
The Thermal Glass Ceiling: Why Packaging 
Optimisation Isn't Enough for 6G
As the telecommunications industry accelerates toward 6G and advanced satellite constellations, we are 
confronting an immutable physical constraint that no amount of circuit optimization can overcome. While System-
on-Package innovations have delivered remarkable integration density, we now face a fundamental materials 
challenge that threatens to cap the power density achievable in next-generation RF front-ends.



MATERIALS EVOLUTION

The Physics-First Imperative

Last week's discussion on System-on-Package architectures and 
their role in the NTN revolution revealed a critical truth: even with 
flawless packaging integration, we are hitting what industry 
insiders now call the "Thermal Glass Ceiling." This phenomenon 
represents the point where conventional thermal management 
strategies - heat sinks, vapor chambers, and advanced TIMs - can 
no longer extract sufficient heat from the active junction fast 
enough to prevent catastrophic device failure.

The challenge is fundamentally rooted in materials physics. As we 
push operating frequencies into millimeter-wave bands and 
beyond, the localized power density at the semiconductor junction 
increases exponentially. Traditional approaches that treat thermal 
management as a packaging concern are proving inadequate. The 
industry must pivot toward a "Physics-First" methodology where 
thermal considerations are embedded directly into the device 
architecture itself.

300°C
Junction Temperature

Peak operating limit for current GaN 
devices

6x
Power Density

Increase expected in next-gen 
transceivers



From GaN to Gallium Oxide: The Next 
Generation of Ultrawide Bandgap Materials
Gallium Nitride has been the workhorse of high-power RF applications for the past two decades, enabling 
everything from base station amplifiers to satellite transponders. Its wide bandgap (~3.4 eV) provides excellent 
breakdown voltage characteristics and high electron mobility, making it ideal for high-frequency, high-power 
applications. However, as we approach 6G frequency allocations in the sub-THz regime, GaN is approaching its 
theoretical performance boundaries.

Enter Ultrawide Bandgap (UWBG) materials, particularly Gallium Oxide (Ga¢O£). With a bandgap of approximately 
4.8 eV, Ga¢O£ offers transformative advantages: breakdown electric fields exceeding 8 MV/cm (nearly double that 
of GaN) and substantially lower conduction losses under high-voltage operation. These properties translate 
directly into higher power-added efficiency and reduced cooling requirements per watt of RF output, at least in 
theory.

Gallium Nitride (GaN)

Bandgap: 3.4 eV

Breakdown field: ~3.3 MV/cm

Mature manufacturing ecosystem with proven 
reliability in telecom infrastructure

Gallium Oxide (Ga¢O£)

Bandgap: 4.8 eV

Breakdown field: ~8 MV/cm

Emerging technology with superior voltage 
handling but thermal challenges

The transition from GaN to Ga¢O£ is not merely incremental, it represents a paradigm shift in what's physically 
achievable in power amplifier design. However, this promise comes with a critical caveat that must be addressed 
before widespread deployment becomes viable.



The "Final Boss" of Power Density: Intrinsic 
Thermal Conductivity Challenges

While Gallium Oxide offers unparalleled electrical 
performance, it harbors a critical weakness: intrinsically 
poor thermal conductivity. At approximately 10-27 W/m·K 
depending on crystal orientation, Ga¢O£'s thermal 
conductivity is roughly an order of magnitude lower than 
GaN (~130 W/m·K) and nearly two orders of magnitude lower 
than Silicon Carbide (~370 W/m·K).

This thermal bottleneck creates a vicious cycle. As power 
density increases, localized junction temperatures rise 
rapidly. Even modest increases in junction temperature 
(beyond the 150-200°C range) can trigger thermal runaway, 
accelerate electromigration, and induce catastrophic failure 
modes. The very efficiency gains promised by UWBG 
materials become unattainable because the device self-
destructs before reaching optimal operating power.

85%

GaN Efficiency Loss

Due to thermal limitations at target 
6G power levels

92%

Ga¢O£ Risk Factor

Failure probability without advanced 
thermal mitigation

40%

Performance Gap

Between theoretical and achievable 
power density

Traditional thermal management strategies - optimised heat spreaders, microchannel cooling, even advanced 
phase-change materials - address heat after it has diffused away from the junction. By that point, the damage is 
already occurring at the nanoscale. The industry needs a fundamentally different approach: managing heat at the 
source, within microns of where it's generated.



