICs on an interposer, en-
abling short interconnects and improved signal integrity.****’
From a thermal perspective, different interposer materials
present distinct trade-offs. Organic interposers®**~ are cost-
effective but limited by low interconnect density and restricted
bandwidth. Silicon interposers support ultra-high-density
routing and provide superior thermal conductivity (k), yet they
suffer from significant RF loss and pronounced thermal cross-
talk between the PIC and EIC.” By contrast, glass interposers
offer a compelling balance, featuring excellent CTE matching
with substrates, suppressed thermal crosstalk due to moderate
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Fig. 1 Roadmap of optical transceiver: (a) pluggable optics, (b) on-board optics (OBO), (c) near-
package optics (NPO), and (d) copackaged optics (CPQO). TRX, optical module; OE, optical

engine.
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conductivity, and high plane-level scalability for large-scale
integration.**'

3D HI leverages heterogeneous integration to vertically stack
PICs and EICs, thereby minimizing interconnect lengths and
enhancing bandwidth density. 3D HI can be divided into TSV-
based and TSV-free approaches. TSV-based schemes involve
through-silicon vias (TSVs) either on an electronic die (E-
TSV)* or a photonic die (P-TSV)**7* that offer the benefit
of vertical thermal paths while posing additional challenges.
The E-TSV approaches force heat from EICs through PICs, in-
creasing thermal crosstalk and reducing photonic performance.
By localizing TSVs in PICs, P-TSV designs enable direct con-
tact between EICs and heat sinks, thereby providing more stable
thermal performance and better scalability. TSV-free ap-
proaches, such as wire bonding, PIC embedding, FOWLP,
and copper/dielectric hybrid bonding, can simplify fabrication
by eliminating costly and process-intensive TSV integration,
whereas their thermal dissipation paths depend strongly on
the packaging method. Wire bonding®* suffers from long elec-
trical interconnects, whereas PIC embedding on organic or glass
substrates improves compactness but still faces limited thermal
conductivity.”* FOWLP provides better thermal spreading
through a thin epoxy molding layer and RDLs.*”**" Hybrid
bonding (e.g., TSMC COUPE, SoIC) facilitates bumpless ver-
tical integration, effectively minimizing both electrical intercon-
nect lengths and thermal conduction paths.'"*

3D monolithic EPICs integrate photonic and electronic devi-
ces on a single CMOS chip, demonstrated by MIT and UC
Berkeley with a data rate of 10 Gb/s***" and further advanced
by GlobalFoundries with a 300-mm platform and wafer-scale la-
ser integration.”™ Industrial efforts such as Intel-Ayar Labs’
TeraPHY>* and Ranovus—AMD’s Odin engine® highlight its
scalability.

2.3 Power Sources and Thermal Load Distribution

Understanding the power sources and their distribution within
CPO modules is essential for effective thermal management. A
typical CPO module consists of an ASIC, OEs, and optionally,
digital signal processors (DSPs) to handle signal integrity. The
OEs include drivers, transimpedance amplifiers (TIAs), PICs,
and integrated light sources (ILSs). Owing to the high power
consumption of DSPs, linear drive pluggable optics (LPO),
which eliminates discrete DSPs, can effectively reduce overall
power consumption. For instance, Broadcom’s Tomahawk 5
supports LPO interconnections.” Therefore, the power distribu-
tion analysis in this section is based on a DSP-free 51.2 Tbps
CPO architecture.

As illustrated in Fig. 2(a), the CPO module integrates a 51.2-
Tbps Tomahawk5 ASIC with a power consumption of 835 W,?
surrounded by sixteen 3.2-Tbps OEs on the same substrate, each
dissipating 19.7 W. The ASIC power is concentrated in a rela-
tively small central area of 31.37 mm x 24.74 mm. Each OE
comprises 32 channels, each transmitting 100 Gbps PAM4 sig-
nals and comprising a driver, a TIA, and a bias-control heater for
modulator biasing. Among the various integration approaches
for OEs, monolithic integration is considered one of the prom-
ising directions for future development. Accordingly, we adopt
the power values reported for monolithically integrated OEs as
references. Specifically, the power consumption is 312 mW /ch
for drivers,” 114 mW /ch for TIAs,”” and 21.7 mW /ch for
heaters.™® The heater power is estimated from the average
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Fig. 2 (a) Power distribution of 51.2-Tbps CPO. (b) Power break-
down of a 3.2-Tbps optical engine.

phase-shifter power per z phase shift (P,), but in practical con-
trol scenarios, the actual heater power consumption is typically
lower. The laser power is calculated from hybrid ILS, with each
laser dissipating 333 mW and supplying two optical channels.
Thus, 16 ILSs are required for a single OE.”’ As shown in the pie
chart in Fig. 2(b), the 16 OE:s collectively account for 27.4% of
the total power of the CPO module. Within each OE, drivers and
TIAs dominate with 69.4% of the power, whereas lasers contrib-
ute 27.1% and heaters only 3.5%. These power distributions re-
veal highly localized and heterogeneous heat sources within
CPO modules. When combined with the close physical proxim-
ity and shared thermal paths between ASICs and OEs, such non-
uniform thermal loads inevitably give rise to strong thermal
coupling and crosstalk, motivating a detailed analysis of their
impact on device-level thermal sensitivities in the following
section.

2.4 Thermal Coupling, Crosstalk, and Device
Sensitivities

The heterogeneous integration of high-power ASICs and sensi-
tive optical components on a shared substrate inevitably leads to
thermal crosstalk. As illustrated in Fig. 3, a typical CPO module
consists of EICs stacked on top of a PIC. Heat generated by the
EICs, PICs, and the central ASIC is conducted through the
package lid to the heatsink and further managed by module-
level cooling strategies. The crosstalk can be classified into three
major types: intra-PIC interactions between adjacent photonic
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Fig. 3 Schematic illustration of the CPO module, highlighting
thermal crosstalk and hierarchical cooling management.

devices on the same chip (CT1), EIC-to-PIC crosstalk arising
from heat dissipation by drivers and TIAs (CT2), and ASIC-
to-OE crosstalk due to the high power density of central
ASICs affecting copackaged OEs (CT3). These interactions
can cause laser wavelength drift, optical power reduction, mi-
croring resonance shifts, reduced modulation bandwidth, in-
creased photodetector dark current, and overall degradation
in link performance. Table 1 summarizes the maximum operat-
ing temperatures, dominant thermal constraints, and relative
sensitivities of key CPO components.

Lasers exhibit the most stringent constraints, with typical
maximum operating temperatures around 70°C to 85°C.*®
Elevated operating temperatures result in wavelength drift, out-
put power reduction, and accelerated aging.” Reliability studies
show that when lasers operate continuously at 75°C, the 5-year
failure rate increases significantly compared with operation at
25°C, rising from ~0.02% to about 0.8%.°' Consequently, lasers
are widely recognized as the dominant failure source in optical
modules, accounting for nearly 90% of reported optical module
failures.*

PICs exhibit markedly different thermal sensitivities de-
pending on the device type, particularly for the three core
components considered here: Mach—Zehnder modulators
(MZMs), microring modulators (MRMs), and photodetectors
(PDs). The silicon PIN-based MZM exhibits relatively weak
temperature dependence in dynamic performance, maintain-
ing linear phase modulation, stable electro-optic bandwidth,
and high energy efficiency over a wide operating tempera-
ture range from 25°C to 80°C.* By contrast, resonant devices
such as MRMs are inherently more temperature sensitive, as

temperature-induced refractive index variations directly trans-
late into resonance wavelength shifts, leading to significant
performance degradation.* For PDs, elevated temperatures in-
crease the dark current, which can degrade eye diagrams and
receiver sensitivity, thereby increasing the bit error rate
(BER).%>%¢ Unlike laser sources, non-resonant PIC components
such as MZMs, PDs, and phase shifters show remarkable ther-
mal stability. Reliability assessments indicate these devices
can withstand a projected 10-year lifetime.®’

EICs, including drivers and TIAs, typically tolerate junction
temperatures up to 100°C.” Temperature variations mainly af-
fect microwave gain, linearity, and bandwidth. Circuit simula-
tions have shown that increasing the temperature from 27°C to
90°C results in ~2 dB gain degradation in driver amplifiers.*®
Experimental measurements on TIAs further report a reduction
of transimpedance gain by about 10 dB Q2 when the temperature
increases from 25°C to 85°C.” Nevertheless, the performance
degradation in EICs remains moderate and can be effectively
mitigated through circuit-level techniques such as adaptive gain
control™ and dynamic voltage scaling (DVS),”" which compen-
sate for PVT (process, voltage, and temperature)-induced var-
iations.

ASICs generally support higher junction temperatures, with
typical maximum operating limits around 105°C.”* Their ther-
mal constraints primarily originate from reduced carrier mobil-
ity, increased leakage current, and accelerated long-term
reliability degradation rather than immediate functional failure.
In practice, ASICs benefit from well-defined noise margins’
and system-level power management strategies, such as dy-
namic voltage and frequency scaling (DVFS) and activity or
clock throttling,” enabling temperature-aware power regulation.
Although ASIC performance is comparatively less sensitive to
temperature, their extremely high power density makes them the
dominant heat source in CPO modules, thereby increasing the
thermal load experienced by adjacent OEs.

2.5 CPO Versus Electrical-Only Packaging

The realization of CPO modules necessitates the heterogeneous
integration of ASICs, EICs, PICs, and surface-mount devices
(SMDs) onto a CPO substrate. Unlike conventional packaging,
CPO architectures exhibit diverse material layouts, intricate
stacking strategies, and ultra-high interconnect bandwidth, all
of which impose stringent constraints on thermal design, par-
ticularly for lasers and FAU assemblies. Figure 4 presents a
multidimensional comparison between traditional electrical-
only ASIC packaging and CPO packaging, emphasizing the
unique design paradigms introduced by OE integration.

Table 1 Comparison of temperature limits and thermal sensitivity for CPO components.

Relative temp

Component  Max operating temp Key thermal constraint sensitivity
Laser T, <70°C (standard)  Optical power degradation, wavelength drift, defect generation/migration High

T. < 85°C (extended)>®
PIC T;< 100°C5° Wavelength drift (MRM), dark current increase (PD) High
EIC T < 100°C5° Linearity degradation, gain degradation, bandwidth degradation Moderate
ASIC T; < 105°C* Carrier mobility degradation, leakage current increase, reliability degradation Moderate

Note: 7; denotes the junction temperature of the electronic or photonic device, whereas T, denotes the laser case temperature.
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Fig. 4 Comparison between conventional electrical packaging and CPO.

1) From the perspective of core components and functional
units, electrical-only packaging is fundamentally based on tran-
sistor-level digital logic, where signal integrity relies on robust
switching behavior with well-defined noise margins.”” By con-
trast, CPO introduces photonic devices, including lasers, mod-
ulators, and photodetectors, such that signal transmission
involves electrical-to-optical conversion, optical propagation,
and optical-to-electrical conversion. As a result, although the
final data detection at the receiver still relies on digital thresh-
olding, the achievable digital decision margin becomes strongly
dependent on optical link performance parameters, including
optical power, wavelength alignment, and E-O/O-E bandwidth.

2) From a thermal design perspective, the objectives and
constraints in CPO packaging differ fundamentally from those
in conventional electrical-only ASIC packaging. For electrical-
only ASICs, correct operation can be maintained over a rela-
tively wide temperature window. Within this range, moderate
temperature variations and non-uniformities can be partially
mitigated through internal dynamic management techniques,
such as DVFS or activity/clock throttling.”” In CPO modules,
however, the performance of photonic devices is intrinsically
coupled to temperature through variations in optical power,
wavelength, and phase. Due to fundamental trade-offs, it is chal-
lenging to simultaneously achieve wide operating optical band-
width, large optical power margin, phase insensitivity, and high
data rates in a single optical link. Consequently, thermal design
in CPO must address not only heat dissipation capability but
also long-term temperature stability and control.

3) Meanwhile, material constraints are an important consid-
eration in CPO packaging. In conventional electrical-only
ASICs, materials are primarily evaluated for their electrical,
thermal, and mechanical reliability, as well as their interactions.
CPO packaging introduces additional optical input/output (I/O)
fanout requirements beyond traditional electrical I/Os, which
necessitate careful consideration of the optical properties of ma-
terials and their impact on photonic performance. For example,
the coefficient of thermal expansion (CTE) mismatch can not
only affect electrical interconnect reliability but also cause mis-
alignment of optical components and increased optical coupling
loss, which are typically more sensitive than electrical inter-
connect degradation. Furthermore, packaging processes should
minimize the presence of residual materials that could degrade
the optical I/O performance of photonic chips. Underfill or
adhesive materials must provide both sufficient optical tran-
sparency and thermal stability for optical-related packaging.
If optical RDL is employed to implement optical fanout, the
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interposers or adapter boards must provide sufficient optical
transparency, in addition to supporting electrical interconnects.

4) At the manufacturing level, CPO packaging introduces
additional assembly challenges due to the integration of FAUs.
These FAUs must withstand thermal exposure during reflow sol-
dering and remain compatible with pick-and-place assembly
equipment. Such challenges can be addressed through optimized
process sequencing, the development of reflowable FAUs,
or the design of novel assembly equipment.

3 Laser Integration and Thermal
Management

3.1 Failure Mechanisms of Lasers

Lasers are the primary reliability bottleneck in CPO, and their
failures largely determine module lifetime due to the limited
serviceability of co-packaged modules. Laser failures can be
grouped into dynamic stability issues and long-term degradation
mechanisms. Dynamic stability reflects the laser’s capability to
maintain consistent performance despite fluctuations in ambient
conditions, such as temperature and humidity. Key metrics for
evaluating this stability include optical power, wavelength sta-
bility, and relative intensity noise (RIN). In single-wavelength,
nonresonant systems, maintaining adequate optical power is
generally sufficient to allow operation over a wide temperature
range without active temperature control. By contrast, wave-
length-division multiplexing (WDM) or microring resonator-
based systems require tight control of both power and wave-
length, making them highly sensitive to temperature fluctuations
and RIN, which can degrade signal quality.

Long-term degradation is primarily driven by elevated oper-
ating temperatures. High temperature accelerates intrinsic fail-
ure mechanisms such as defect generation in the active region,
nonradiative recombination, and threshold current increase.””
It also lowers the catastrophic optical mirror damage (COMD)
threshold at laser facets, especially in Al-containing III-V ma-
terials, creating a positive thermal feedback loop that can trigger
sudden facet failure.”*’* CTE mismatch between the laser chip
and the mounting substrate induces thermomechanical stress,
which promotes defect propagation and material degradation.
Maintaining the stress level below ~40 MPa is therefore critical
for long-term reliability.”® High temperatures further accelerate
electrode and interface degradation through metal diffusion,
electromigration, and interfacial defects while simultaneously
reducing optical performance via gain degradation, thermal
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lensing, and increased internal loss.”*” These failure mecha-
nisms establish stringent thermal constraints for lasers in CPO
modules and motivate the exploration of laser integration archi-
tectures, active cooling, and high-temperature uncooled lasers,
as discussed in the following sections.

3.2 Laser Integration

Different types of lasers impose distinct thermal design require-
ments on a CPO module. External laser sources (ELSs) deliver
light remotely through fibers, reducing local heat but requiring
higher output power due to coupling losses. According to the
OIF 3.2-Tb/s CPO specification, the optical budget must ex-
ceed 18.5 dB." By contrast, integrated light sources (ILSs) min-
imize coupling loss by copackaging lasers on a PIC, but impose
more stringent requirements on both assembly processes and
thermal management. Various ILS integration schemes have
been demonstrated, including heteroepitaxial growth,” direct’
and adhesive bonding,” flip-chip bonding,”® micro-transfer
printing,*" and photonic wire bonding.*

Heteroepitaxial lasers, formed by growing III-V materials
on silicon substrates, face challenges due to lattice and CTE
mismatches, which can induce dislocations, delamination, and
enhanced nonradiative recombination, thereby reducing effi-
ciency and output power. To mitigate these effects, silicon sur-
faces are typically prepared with nucleation and buffer layers
before depositing functional layers such as contacts, waveguide
claddings, and active regions [Fig. 5(a)]. Additional strategies,
including quantum dots (QDs) to suppress defects,* thermal
cycle annealing to relax residual strain,* and dislocation filter
layers (DFLs) to block threading dislocations,® further im-
prove material quality and device reliability. As shown in
Fig. 5(b), direct bonding of a III-V film onto a silicon photonic
(SiPh) chip, relying on van der Waals forces or hydrogen bond-
ing, can effectively mitigate lattice mismatch issues. However,
wafer-to-wafer direct bonding is not well-suited for 200 or
300 mm silicon platforms for two main reasons. First, the maxi-
mum available diameter of InP-based epitaxial wafers is cur-
rently limited to about 100 mm.*” Second, III-V materials
are required only in localized emitter and receiver regions,
whereas most of the bonded III-V wafer would be removed
during patterning, resulting in substantial material waste. As
a result, collective die-level direct bonding offers a more scal-
able and cost-effective solution, such as the die-to-wafer bond-
ing approach reported by CEA-Leti.”® Alternatively, adhesive
bonding using an interlayer, such as benzocyclobutene (BCB),
can relax the surface roughness requirements for bonding
[Fig. 5(c)]. Flip-chip (FC) bonding, including thermocompres-
sion bonding (TCB)* and solder-reflow bonding,>*** is

BCB bondin,
(@) Nucleation/Buffer Iayer layer ¢
(b)  Direct bonding Flip-chip Laser A/PWB

interface SiPh
1I1-V Film ‘ NN -
’/

Fig. 5 Laser integration technologies. (a) Heterogeneous epi-
taxy, (b) direct bonding, (c) adhesive bonding, (d) flip-chip bond-
ing, (e) microtransfer printing, and (f) photonic wire bonding.
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widely used to integrate prefabricated III-V dies on SiPh chips
[Fig. 5(d)]. Index-matching adhesives are often employed to
enhance butt-coupling efficiency between the Il and V wave-
guides and the silicon waveguides. For example, IMEC demon-
strated AuSn-based bonding supplemented by a reflowable UV
epoxy that simultaneously serves as an underfill and index-
matching medium. This approach improves optical coupling
while maintaining mechanical robustness, as verified through
MSL1 humidity testing and repeated 260°C reflow cycles.”
Furthermore, laser-assisted local solder reflow has been adopted
by GlobalFoundries® and AIM Photonics® to avoid thermal
degradation of previously bonded III-V dies in die-to-wafer in-
tegration. Microtransfer printing (4TP) enables flexible integra-
tion of prefabricated III-V lasers onto SiPh using adhesives
such as BCB [Fig. 5(e)], offering greater material flexibility than
wafer bonding but limited alignment precision. IMEC and
Ghent University are working to promote large-scale wafer-level
applications of yTP.””"" It should be noted that both the adhesive
bonding and the uTP suffer from the low thermal conductivity
of BCB, which poses a significant challenge for effective heat
management. As shown in Fig. 5(f), photonic wire bonding
(PWB) employs two-photon polymerization to form free-form
polymer waveguides that optically interconnect discrete laser
dies and SiPh chips placed on a common substrate.*” However,
the thermal and mechanical reliability of the polymer waveguide
remains a significant challenge.