Near-Junction Cooling: Integrating Thermal 
Management into Device Physics
The solution to the thermal glass ceiling lies not in better packaging, but in near-junction cooling, thermal 
management architectures integrated directly into the semiconductor die structure itself. This represents a 
fundamental rethinking of device design, where thermal pathways are as carefully engineered as the electrical 
pathways that carry current.

Near-junction cooling leverages several cutting-edge approaches. Diamond substrates offer thermal conductivity 
exceeding 2000 W/m·K, providing an exceptional heat-spreading platform immediately beneath the active device 
layers. Heteroepitaxial integration techniques now allow Ga¢O£ or GaN active layers to be grown on polycrystalline 
diamond, creating a direct thermal pathway from junction to heat sink with minimal thermal resistance.

01

Diamond Substrate Integration

Ultra-high thermal conductivity base layer (>2000 
W/m·K) bonded directly beneath active semiconductor

02

Microfluidic Channels

Embedded cooling passages within 10-50 ¿m of the 
junction for direct heat extraction

03

Thermal Vias

Vertical heat pipes fabricated using high-aspect-ratio 
etching and metallization

04

Phonon Engineering

Tailored interfaces to minimize thermal boundary 
resistance at critical material junctions

Additionally, microfluidic cooling channels can be etched directly into the substrate or backside metallization, 
positioning coolant flow within tens of microns of the active junction. When combined with advanced two-phase 
cooling fluids, this approach can extract heat at rates previously thought impossible in solid-state devices.



2026 ROADMAP

Why 2026 Demands Integrated Thermal 
Solutions

The timeline for 6G standardisation and early 
deployment is rapidly compressing. The ITU has 
targeted 2030 for initial commercial rollout, which 
means prototype hardware must be field-tested by 
2026-2027. This aggressive schedule leaves minimal 
room for iterative thermal optimization using 
conventional methods.

Telecom infrastructure providers are already designing 
next-generation active antenna systems, phased 
arrays, and satellite payloads that assume power 
densities 5-6x higher than today's GaN-based 
solutions can reliably deliver. Without near-junction 
thermal management, these designs will either 
underperform or fail qualification testing.

The industry cannot afford another development cycle. 
Physics-first thermal integration must be incorporated 
into device roadmaps now, not as a future 
enhancement. Companies that delay this transition 
risk being locked out of the 6G hardware ecosystem 
entirely.
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Diamond Substrates: The Thermal 
Superhighway

Polycrystalline CVD 
Diamond

Mature manufacturing process with 
thermal conductivity >1500 W/m·K. 
Cost-effective for volume 
production but requires careful 
surface preparation for epitaxy.

Single-Crystal Diamond

Highest thermal performance 
(>2200 W/m·K) with superior 
epitaxial quality. Limited by 
substrate size and cost, best for 
high-value applications.

Bonded Heterostructures

Ga¢O£ or GaN layers transferred to 
diamond via wafer bonding. Enables 
thin active layers with optimal 
thermal coupling to heat spreader.

The integration of diamond substrates represents one of the most promising pathways to breaking through the 
thermal glass ceiling. Diamond's extraordinary thermal conductivity, roughly 5x that of copper, provides a near-
ideal heat-spreading platform. When positioned directly beneath the active semiconductor layer, diamond can 
shunt heat laterally and vertically with minimal temperature rise, effectively decoupling junction temperature from 
total power dissipation.

Recent advances in chemical vapor deposition (CVD) have dramatically improved diamond substrate quality and 
reduced costs. Polycrystalline diamond wafers suitable for RF applications are now available in 4-inch diameters, 
with 6-inch wafers entering pilot production. Surface nucleation density and grain size control have improved to 
the point where heteroepitaxial growth of GaN and Ga¢O£ achieves device-grade crystallinity.

The remaining challenges are primarily in thermal boundary resistance at the diamond-semiconductor interface. 
Phonon mismatch between materials can create an insulating layer that negates diamond's thermal advantage. 
Addressing this requires careful interface engineering: optimized nucleation layers, controlled surface chemistry, 
and potentially gradient buffer layers that progressively match phonon spectra across the heterostructure.



Industry Perspectives: Will Gallium Oxide 
Overtake GaN by 2030?