3.3 Thermoelectric Cooler

Currently, many CPO implementations adopt ELS, thereby
avoiding the need for complex in-package temperature control
modules. Even in systems employing MRMs or resonators, res-
onance wavelength drift can be compensated through thermal
phase shifters.”>” By contrast, the integration of on-chip lasers
in CPO modules represents a key development trend, for which
effective thermal management becomes a critical requirement,
particularly for on-chip optical comb sources and WDM OEs.
Consequently, the development of innovative TECs with high-
energy efficiency and compact form factors will be essential.
As shown in Fig. 6(a), a TEC operates based on the Peltier
effect, in which an electric current passing through the junction
of two different conductors (e.g., Bi;Te; and Cu) causes heat to
be absorbed at one side and released at the other. The cold and
hot sides of the TEC are determined by the direction of the ap-
plied current. The efficiency of a TEC is typically characterized
by its coefficient of performance (COP), defined as the ratio of
the heat removed by the TEC to the electrical power supplied to
maintain a target temperature. Figures 6(b) and 6(c) illustrate
possible TEC integration schemes in CPO.

In the first scheme, the cold side of the TEC is in direct
contact with the PIC, enabling fast thermal feedback and rapid
cooling [Fig. 6(b)]. However, this configuration complicates
electrical interconnections between the OE and the ASIC. In
addition, the hot side of the TEC lacks an efficient thermal dis-
sipation path, and any temperature rise on the hot side reduces
the COP. To solve the problem, substrate-integrated microther-
moelectric coolers (SimTECs) fabricated in glass substrates
have recently been proposed.”* As shown in Fig. 6(d), by lever-
aging the inherently low thermal conductivity of glass,
SimTECs suppress undesired heat transfer between photonic
and electronic components while maintaining compact form
factors. The device structure employs glass vias that are partially
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Fig. 6 (a) Thermoelectric cooler unit; (b) and (c) two typical TEC
assembly structures in CPO; (d) substrate-integrated micro-
TECs (SIimTECs) (schematic redrawn based on Ref. 94);
(e) localized micro-TEC (uTEC) integration around individual
lasers (schematic redrawn based on Ref. 95). TE, thermoelectric
element.

filled with p- and n-type thermoelectric materials and partially
with copper, thereby combining electrical interconnection and
thermoelectric cooling within the same substrate. Finite-element
modeling has demonstrated that SImTECs can achieve temper-
ature gradient variations up to 6 times higher than equivalent
free-standing micro-TEC pillars. In the second configuration
[Fig. 6(c)], the TEC is mounted on the EIC, with its hot side
in contact with the lid, thereby enhancing heat dissipation from
the hot side. Nevertheless, this approach predominantly cools
the EIC rather than the PIC, resulting in elevated PIC temper-
atures, slower thermal feedback, and reduced temperature mon-
itoring accuracy. Owing to the high power consumption of the
ASIC, both configurations further suffer from the thermal cross-
talk of CT3, in which a fraction of heat from the ASIC prop-
agates through the lid into the OE, thereby increasing the TEC
cooling load. These challenges impose stringent demands on
TEC cooling performance.

In conventional photonic chip packaging, discrete TECs are
commonly employed to control the temperature of PICs.
However, discrete TECs typically exhibit a low COP, which
increases the overall power consumption of CPO modules.
To enhance thermal control, multiple strategies have been ex-
plored. The thermal resistance near heat-generating devices,
such as lasers, can be reduced by optimizing materials and struc-
tures, for example, replacing low-thermal-conductivity BCB
and SiO, layers with high-conductivity aluminum nitride
(319 W -m~! K1), whose refractive index and thermal expan-
sion are compatible with InP lasers.”® As shown in Fig. 6(¢),
localized micro-TEC (uTEC) integration around each laser
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enables direct cooling of heat sources, improving temperature
regulation while maintaining high integration density and en-
ergy efficiency. When the cooled components consume less
than 20% of total system power, uTEC-based solutions out-
perform conventional macroscale TECs.” Complementary
improvements in PID-based feedback control, including varia-
ble-domain’’ and analog PID algorithms,” double closed-loop
systems,”'” and fuzzy PID controllers,'” have achieved tem-
perature stability from 0.1°C down to as low as 0.005°C. Wang
et al. integrated a thermistor into an H-bridge circuit to convert
temperature signals into voltage signals (V) in real time,
achieving ultra-high TEC temperature control precision down
to 0.0005°C.""

Overall, thermoelectric cooling is not a universal requirement
for CPO modules, particularly for architectures based on ELS or
athermal photonic components. However, for high-bandwidth-
density CPO implementations that require on-chip lasers or
dense WDM OE:s, active temperature regulation remains diffi-
cult to fully replace. In addition, the limited package space in
CPO emphasizes the need for highly localized, energy-efficient
TEC solutions.

3.4 Uncooled High-Temperature Lasers

Uncooled lasers eliminate the need for TECs, enabling simpler
system design and a more compact package size, while signifi-
cantly reducing power consumption. High-temperature opera-
tion of lasers typically leads to (i) reduced optical output
power and (ii) emission wavelength drift.*° To mitigate power
degradation, structural and material engineering strategies have
been widely explored. Nakahara et al. demonstrated a submi-
cron ridge localized buried heterostructure (SR-LBH), in which
the optical mode is more effectively confined within the active
region. As a result, the device supported 112 Gb/s direct modu-
lation at 85°C.'" Intel reported a heterogeneously integrated
DFB laser with 40 mW output at 80°C.'* Wavelength measure-
ments from four channels on a 300-mm wafer exhibit high uni-
formity over a temperature range of 0°C to 80°C, with a standard
deviation of only 0.3 nm. Moreover, a heterogeneously inte-
grated DFB laser of similar design has achieved 100 Gb/s
PAM4 error-free CPO operation under rapid thermal ramps
of 45°C/min.'” In epitaxial engineering, UCSB introduced
DFLs and trapping layers (TLs) into QD structures, achieving
3.5 mW output at 105°C with 1200 h stability.” For MQW la-
sers, Johnson et al. reported a capped mesa buried heterostruc-
ture (CMBH), which achieved an output power of 75 mW at
75°C and exhibited a low RIN below —155 dB/Hz.”
Thermal drift is addressed either by device-level correction or
system-level tolerance. McKenna et al. realized <=40.1 nm sta-
bilization across 25°C to 99°C using combined self-heating and
resistive heating.'® At the system level, the Continuous-Wave
Wavelength Division Multiplexing Multisource Agreement
(CW-WDM MSA) defines an uncooled flexible wavelength
grid, allowing 5 nm initial offset and £2.5 nm thermal varia-
tion, tracked and compensated by tunable elements,” thereby
removing the need for TECs. VCSELSs, benefiting from short
cavity length, have also shown strong thermal robustness. Xun
et al. achieved lasing up to 190°C with 0.064 nm/°C drift,'”
whereas other groups reported stable lasing beyond 80°C at
894 nm'*® and wafer-fused 1550 nm VCSELs above 85°C.'"
Looking ahead, high-power uncooled lasers are poised to be-
come a cornerstone of future optical interconnect and CPO
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Table 2 Summary of high-temperature semiconductor lasers.

A T max Optical owner Thermal
Year (nm) (°C) (@current) wavelength shift Type and strategy Ref.
2019 1300 85 2.95 mW (80 mA) 0.092 nm/°C QW/DFB + SR-LBH 103
2020 1310 150 40 mW (200 mA) 0.085 nm/°C DFB HI 104,110
2021 1310 105 36 mW (100 mA) N/A QD 111
2021 1300 108 3.5 mW (100 mA) 0.45 nm/°C QD/FP + DFL + TL + HE 77
2022 1300 60 3 mW (500 mA) N/A QD + HE 83
2022 1310 75 75 mW (280 mA) N/A MQW/DFB + CMBH 57
2023 1550 75 5 mW (100 mA) 94.1 pm/°C2 DFB thermal optimization 60
2023 1310 99 9.5 mW (100 mA) +1.35 pm/°C DFB thermal optimization 106
2024 1310 55 100 mW (300 mA) N/A DFB 112,113
2025 1550 55 100 mW (300 mA) N/A MQW/DFB + diluted waveguides 114
2016 1180 80 181 mW (1 A) 0.1 nm/°C QW/DBR + nanoimprint 115
2025 1298 105 10 mW (600 mA) N/A QD/DBR in-pocket HE 116
2021 905 190 0.2 mW (—) 0.0638 nm/°C VCSEL gain-cavity detuning 107
2022 894 92 2.02 mW (8 mA) 0.068 nm/°C VCSEL + aperture design + surface relief 108
2024 1550 85 1.0 mW (13 mA) 0.17 nm/°C VCSEL wafer-fused 109

aDenotes the wavelength shift of the gain peak in the laser active medium. HI, heterogeneous integration; HE, heteroepitaxy.

modules. Their continued advancement will rely on innovations
in device structure, epitaxial engineering, and advanced inte-
gration techniques to improve intrinsic thermal stability.
Complementary wavelength stabilization strategies and adap-
tive WDM standards will further ensure the robustness of the
CPO system. Table 2 summarizes the representative uncooled
laser technologies discussed above, highlighting their structures,
operating temperatures, and key performance metrics.

4 FAU Assembly and Thermal Stability

4.1 Assembly Flows and Thermal Constraints

FAU packaging represents a key distinction between CPO and
traditional electrical-only packaging. Although advanced CMOS
chips can withstand temperatures well above 500°C,'"” the prac-
tical limit for standard assembly is defined by JEDEC-qualified
solder reflow at 260°C.""® However, the organic adhesives and
precision alignment within FAUs often cannot survive such
reflow temperatures. The thermal stability of optical coupling
efficiency in FAU and the pigtail fiber pick-and-place equipment
requirements impose additional constraints on the maximum
assembly temperature, process sequence, and even the choice
of electrical interconnects between OE and CPO substrates. The
FAU assembly must ensure long-term reliability at 85°C and,
depending on the process, may need to withstand full reflow
conditions.

Depending on the relative timing of fiber attachment and sol-
der reflow, the OE packaging can be classified as fiber-first and
fiber-last. In fiber-first approaches, FAUs or optical coupling
structures must tolerate solder reflow temperatures. By contrast,
fiber-last flows attach fibers after soldering, avoiding high-
temperature exposure to optical interfaces. Although effective
at mitigating thermally induced misalignment between PICs and
FAUgs, fiber-last flows introduce potential contamination from
solder residues, which can degrade coupling efficiency.'”
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Mitigation strategies include VOC-free fluxes,'*'® fluxless sol-
dering such as Au-Sn bonding,>'*"'** and protective structures
such as IME’s deep-trench features.'’ The fiber-first and fiber-
last assembly strategies impose different constraints on OE-
ASIC interconnect choices. Wire-bonded (WB) or socket-based
OEs inherently avoid high-temperature exposure of FAUs,
allowing early fiber attachment, known-good-die (KGD) screen-
ing, and improved repairability. Solder-based OE-ASIC intercon-
nects offer higher routing density and consistent impedance, but
require FAUs that can tolerate solder reflow.

In WB architectures, the OE is bonded to the substrate without
exposure to high temperatures, allowing preattached fibers and
KGD screening. For example, a 4 x 50 Gbps CPO microsystem
was realized by integrating the XPU, DSPs, and OEs on a
common substrate (Fig. 7),'> with a DFB laser flip-chip bonded
onto the PIC. This assembly avoided thermal degradation from

(b)
prg NTC

PIC (EAM)

= wer
) \Dj\\li =
N

Fig. 7 (a) Hybrid integration of a IlI-V laser on a SiPh die through
flip-chip bonding. A thermistor (NTC) is placed near the laser chip
for thermal monitoring. (b) Internal structure of the OE. (c) A sche-
matic perspective view of the CPO microsystem.
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Fig. 8 Electrical interconnects between the OEs and the ASICs
using (a) LGA and (b) solder.

reflow soldering and achieved excellent optical performance,
with TDECQ below 1.6 dB, extinction ratio above 2.7 dB,
and BER <1.64 x 1073, Socket-based OEs similarly avoid
high-temperature exposure, offering additional advantages
such as flexible 2D LGA array connections, higher channel
counts, and field-replaceable modules [Fig. 8(a)]. By contrast,
solder-based OE-ASIC interconnects enable short intercon-
nects and high-density routing with tightly controlled imped-
ance [Fig. 8(b)], but impose strict thermal constraints on
FAUs and optical assemblies. Conventional fiber arrays cannot
tolerate solder reflow, as plastic ferrules deform and UV-cura-
ble adhesives thermally degrade, causing permanent misalign-
ment and high coupling loss.'” Thermal insulation of MT
ferrules can partially mitigate these effects,'™ yet industrial
practice increasingly favors detachable FAUs to decouple fiber
attachment from high-temperature electrical assembly steps,
supporting fiber-last workflows.?"'?>1%

4.2 Alignment Strategies and Material Considerations

Silicon V-grooves are one of the most mature and reliable sol-
utions for passive fiber attachment in CPO packaging. As shown
in Fig. 9(a), silicon V-grooves enable high-precision self-
alignment for both direct fiber attachment and detachable inter-
poser-based interfaces.'”'*" To eliminate reliability risks related
to adhesives, adhesive-free implementations have also been
demonstrated, such as U-groove alignment combined with la-
ser-fusion bonding for direct fiber fixation.'”®

To relax the stringent alignment tolerances between PICs and
FAUSs, microlenses and optical interposers are widely adopted.
Microlenses fabricated from glass,'”"* thermoplastics,"' pho-
toresists,”* and silicon'"'* have been reported. Notably,
IMEC"* and TSMC"' demonstrated silicon microlenses etched

(a) (b) O
““\Z( FAU
Glass lid ™\

\4 \4 \4

SiPh V-groove

—>

Fig. 9 (a) V-groove on a silicon photonic chip (schematic re-
drawn based on Ref. 127). (b) Silicon microlens array for two-di-
mensional coupling (schematic redrawn based on Ref. 11).
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directly into silicon substrates, achieving compact two-dimen-
sional optical fan-out while eliminating adhesive bonding. As
shown in Fig. 9(b), such microlens-based approaches collimate
light emitted from grating couplers and redirect it into multirow
FAUgs, thereby improving alignment tolerance, integration den-
sity, and long-term stability. In parallel, optical interposers fab-
ricated from glass'* or polymer waveguides'** have been widely
adopted and in some cases co-integrated with electrical interpos-
ers to enable compact electro-optical fan-out architectures.*"*

Material selection is critical for maintaining stable optical
coupling in these structures. For FAU packaging adhesives,
the glass transition temperature 7, and CTE strongly influence
the reliability. High CTE values exacerbate thermal misalign-
ment, whereas a low T, compromises high-temperature durabil-
ity and leads to long-term positional instability. For instance,
the EXTEM resin reported in Ref. 131 demonstrates submicron
dimensional stability (<0.5 gm) with a CTE of ~50 ppm/°C,
yet remains susceptible to thermally induced stress and coating
degradation during high-temperature processing. It yet still
showed a 0.7-dB additional loss after PIC-lens packaging fol-
lowed by reflow. By contrast, silicon, silicon dioxide, and glass
offer excellent CTE matching with Si-based PICs, significantly
reducing thermomechanical misalignment.

Thermally induced warpage-related misalignment between
the FAU and edge coupler arrays must be carefully considered
during packaging, particularly for high-channel-count architec-
tures. In such configurations, even micron-scale deformation
can lead to pronounced coupling degradation at the outer chan-
nels (Fig. 10). For typical edge couplers, an increase of ~3 dB
in coupling loss occurs when the horizontal or vertical misalign-
ment reaches 2.0 ym." Finite-element simulations further
indicate that silicon photonic interposers may exhibit optical-
engine—level warpage as large as 60 ym under lead-free solder
reflow conditions with a peak temperature of 260°C. Experimental
evidence corroborates this sensitivity: Hall et al. reported local
PIC warpage up to 4.25 ym in a multi-PIC package, leading
to an additional ~2.31 dB coupling loss for central channels.'*
Consequently, effective warpage control in FAU assembly re-
quires CTE matching, symmetric packaging layouts, and mini-
mization of high-temperature process steps.

4.3 State-of-the-Art Reliability Achievements

Recent studies indicate that FAU packaging can achieve high
thermal and mechanical robustness when appropriate align-
ment strategies and materials are employed. Reflow-compatible

No warpage of waveguide arrays on FAU

FAU

[ ———

Misaligned
Waveguides
on PIC

Warpage PIC

Fig. 10 Warpage-induced optical misalignment between PIC
waveguides and the FAU.
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adhesives with enhanced thermal resistance have been devel-
oped.®"*! Kurata et al. reported a high-reliability optical trans-
ceiver integrating a 1310-nm quantum-dot laser, grating
couplers, and multimode fiber interfaces, maintaining optical
output variation within 2 dB over —6°C to 120°C and demon-
strating stable operation for more than 10 years at 100°C."’

The reliability of wafer-level fabricated alignment structures
has also been validated under standardized qualification tests.
GlobalFoundries demonstrated a FAU attachment based on
300-mm wafer-level V-groove self-alignment, showing inser-
tion loss (IL) degradation below 0.3 dB after 1000 h of 85°C/
85% RH humidity exposure and less than 0.2 dB variation over
500 thermal cycles from —40°C to 85°C, while also tolerating
260°C reflow processes.””'”* Building on this, a monolithic
platform integrating electrical and optical interconnects was
demonstrated, showing stable FAU interconnects at 105°C.'*
Intel further evaluated a 24-channel FAU attachment using
V-groove self-alignment under more stringent conditions,'*
finding that IL degradation remained below 0.22 dB per facet
over three SAC reflow cycles or 1500 JEDEC thermal cycles
from —55°C to 125°C, whereas 1008 h of high-temperature
storage induced only 0.4 dB IL reduction. Unbiased highly
accelerated stress testing (UHAST) revealed greater sample-
to-sample variation (0.5 to 12.5 dB), indicating potential mois-
ture-assisted degradation under extreme conditions.

Overall, these results demonstrate that modern FAU packag-
ing, particularly V-groove approaches, provides robust thermal
performance within typical operating ranges (—40°C to 85°C).
Although silicon V-groove structures offer excellent reliability,
they occupy significant chip area and increase cost, highlighting
the need for more area- and cost-efficient solutions in the future.
With the continual increase of SerDes rates of ASICs, solder-
based OE-ASIC interconnects are becoming the dominant
trend, which also increases repair complexity. Consequently, fu-
ture FAU packaging is expected to rely on reflow-tolerant and
detachable connector solutions to ensure long-term operational
stability.

5 Chip and Package-Level Thermal
Engineering

This section focuses on chip-level and package-level thermally
induced performance degradation in CPO modules. As PICs
scale toward large transceiver arrays with extensive phase tun-
ing, localized heat generation and lateral heat spreading lead
to pronounced thermal crosstalk and stability challenges. The
following discussion reviews intrinsic mitigation approaches,
including on-chip thermal isolation, heater and phase shifter
design, and chip-level thermal modeling and compensation.
Regarding package-level thermal considerations, this section
evaluates the reliability of emerging glass substrates and poly-
meric waveguides.