The Optimist's View

Proponents argue that Ga¢O£'s 
superior breakdown voltage 
and native substrate availability 
make it inevitable. Once 
thermal challenges are solved 
via diamond integration and 
near-junction cooling, the 
efficiency gains will drive rapid 
adoption. Mass deployment by 
2030 is feasible if R&D 
investment accelerates.

The Pragmatist's View

GaN has a two-decade head 
start in manufacturing maturity, 
supply chain depth, and 
reliability qualification. Ga¢O£ 
will find niche applications4
ultra-high voltage, specialized 
RF, but won't displace GaN in 
mainstream telecom 
infrastructure by 2030. 
Transition timeframe is more 
likely 2032-2035.

The Skeptic's View

Thermal conductivity is an 
intrinsic material property that 
cannot be engineered away. No 
amount of clever packaging 
can overcome a 10x 
disadvantage in heat 
dissipation. Ga¢O£ may remain a 
laboratory curiosity unless 
entirely new cooling paradigms 
(active thermoelectric, perhaps) 
are developed.

At EpsilonR, we occupy a nuanced middle ground. Gallium Oxide will become a critical technology for 6G 
infrastructure, but its adoption trajectory depends entirely on solving the thermal challenge. Companies that invest 
in integrated thermal solutions today (diamond substrates, microfluidics, phonon engineering) will be positioned to 
capitalise when the material reaches manufacturing readiness. Those that wait will find themselves chasing a 
market that has already moved.

The question isn't whether Ga¢O£ is viable, it's whether the industry has the foresight to build the thermal 
infrastructure it requires before demand outstrips conventional solutions. The thermal glass ceiling is real, but it's 
not insurmountable. It simply demands that we treat thermal management as a first-class design constraint, not 
an afterthought.



The EpsilonR Perspective: Physics-First 
Thermal Design

At EpsilonR, our engineering philosophy centers on a 
fundamental principle: you cannot optimise what you do 
not understand at the physics level. Too often, thermal 
management is relegated to mechanical engineers working 
downstream from the semiconductor design team. This 
sequential approach, design the chip, then figure out how to 
cool it, is fundamentally incompatible with the power 
densities demanded by 6G and advanced satellite systems.

Our Physics-First methodology inverts this paradigm. 
Thermal pathways, phonon transport, and heat flux 
distributions are modeled concurrently with electrical 
performance during the initial design phase. We employ 
multiphysics simulation frameworks that couple 
electromagnetic, thermal, and mechanical domains, 
revealing interactions that would be invisible in isolated 
analyses.

1

Material Selection

Choose substrates and heterostructures based on 
thermal conductivity as primary criterion

2

Interface Engineering

Minimise thermal boundary resistance through 
phonon matching and surface optimization

3

Integrated Cooling

Embed thermal extraction within the device 
architecture, not external packaging

4

Validation

Correlate simulation with thermal imaging and time-
resolved measurements



Breaking Through the Ceiling: A Call to 
Action
The Thermal Glass Ceiling is not a permanent barrier, it is a design challenge waiting for the industry to take it 
seriously. As we stand on the threshold of the 6G era, the question is no longer whether Ultrawide Bandgap 
materials like Gallium Oxide will play a role, but whether we will build the thermal infrastructure necessary to 
unlock their full potential.

Near-junction cooling, diamond substrates, and Physics-First design methodologies are not speculative 
technologies. They are available today, with proven performance in laboratory and pilot-scale deployments. What's 
missing is the institutional commitment to integrate these approaches into mainstream semiconductor roadmaps. 
The 2026 timeline for 6G hardware qualification leaves no room for hesitation.

What's your take? Will Gallium Oxide overtake GaN by the end of the decade, or is the thermal challenge too 
great for mass-scale deployment?

The telecommunications industry has consistently risen to meet seemingly impossible physical challenges - from 
the early days of transistor miniaturization to the integration complexities of modern SoC design. The thermal 
glass ceiling is simply the next frontier. Those who approach it with the rigor, creativity, and physics-grounded 
thinking it demands will define the architecture of next-generation wireless infrastructure.

At EpsilonR, we believe the path forward is clear: integrate thermal management into the device physics, not the 
enclosure. Treat heat as a design parameter with the same weight as gain, efficiency, and linearity. And above all, 
start now, because 2026 is already here.