5.1 On-Chip Thermal Design for High-Density
Transceiver Arrays

Thermally induced phase crosstalk is one of the primary chal-
lenges in densely integrated PICs, particularly for large-scale
transceiver (TR) arrays with thermal phase tuning calibration.
To mitigate this problem, various strategies have been explored,
including enhancing thermal isolation, reducing heat dissipa-
tion, and active temperature feedback control. A widely adopted
method to suppress lateral heat spreading is the introduction of
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passive thermal isolation structures. As illustrated in Fig. 11(a),
deep isolation trenches are commonly employed to interrupt
in-plane heat conduction paths, enabling a reduction in the safe
spacing between adjacent components by up to 80%.'"" Further
enhancement of thermal isolation can be achieved using full
undercut structures [Fig. 11(b)], which provides near-complete
thermal decoupling of active regions."” The main drawback of
isolation trenches or undercut techniques is the increased ther-
mal resistance, which consequently slows the thermal response
of the device. To mitigate this limitation, copper vias can be
incorporated to enhance vertical heat conduction, resulting in
a reported ~30% reduction in thermal resistance and a device
temperature decrease of 7.5°C."' For applications requiring
regional isolation rather than point isolation, ring-shaped deep
trenches combined with metal rings have been proposed. As
shown in Fig. 11(c), metal layers (M1, Via, M2) together with
isolation trenches form a closed heat shield (CHS), effectively
protecting the enclosed region from external thermal disturb-
ances while maintaining fast thermal dynamics.'*

Beyond structural isolation, reducing heat generation at the
source is an effective means of mitigating thermal crosstalk.
Conventional metallic heaters can be replaced or optimized
using doped silicon heaters, which confine heat generation
closer to the optical mode and reduce parasitic heat spreading.
In Fig. 11(d), the metallic electrode layer (TiN/Al) acts as a heat
spreader, effectively reducing the rise time and minimizing ther-
mal crosstalk. As demonstrated by lino et al.,'** their 7 ym-long
phase shifter achieved P, <20 mW with a figure of merit
(FOM) of 8.89 mW - us, and exhibited less than 1.6% phase
crosstalk at a 30 ym spacing. In Fig. 11(e), further thermal iso-
lation is achieved by introducing deep trenches. Jacques et al.'*
compared thermally induced phase crosstalk between adjacent
waveguides spaced by 5 um, observing that TiN heaters exhib-
ited a phase crosstalk of 15.9%, whereas N Si heaters reduced
it to 12.7%, and N** Si heaters combined with deep trenches
further suppressed it to 3.5%.

Heater Heater
[Si0, == Deep 50, -
= Trench N
Undercut
(a) (b)
~ Heater CHS CHs - B
M2 Thermal .
i(;'!- Isolation I TiN/Al Heat Spreader
$i02 : . Area . 1 N/Pst NP N/Pes
N/P+4 " .
L _Deep Si0; Si Heater
Trench
(c) (d)
Deep E A0z~ 1o
Trench WG
5i0; N/P++ (s Heater SiO,;
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Fig. 11 Mitigation strategies for thermal crosstalk. (a) Deep
trench, (b) full undercut, (c) closed heat shield + deep trench,
(d) doped silicon heater + TiN/Al heat spreader, (e) doped silicon
heater + deep trench, and (f) titanium-doped indium oxide-gated
MOSCAP for electrical tuning of silicon phase shifter.
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For active photonic devices, isolation trenches have also been
used to suppress carrier diffusion induced by thermal crosstalk
of the heater. Appropriate thermal isolation has been shown to
increase the quality factor of microring resonators.'*® Because
heaters are a major heat source in PICs, minimizing the use
of thermal phase shifters is an effective approach to mitigate
thermal crosstalk. As shown in Fig. 11(f), a titanium-doped in-
dium oxide-gated MOSCAP can be used to realize electro-optic
phase shifting. Based on this design, a silicon MRM achieves
near-zero static power consumption, ranging from pW/nm to
nW/nm, which is at least six orders of magnitude more
power-efficient than conventional free-carrier injection or ther-
mal tuning (mW/nm)."*"'** Thin-film lithium niobate (LNOI)
modulators provide another nonthermal phase tuning paradigm
by exploiting the Pockels effect.'*” Compared with silicon,
LNOI exhibits a substantially lower thermo-optic coefficient
(<4.2 x 1073 K=" versus 1.8 x 10~* K~! for silicon),"”' re-
sulting in reduced sensitivity to temperature fluctuations from
both the environment and neighboring active components.
Consequently, LNOI-based platforms exhibit enhanced thermal
stability in densely integrated photonic systems. However, the
relatively modest electro-optic interaction strength of lithium
niobate necessitates extended modulation lengths, posing chal-
lenges for high-density integration. Advanced electrode designs,
such as folded traveling-wave electrodes, have been introduced
to reduce the VL product.'” In addition, the passive nature of
lithium niobate requires heterogeneous integration of light
sources and photodetectors, increasing fabrication complexity.
Despite these near-term hurdles in cost and scalability, TFLN
remains a premier candidate for upcoming high-data-rate
CPO systems, offering a unique combination of high-speed per-
formance and exceptional thermal robustness.

For large-scale photonic arrays, chip-level thermal analysis
and global compensation schemes are indispensable. Iino et al.
proposed a strategy to mitigate thermal crosstalk in PICs by
simultaneously controlling all thermal actuators according to
the eigen solution of the coupled system, termed thermal eigen-
mode decomposition (TED).'? The technique was validated
through numerical simulations and experiments on coupled mi-
croring resonators (MRRs) and Mach-Zehnder interferometer
(MZI) switch fabrics. Compared with individual control of
phase actuators, TED ensures convergence of tuning algorithms,
reduces the number of iterations required, and is less sensitive
to the initial state of the PIC.'*"> For example, Gurses et al.

experimentally demonstrated that using this method leads to
significant improvements in crosstalk suppression and extinc-
tion ratio recovery in MZI arrays.”* This approach is general
and can be applied to arbitrary PIC architectures. In summary,
Table 3 provides an overview of the on-chip design strategies
discussed above for mitigating thermal crosstalk.

5.2 Packaging-Level Thermal Considerations

Packaging-level thermal considerations focus on ensuring that
all dies within a module operate within their allowable temper-
ature windows, with particular attention to inter-die thermal
crosstalk at both the CT2 and CT3 levels. In 3D-stacked
OEs, PICs are exposed to severe CT2 thermal coupling, requir-
ing better temperature robustness. By contrast, in 2.5D OEs, the
use of low-thermal-conductivity interposers, such as organic or
glass, can effectively mitigate thermal crosstalk between EICs
and PICs. The CT3 thermal crosstalk between the ASIC and the
OE:s is another critical concern. OEs typically require a lower
case temperature (below 85°C),”® whereas ASICs can operate
at junction temperatures up to 105°C.” There are two typical
examples of CPO deployment scenarios: XPU with optical
1/0* and switch ASIC with discrete OEs.® In ASIC + OE con-
figurations, OEs are distributed along the extended shoreline of
the ASIC to accommodate the quantity needed for total band-
width. This layout enables the use of independent lids and heat-
sinks for the ASIC and OEs.**'"7 Celestica reported that
separate heatsinks can reduce the OE temperature by 2.2°C,
at the cost of a 2.1°C increase in ASIC temperature, primarily
due to the reduced effective heat-spreading area for the ASIC.?
More aggressive decoupling has been demonstrated using inde-
pendent microchannel cooling, achieving ASIC and OE temper-
atures of 97.3°C and 31.3°C, respectively."”” Therefore, in cases
involving separate heatsinks, the dominant design objective is
minimizing the ASIC-side thermal resistance and maximizing
heat exchange area. By contrast, XPU + optical I/O architectures
typically place OEs in close proximity to the XPU, often under
a shared lid and heatsink, resulting in strong thermal crosstalk
and imposing more stringent temperature robustness require-
ments on the OEs. Regardless of architecture, larger substrates
and more relaxed OE placement can reduce power density,
thereby alleviating crosstalk. However, unconstrained scaling
of substrate size or OE-ASIC separation is not feasible, as ex-
cessive distance degrades the integrity of electrical signals.

Table 3 Representative works on thermal crosstalk mitigation in silicon photonics.

Year Category Device Strategy Key result Ref.
2019 Reduction MZI Deep trench + doped-Si heater Gap =5 ym, CT | to 3.5% 145
2021 Reduction MZI Doped-Si heater + parallel WG Gap = 10 um, P, = 13.2 mW, CT <0.1°C 156
2024 Reduction MZI Doped-Si heater + TiN/AI sink Gap = 30 ym, FOM = 8.89 mW us, CT <1.6% 144
2023 Reduction Microring Deep trench Higher Q 146
2024 Reduction Microring Closed heat shield (CHS) CT | by ~50% 143
2018 Correction Microring  TED Crosstalk-free tuning 153
2022 Correction MZl array =~ TED + matrix inversion ER fully recovered 154
2024 Correction MZl array  ThDM 20 nm detuning compensated 155
2023  EO modulation Microring ITiO MOSCAP 589 pm/V; 10%x power efficiency improvement 147
2025 EO modulation Microring ITiO MOSCAP 312 pW/nm; 80 pm/V 148
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Consequently, packaging-level thermal management in CPO
must be co-optimized with electrical performance. In addition
to heatsink and lid architectures, the thermal conductivity of
the CPO substrate also affects the thermal crosstalk of CT3.
Organic substrates remain the most mature solution but suffer
from high-frequency loss and warpage. By contrast, glass sub-
strates offer low CTE, low thermal conductivity, low dielectric
loss, high-density TGVs, optical transparency, and compatibil-
ity with panel-level manufacturing and have therefore attracted
growing research interest. Furthermore, polymer optical wave-
guides (PWGs) implemented on substrates as optical RDLs
have been widely explored for substrate-level optical intercon-
nects. Accordingly, the following discussion focuses on the ther-
mal characteristics and reliability implications of these substrate
and waveguide technologies.

Glass-based interposers have emerged as a promising plat-
form for mitigating lateral thermal crosstalk due to their intrinsi-
cally low thermal conductivity [~1 to 3 W/(m - K)] and high
structural design flexibility. Through ion-exchange processing,
low-loss optical waveguides with propagation losses below
0.1 dB/cm can be fabricated directly in glass substrates,
whereas TGVs and RDLs enable high-density electrical inter-
connection between EICs and PICs.*' Experimental studies
demonstrate that embedding glass bridge structures within sil-
icon interposers enhances thermal isolation by ~20% over an
operating temperature range of 40°C to 120°C, yielding a maxi-
mum temperature difference of up to 17.0°C between neighbor-
ing chips.”® To further enhance thermal isolation, ultra-low
thermal conductivity materials such as polyimide aerogels
[~0.029 W/(m - K)] can be incorporated into die-embedded
glass interposers, forming effective thermal barriers between
high-power and temperature-sensitive components.' In practi-
cal designs, the arrangement of TGVs and the thickness of the
glass substrate must be carefully optimized to balance lateral
thermal isolation with vertical heat dissipation.

PWGs are widely investigated as optical redistribution layers
in CPO architectures owing to their low cost, simple fabrication,
and large mode size that facilitates efficient fiber coupling. In
this context, their ability to maintain stable optical propagation
under thermal exposure is therefore a critical factor. A common
issue associated with polymer waveguides is thermally induced
aging, such as yellowing, which can increase optical absorption
depending on polymer chemistry and environmental condi-
tions.'® Despite these concerns, extensive studies on polymer
platforms, including SU-8, fluorinated SU-8 (FSU-8), electro-
optic (EO) polymers, and benzocyclobutene (BCB), have shown
that these materials provide sufficient thermal stability to main-
tain optical performance. SU-8 waveguides have been shown to
withstand solder reflow processes up to 300°C while maintain-
ing low optical loss.'"'* Fluorinated SU-8 (FSU-8) further im-
proves optical absorption and thermal stability, with reported
degradation temperatures around 366°C.'* Electro-optic poly-
mers exhibit glass transition temperatures near 190°C and main-
tain stable performance after extended aging tests, such as
2000 h at 105°C.'**'®® Benzocyclobutene (BCB)-based wave-
guides demonstrate glass transition temperatures above 350°C
and propagation losses as low as 0.68 dB/cm.'**'" A series
of demonstrations by IBM using partially fluorinated'®® and si-
loxane-based'® polymer waveguides further validate their long-
term reliability and temperature compatibility with solder reflow
processes. More recent results indicate that both “PWG-first”
and “PWG-last” assembly flows can maintain chip—polymer—
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fiber insertion losses below 2.5 dB under JEDEC qualification
testing.' In addition, high optical power stability has been
demonstrated, with polymer waveguides supporting continuous-
wave operation up to +24.6 dBm, confirming their suitability
for external-laser-based CPO systems.'”" Overall, although poly-
mer waveguides are intrinsically more susceptible to thermal
aging than inorganic dielectric waveguides, continued advances
in material chemistry and process optimization have significantly
improved the thermal stability of their optical propagation, sup-
porting their growing adoption as optical redistribution layers
in CPO packaging.

6 Module-Level Thermal Management

6.1 Thermal Interface Materials

TIMs fill the gaps between chips and heat sinks, reducing over-
all thermal resistance. As shown in Fig. 12(a), conformally fill-
ing interfacial voids increases contact area and improves heat
transfer, whereas Fig. 12(b) illustrates that temperature rise
across the interface grows rapidly with increasing thermal inter-
face resistance. For a 51.2 Tbps ASIC operating at a heat flux of
100 W /cm?, a thermal resistance of 10 mm? - K/W results in a
temperature difference of ~10 K. From a thermophysical per-
spective, the fundamental performance requirements for TIMs,
namely thermal conductivity, interfacial thermal resistance, and
mechanical compliance, remain unchanged in CPO systems.
The overall interface thermal resistance consists of the intrinsic
bulk resistance of the TIM (R,,;) and the contact resistances at
the two interfaces (R, and R;,.), as illustrated in Fig. 12(a).
A wide range of TIM material systems have been developed
for conventional electronic packaging,'”” including polymer-
based composites,'”'™ carbon-based materials,'>"'"® metals and
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Fig. 12 (a) Schematic of interface material operation.

(b) Temperature rise across the interface for various thermal
interface resistances.
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liquid-metal-based TIMs,'”'® as well as two-dimensional (2D)
materials.'®"'®* These approaches collectively span effective
thermal conductivities from a few W-m~' K~! for polymer
composites to over 200 W - m~! K~! for vertically aligned gra-
phene structures. Although these material platforms were not
specifically developed for CPO, they provide a useful reference
for interface-level thermal design under CPO-specific con-
straints. In practice, TIMs in CPO modules are primarily applied
at two interfaces (Fig. 3): the lid—heat sink interface, where con-
ventional high-conductivity TIMs are generally sufficient, and
the lid—chip interface, where additional constraints arise. At the
latter interface, TIMs must be electrically insulating and opti-
cally compatible to avoid electrical short circuits and optical
contamination." In this context, h-BN-based TIMs represent
a potential option due to their intrinsic electrical insulation, with
reported in-plane and through-plane thermal conductivities of
39.0 and 11.5 W-m~' K7/, respectively." Currently, the in-
dustry lacks a universal TIM platform specifically synthesized
for CPO. Instead, designers must still compromise by choosing
different materials based on localized interface constraints.

6.2 Cooling Strategies for CPO

As illustrated in Fig. 13, the increasing bandwidth of optical
systems, from pluggable modules to OEs, switching ASICs,
and CPOs, is accompanied by a steep rise in power consump-
tion and power density. Specifically, power density rises from
0.01 W/cm? for a 400 Gbps pluggable transceiver to
100 W/cm? for a 51.2 Tbps ASIC.® Future OEs are expected
to be co-packaged with high-performance computing chips such
as GPUs and GPU-HBM, which can exhibit projected power ex-
ceeding 1000 W and power densities above 100 W /cm?.'**'
High-power chips present significant thermal management
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Fig. 13 Thermal and bandwidth scaling of optical and electrical
systems alongside the cooling technology roadmap. Top: evolu-
tion of bandwidth, thermal design power (TDP, black circles, top
axis), and power density (red pentagrams, bottom axis) for
OEs, 1819184187 plyggable transceivers (TR, commercial prod-
ucts), ASICs,5591819%0 CPQs,82%9191-19% and projected future
chips.'**'% Bottom: comparison of reported heat flux capabilities
for representative cooling technologies.'¢-2%
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challenges for CPO systems, including hotspot mitigation and
overall cooling, and future designs with even higher power den-
sities will require advanced liquid cooling. This section reviews
representative cooling strategies for CPOs, discussing their oper-
ating principles, scalability, thermal efficiency, and performance
improvement.

6.2.1 Passive and forced-air cooling

Conventional cooling strategies include passive and active
mechanisms. Passive approaches use heat spreaders and finned
heat sinks to dissipate heat via conduction, natural convection,
and radiation without external assistance, typically employing
high-conductivity materials such as copper (400 W - m~! K1),
aluminum (238 W-m~! K~!), silicon (130 W-m~'K™!), or
AIN ceramic (170 W-m~'K~!). Phase-change materials
(PCMs) provide transient thermal buffering via latent heat ab-
sorption,”” but low conductivity and phase instability limit their
applicability.”* Forced-air cooling, which enhances convection
via fans, is the most widely adopted method in conventional
pluggable optical and external laser modules.'**” The maxi-
mum heat dissipation capacity of air cooling is about
55 W/cm? at a junction temperature of 100°C."° For OEs that
require a maximum junction temperature of 70°C, the allowable
heat flux would be even lower. As shown in Fig. 13, with mod-
ule power densities reaching 11 W /cm? for 3.2 Tbps OEs" and
over 100 W /cm? for 51.2 Tbps ASICs,® air cooling faces sig-
nificant challenges in managing localized hotspots and high heat
fluxes in compact modules. Although some teams continue to
develop 51.2 Tbps CPO systems that rely on air cooling,” long-
term thermal management for higher heat fluxes will require a
transition to liquid cooling. For example, Zhang et al. reported
that liquid cooling improved the heat dissipation capacity of a
30 W QSFP-DD module by 1.43x compared with air cooling.””’

6.2.2 Liquid cooling

Liquid cooling has emerged as a leading solution, leveraging the
superior thermal properties of liquids to efficiently dissipate
high heat fluxes. Common approaches include cold plates,
jet-impingement cooling, microchannel cooling, and immersion
cooling. Many recent CPO systems, including 12.8,*® 25.6,”
and 51.2 Tbps,*"”** have employed liquid cooling, demon-
strating its effectiveness in managing their thermal loads.
Furthermore, depending on whether a phase change occurs dur-
ing the heat dissipation process, it can be divided into single-
phase liquid cooling or two-phase liquid cooling. The following
sections discuss the characteristics and recent advances of these
representative techniques.

1) Cold plate cooling is a liquid-based thermal management
technique in which a liquid coolant flows through a high ther-
mal conductive plate that directly contacts a heat-generating de-
vice. Cooling performance depends mainly on the coolant and
cold plate materials, as well as the cold plate design. Coolants
are generally classified into three categories: fluorinated fluids,
refrigerants, and conventional liquids. The radar chart in
Fig. 14(a) compares the thermal characteristics of three typical
coolants. Fluorinated fluids (e.g., HFE-7000*'") offer low vis-
cosity, excellent dielectric strength, and chemical stability,
but are costly and characterized by a high global warming po-
tential. Refrigerants (e.g., R134a*'?) combine low boiling point,
low viscosity, cost-effectiveness, and safety, and are widely em-
ployed in two-phase cooling. Conventional liquids (e.g., water)
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offer high thermal conductivity and low cost, but in the long run,
they can lead to the risk of corrosion, scaling, or short circuits.
Overall, the semiconductor industry is shifting from conven-
tional water and mineral-oil cooling toward high-performance,
low-viscosity coolants with excellent dielectric properties while
increasingly emphasizing recyclability and environmental
friendliness. Cold plates are commonly made of copper or
aluminum.”"” Surface modifications of cold plates are com-
monly employed to mitigate corrosion and improve thermal
performance. For example, nickel plating has been shown to
mitigate corrosion in aqueous coolants.”' Sintered porous layers
on metal surfaces increase the wetted area and nucleation sites,
boosting nucleate boiling heat transfer efficiency by up to
144%."

The inlet and outlet configurations of a cold plate directly
influence the fluid flow characteristics and temperature
distribution.”"® Wu et al.""’ used two independent heat sinks with
liquid cold plates (4 LPM, 20°C) to cool a 51.2 Tbps CPO sys-
tem with a 750 W ASIC and eight 64 W OEs, maintaining the
ASIC junction temperature below 97.3°C and optical chips be-
low 31.3°C, and demonstrating a cooling capability exceeding
179 W/cm? [Fig. 14(b)]. Beyond inlet/outlet positioning, the
geometry of the microchannels, including cross-sectional shape
and flow path design, also affects the cooling performance.?”

While conventional cold plates provide uniform cooling,
their ability to handle localized hotspots is limited. By contrast,
jet impingement cooling offers significantly enhanced heat
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Fig. 14 (a) Thermal properties of HFE-7000, R134a, and water.
Symbols: T,—boiling point (K); p—density (kg/m?); k—thermal
conductivity (W/m-K); c,—specific heat (kJ/kg-K); u—viscosity
(cP). (b) Liquid cooling based on two independent heat sinks (re-
produced from Wu et al., licensed under CC BY 4.0)." (c) 3D-
printed direct jet impingement cooling (schematic redrawn based
on Ref. 210).
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transfer at targeted regions, achieving a heat transfer coefficient
(HTC) as high as 6.25 x 10* W/(m? - K) with minimal pump-
ing power of only 0.3 W.>"” Polymer-based microjet coolers fab-
ricated via 3D printing have been shown to cool dies as large as
23 mm x 23 mm, dissipating ~175 W/cm?, with an ultra-low
thermal resistance of 0.065 K/W [Fig. 14(c)]."° Although 3D
printing and low-cost polymers enable the realization of com-
plex jet-cooling structures, limitations in fabrication precision,
reliability, and thermal conductivity create challenges in balanc-
ing cost, complexity, and performance. Cui et al. reported that a
hybrid slot jet impingement/microchannel heat sink fabricated
from copper significantly enhances cooling performance,
achieving a heat flux of up to 200 W/cm? '

2) Microchannel cooling offers superior heat transfer per-
formance and hotspot management compared with conventional
cold plates. Its application in CPO thermal management is grow-
ing. Yan et al. demonstrated that 3D-printed microchannels
enabled efficient thermal management of VCSELSs, supporting
heat fluxes up to 200 W/cm? at an inlet temperature of 20°C,
with the maximum die temperature remaining below 35.3°C.*"7
Emerging developments in microchannel cooling can be
broadly categorized into three directions. First, chip-level em-
bedded microchannels integrate cooling channels directly into
the substrate (Si, SiC, or diamond), eliminating TIM thermal
contact resistance and enabling near-junction cooling. Erp
et al.*® reported a monolithic manifold microchannel (mMMC)
co-design that dissipated 1700 W /cm? with only 0.57 W /cm?
pumping power [Fig. 15(a)]. Lien et al.*"® proposed a silicon-
integrated microcooler (IMC-Si) fabricated through SolC wafer
stacking processes.”” The device integrates egg-shaped silicon
micropillars on the backside of a bonded carrier and divides the
flow into nine cooling compartments, reducing both pressure
drop and thermal resistance [Fig. 15(b)]. The IMC-Si demon-
strated outstanding thermal performance, efficiently cooling

Contact
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Fig. 15 (a) Monolithically integrated manifold microchannels
(mMMGCs). (b) TSMC Si-integrated microcooler featuring egg-
shaped micropillars. (c) TSMC CoWoS-R package incorporating
a liquid manifold for direct liquid cooling. Schematic diagrams in
panels (a)-(c) are redrawn based on Refs. 200, 218, and 219.
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1490-W dies (250 W/cm?) with junction temperatures below
100°C at a pump power of only 1.6 W, corresponding to a
PUE below 1.002. Their latest work combines microchannels,
jet impingement, and indium TIM to manage 2000-W TDP
(360 W/cm?) in next-generation systems [Fig. 15(c)].?"
Second, topology-optimized microchannels leverage fluidic
and thermal principles to generate non-regular flow paths that
maximize flow—temperature synergy. Xia et al. used 2D topol-
ogy optimization to design differentiated channels based on
inlet/outlet positions and weighting factors, improving temper-
ature uniformity by 30%.%' Gilmore et al.”** demonstrated 3D
topology-optimized channels achieving 40% higher heat dissi-
pation than conventional straight channels at the same pressure
drop. Third, liquid-metal microchannel cooling exploits the high
thermal conductivity of liquid metals combined with micro-
channel structures. Zhang et al.”** demonstrated a GalnSn-based
system capable of dissipating a heat flux of 300 W/cm? and a
total heat load of 1500 W.

3) Immersion cooling offers efficient thermal management
by directly submerging electronic modules in dielectric liquids,
minimizing thermal resistance and reducing the need for aux-
iliary equipment. This approach achieves near-unity PUE™*
and ensures uniform heat removal across densely integrated
components. As demonstrated by Kurata et al.,”” a 25.78-Gbps
silicon photonic transceiver cooled by immersion exhibited a
~30°C reduction in junction temperature compared with air
cooling. Immersion cooling is thus a promising approach for
addressing future high-density heat dissipation and energy
efficiency challenges. Immersion cooling can operate in single-
phase immersion cooling (SPIC) or two-phase immersion cool-
ing (TPIC), as will be discussed in the following paragraphs.

In SPIC systems, the coolant remains in the liquid state while
circulating to remove heat. The heat flux of SPIC can reach up to
152 W/cm?."® The cooling performance is primarily enhanced
by increasing the heat exchange surface area and improving
convective heat transfer efficiency. Common enhancement strat-
egies include optimizing heat sink fin geometry, improving
inlet/outlet configurations, and designing internal flow channels
for more uniform distribution and enhanced flow disturb-
ance.””?”” Muneeshwaran et al.”*® systematically analyzed the
thermal performance of heat sinks with different inlet/outlet lay-
outs and base structures, including solid, heat-pipe-embedded,
and vapor chamber (VC) bases. Compared with conventional
solid metal base, heat pipes and VC-based heat sinks reduced
overall thermal resistance by ~13% and 19%, respectively.
Luiten et al.”*® employed an aluminum finned vapor chamber
heat sink under natural convection, achieving a heat flux of
22 W/cm?. Under forced convection, a copper body-centered
cubic lattice heat sink demonstrated a maximum cooling capac-
ity of 66.7 W/cm?.**

Compared with single-phase immersion cooling, which re-
lies solely on liquid convection to remove heat, TPIC exploits
the latent heat of vaporization to achieve significantly higher
heat flux dissipation with lower temperature gradients. The
low-boiling-point dielectric fluid vaporizes upon absorbing heat
from the device surface, and the generated vapor condenses
on the cooler region above the liquid surface, forming a natural
circulation loop. Despite its high cooling potential, TPIC faces
several technical challenges when integrated with high-density
electronic and photonic packages. The main bottlenecks include
limited boiling surface area, non-uniform vapor generation
leading to dry-out, and unstable bubble dynamics. In addition,
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dielectric fluids generally exhibit low thermal conductivity, and
their physical properties (e.g., surface tension, viscosity)
strongly influence boiling initiation and rewetting behavior,
making it difficult to sustain uniform nucleate boiling across
large chip surfaces.

To overcome these limitations, recent studies have focused
on enhancing both boiling and condensation heat transfer.
Surface texturing and coatings have proven highly effective
in promoting nucleation and liquid rewetting. As shown in
Fig. 16(a), Si nanowires grown on Si micropillar arrays
(SINW/MP) achieved a critical heat flux (CHF) of (17.4 +
1.2) W/cm? and an HTC of 23.6 kW /(m? - K), corresponding
to 30% and 455% improvements compared with plain SiO,.*
Femtosecond laser structured copper surfaces (S, = 0.38 ym)
achieved CHF values up to 93.5 W/cm?.** The combination
of lotus-type copper and grooved geometries achieved a CHF
of 534 W/cm? and an HTC of 126 kW/(m?-K) in water,
and 104 W/cm? with an HTC,,, of 22.3 kW/(m?-K) in
FC-72, corresponding to 3.7x and 6.9x CHF enhancements
compared with smooth surfaces.”* Furthermore, surface wetta-
bility modulation, such as anisotropic micropillar arrays of
PDMS with hydrophilic SiO,-coated surfaces, has been shown
to enhance the HTC by 63% [Fig. 16(b)].*' Under subcooled
flow boiling conditions (AT, = 40 K), this design achieved
a CHF of 249 W /cm?. Industrial demonstrations further verify
the feasibility of TPIC for high-power packages. TSMC imple-
mented a 900-W CoWoS high-performance computing (HPC)
package cooled by TPIC, comparing solid-copper and vapor-
chamber boiling modules [Figs. 16(c) and 16(d)].*** The vapor-
chamber design exhibited a lower thermal resistance
(0.0355°C/W) than the solid-Cu base (0.0542°C/W) owing
to the larger effective boiling area, supporting a heat flux up
to 200 W/cm?. This confirms that TPIC can be effectively in-
tegrated into large-scale 2.5D or 3D packaged chips to meet the
increasing power density demands. Looking ahead, future TPIC
technologies are expected to evolve toward microstructured
and hierarchical boiling interfaces, integrated vapor chambers
within interposers or substrates, and closed-loop dielectric fluid
systems. This evolution is driven by the need to enhance HTC
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Fig. 16 (a) Si nanowires on a Si micropillar array (SINW/MP),
(b) tilted pillar structure (schematic diagrams in panels (a) and
(b) are redrawn based on Refs. 230 and 231). Different boiler
configurations integrated on TTV (thermal test vehicle) pack-
ages: (c) boiler with a Cu base and (d) boiler with a vapor cham-
ber base (schematic redrawn based on Ref. 232).
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Table 4 Summary of liquid cooling technologies.

Cooling Heat flux
Year method Module type TDP (W) (W/cm?) Key strategy Ref.
2020 Cold plate TTV — 9702 Two-phase, sintered copper powders 202
2021 Cold plate CPO 25.6T 540 13 Separate integrated heat spreaders 59
2023 Cold plate CPO 51.2T 1731 112.2 Dual independent liquid-cooling structure 8
2023 Cold plate TTV — 248 Nickel plating surface treatment 201
2024 Cold plate CPO 12.8T (TTV) 290 70 Dual independent liquid-cooling structure 208
2024 Cold plate QSFPDD 30 1.8 Air cooling to liquid cooling 207
2025 Cold plate CPO 51.2T (TTV) 1262 179 Dual independent liquid-cooling structure 157
2019 Microchannel TTV 1500 300 Liquid-metal (GalnSn) microchannels 223
2020 Microchannel TV — 1700 Monolithic manifold microchannel 200
2022 Microchannel VCSEL — 200 3D-printed microfluidics 217
2024  Microchannel CoWoS-R TTV 1490 250 Integrated Si microchannels, 3x3 zones, Si pillars 218,220
2025 Microchannel TTV 2000 360 Integrated microchannel + jet + indium TIM 219
2021 SPIC TTV — 22 Al fin + vapor chamber 228
2024 SPIC TTV — 66.7 Body-centered cubic lattice 229
2024 SPIC TTV — 152 Vapor chamber 226
2018 TPIC TTV — 11.0 to 23.5% Novec 649, silicon nanowires, and micropillars 230
2020 TPIC TTV — 93.52 Water, laser-textured Cu surface 233
2021 TPIC ASIC 1127 to 1577 8.372 Novec 7100 235
2021 TPIC TTV — 104/5342  FC-72/water, lotus-type Cu + grooves 234
2022 TPIC TTV — 48.952 Two-phase, copper wire mesh/powder 214
2022 TPIC TV — 249/1482  Hydrophilic/hydrophobic surfaces, tilted pillars 231
2022 TPIC — — 20.6 to 1472 Surface treatment, porous foam, substructure 236
(PF-5060, HFE-7000, water)

2022 TPIC CoWoS HPC 900 200 Vapor chamber + sintered Cu surface 232
2023 TPIC TTV — 6 to 8.52 DI water, electroplated Cu foam 237
2021 Jet impingement TTV 935 175 3D-printed microfluidics 210
2024 Jet impingement TV — 200 Hybrid slot-jet + microchannel 216

aCHF, critical heat flux; TTV, test thermal vehicle; SPIC, single-phase immersion cooling; TPIC, two-phase immersion cooling.

and CHEF, ensure uniform temperature distribution across high-
power 2.5D/3D packaged chips. Combined with precise ther-
mal-fluid modeling and advanced surface engineering, TPIC is
poised to become a key enabler for next-generation high-power,
high-bandwidth CPOs. Table 4 summarizes representative
liquid cooling technologies reported in recent studies, including
module type, TDP, heat flux, and key strategies across different
cooling approaches.

Overall, efficient thermal management is fundamental to en-
suring the performance and reliability of CPO systems. As dis-
cussed above, the nonuniform power distribution of high-power
ASICs and GPUs can lead to severe thermal crosstalk, requiring
careful floorplanning and heat spreading strategies. On-chip
thermal design, incorporating temperature-insensitive compo-
nents and thermal isolation trenches, provides an additional
means to stabilize optical transmission in CPO systems.
Furthermore, high-performance TIMs are essential to minimize
interfacial resistance and maintain thermal uniformity between
the stacked electrical and optical components. For next-gener-
ation CPO architectures that feature 3D integration of electrical
and optical chips, on-chip light sources, and higher-power
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ASICs or GPUs, cold plate liquid cooling remains a feasible
and effective approach. However, as power densities continue
to rise, emerging cooling technologies such as two-phase liquid
cooling and localized jet impingement should be considered
to mitigate hotspot formation and enhance heat flux capability.
In the longer term, integrating microchannel cooling directly
within advanced packaging structures represents a promising di-
rection, although it requires the development of reliable dielec-
tric coolants and robust sealing technologies to ensure long-term
reliability.

7 Future Trends and Perspectives

Future CPO developments will be driven by the increasing de-
mand for higher bandwidth, power efficiency, and integration
density. From device-level innovations to system-level thermal
management, several promising directions are emerging.

7.1 Laser Integration and Uncooled Operation

For silicon photonic integrated chips, the integration of lasers
capable of withstanding reflow temperatures, operating at high
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temperatures, and delivering high optical power is a key require-
ment. Heterogeneous integration and microtransfer printing are
expected to remain dominant approaches for a considerable
period. By contrast, research on heteroepitaxial lasers still faces
challenges in performance, reliability, and cost, which must be
addressed before large-scale adoption becomes feasible.

7.2 CPO Packaging and Optoelectronic Interconnection

In the near term, OEs will employ bump, TSV, or FOWLP
technologies. TSV approaches face cost constraints, whereas
FOWLP must overcome challenges in high dielectric loss, ther-
mal dissipation, and warpage control through optimized
material and structural design. Thermal-induced warpage can
lead to open-circuit failures and fiber array misalignment, which
remain major reliability concerns. Research on reflow-tolerant
optical connectors and high-temperature adhesives will continue
to be critical. In the future, hybrid bonding, bump-based inter-
connections, and two-dimensional fiber array I/O using grating
couplers and silicon microlenses will become key enablers
for thermally stable and scalable optoelectronic interconnects.
At the copackaging substrate level, in addition to conventional
organic substrates, both silicon and glass interposers are consid-
ered promising platforms for next-generation CPO systems.
Silicon interposers enable fine-pitch, ultrashort interconnects,
making them highly attractive for compact CPO systems.'®"”
Nevertheless, due to silicon’s high thermal conductivity, careful
thermal codesign is required to mitigate thermal crosstalk be-
tween the ASICs and OEs. This challenge becomes more critical
when heat extraction from the silicon interposer to the host
board is limited. Glass-based substrates offer advantages such
as low dielectric loss, low warpage, and optical transparency.
However, their widespread adoption will require further ad-
vances in mechanical robustness and reliable multilayer RDL
fabrication processes. Currently, organic substrates remain the
mainstream choice for CPO systems due to the mature organic
substrate ecosystem. However, once the inherent brittleness of
glass substrates and the challenges of multilayer RDL fabrica-
tion are fully resolved, they hold promise as a superior platform
for next-generation CPO integration.

7.3 On-Chip Thermal Isolation and Thermal Crosstalk
Compensation

As data rates and operating power increase, MRMs have
attracted growing attention due to their compact footprint, low
drive voltage, and wavelength-selective operation, which ena-
bles their use in WDM systems. Although MRMs are highly
sensitive to temperature and require tight fabrication tolerances,
continued advances in process scaling, on-chip thermal isola-
tion, and thermal compensation techniques are expected to
improve their operational stability. Once thermal stability is
achieved, MRMs are anticipated to play a crucial role in short-
reach CPO transceivers.

7.4 Module-Level Thermal Management

Rising bandwidth and power density are redefining CPO ther-
mal management architectures. Electrically nonconductive
interface materials, such as polymer-based TIMs and h-BN,
remain essential within CPO modules. Carbon-based and met-
allic TIMs may be used outside the CPO package where the
risk of electrical shorting is negligible. Meanwhile, the scalable
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manufacturing and long-term reliability of 2D TIMs remain
open challenges. In the long term, minimizing the number of
thermal interfaces is fundamental to reducing overall thermal
resistance. Therefore, cointegration of chips, substrates, and
cooling structures through advanced packaging will be a defin-
ing trend. Although single-phase cold plates are becoming
mainstream, two-phase dielectric liquid cooling and jet-assisted
boiling technologies are expected to dominate in future high-
power CPO modules.

8 Conclusion

This review systematically summarizes the thermal manage-
ment challenges and emerging solutions in CPO. By analyzing
representative CPO architectures, power distribution, and ther-
mal coupling mechanisms, we show how the close proximity of
high-power ASICs and temperature-sensitive photonic compo-
nents fundamentally differentiates CPO from conventional
electrical-only packaging. Thermal constraints related to lasers,
PICs, EICs, FAU assembly, TIMs, and cooling solutions are
reviewed within a unified framework, highlighting the strong
interdependence between thermal behavior, optical perfor-
mance, and packaging reliability. Looking forward, the scalabil-
ity of CPO will depend on the co-optimization of thermal,
electrical, and optical domains from the earliest stages of system
design. Key priorities include improving wavelength stability in
microring-based WDM systems, reducing thermal resistance
in 3D-stacked architectures, and developing sustainable, high-
efficiency cooling technologies. Although bandwidth density
continues to drive CPO development, effective thermal manage-
ment remains its indispensable foundation. This review consol-
idates current progress, identifies knowledge gaps, and provides
guidance toward thermally robust, energy-efficient, and scalable
CPO systems.
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