A Micro-Gap Thermal Diode: Discovering Why Heat Won’t Flow at the Micron Scale

Present Technology

Modern electronic systems generate heat as a byproduct of electrical resistance [1]. To prevent
overheating, current technologies rely primarily on convection-based cooling, including fans,
heat sinks, liquid cooling systems, and thermal interface materials [2] [3]. While effective at
large scales, these approaches consume energy, add bulk, and become increasingly inefficient as

devices continue to shrink [7].

Radiative heat transfer is also used in certain applications. In this far-field regime, heat transfer
follows classical laws such as the Stefan—Boltzmann Law and becomes largely independent of
distance once surfaces are separated by more than a few micrometers [4] [8] [9]. Under these

conditions, radiative heat flow is weak and difficult to control directionally [5].

Physics predicts that a different behavior emerges when two surfaces are separated by gaps
smaller than the thermal wavelength, approximately 10 um at room temperature [11]. In this
near-field regime, heat can be transferred through evanescent electromagnetic waves that tunnel
across the narrow gap [12]. Near-field radiative heat transfer is predicted to exceed classical
far-field limits by one to two orders of magnitude, suggesting the possibility of passive,
solid-state thermal devices that control heat flow without physical contact, moving parts, or

external power [13] [15].

Despite this promise, near-field radiative heat transfer is rarely observed under everyday
conditions. Most demonstrations require high-vacuum environments and carefully controlled
laboratory setups [13]. At atmospheric pressure, air molecules occupy the gap between surfaces

and transfer heat extremely efficiently through conduction. At micrometer-scale separations, air



conduction overwhelms near-field radiative transfer by nearly two orders of magnitude [14] [20].
This project defines this masking effect as the Air Conduction Barrier, in which air creates an
unintended thermal short-circuit that prevents meaningful measurement or control of near-field

heat flow.

Mechanical limitations further restrict present systems. Maintaining stable, parallel gaps of only
a few micrometers is difficult due to surface bowing, vibration, and uneven clamping forces [17].
Even small variations in alignment can significantly alter gap distance, introducing noise and

uncertainty comparable to the signal being measured [13].

Together, air conduction and micron-scale mechanical instability explain why near-field thermal
technologies remain confined to specialized laboratories. Current cooling technologies remove
heat after it is generated rather than controlling how heat flows at its source, defining the

limitation addressed in this project [7].

History: From Classical Radiation to Near-Field Heat Transfer

The scientific understanding of heat transfer has developed over more than a century, beginning
with classical descriptions of thermal radiation that remain foundational today. In the late
nineteenth century, the Stefan—Boltzmann Law established that objects emit thermal energy as
electromagnetic radiation, providing a framework for far-field heat transfer where surfaces are
separated by distances much larger than the wavelength of thermal radiation [8] [9]. Under these

conditions, radiative heat flow is relatively weak and largely independent of separation distance

[4].



For decades, this classical framework successfully explained most observable heat transfer
phenomena and guided the design of furnaces, thermal shields, and radiative cooling systems [1].
However, it also implied a fundamental upper limit on radiative heat flow once objects were no
longer in physical contact, suggesting that bringing surfaces closer together would not

significantly enhance thermal exchange [5].

A major conceptual shift occurred in the mid-twentieth century with the study of electromagnetic
behavior at very small distances. In 1948, Hendrik Casimir demonstrated that quantum
electromagnetic fluctuations could produce measurable forces between closely spaced objects,

revealing that electromagnetic fields behave differently at sub-micrometer scales [10].

Building on this insight, Dirk Polder and Martinus Van Hove published a landmark theoretical
work in 1971 predicting that when two surfaces are separated by distances smaller than the
dominant thermal wavelength, heat transfer could increase dramatically [11]. This near-field
radiative heat transfer arises from evanescent electromagnetic waves that tunnel across narrow

gaps, making heat flow strongly dependent on separation distance and material properties [12].

In the early 2000s, researchers such as Joulain and colleagues expanded this theory, showing that
surface electromagnetic modes could significantly enhance heat transfer [12]. Experimental
studies in the 2010s confirmed near-field enhancement at nanometer and micrometer scales

under carefully controlled conditions [13].

Despite strong theoretical and experimental support, near-field heat transfer has remained largely
confined to academic research, and practical thermal technologies based on near-field radiation

have yet to emerge [14].



This project builds directly on this historical foundation by shifting focus from theoretical
possibility to practical limitation. Instead of asking whether near-field heat transfer exists, it
investigates why the effect is masked under ambient conditions and identifies the environmental
and mechanical barriers that prevent its real-world use. By diagnosing these limitations, this
work represents the next step in the progression of near-field thermal science from discovery, to

validation, to future application.

Future Technology: Passive Heat Routing Through Micro-Gap Thermal Diodes

By 2046, electronic systems will no longer depend primarily on fans, pumps, or liquid cooling
loops to manage heat. Instead, heat will be passively routed at its source using solid-state thermal
components embedded directly into devices [7]. One such component is the micro-gap thermal
diode, a structure that allows heat to flow preferentially in one direction while resisting flow in

the opposite direction.

This future technology is based on near-field radiative heat transfer, a regime in which thermal
energy moves across micron-scale gaps through electromagnetic coupling rather than physical
contact [11] [13]. When two surfaces are separated by distances smaller than the dominant
thermal wavelength, heat transfer becomes strongly dependent on gap size and material
properties [11] [12]. By engineering these parameters, it becomes possible to control heat flow

without moving parts or external power [6].

The micro-gap thermal diode consists of two dissimilar surfaces separated by a precisely
controlled gap smaller than 10 micrometers. When properly designed, the interaction between
the surfaces becomes asymmetric due to material-dependent electromagnetic coupling [15]. Heat

flowing from one side experiences strong near-field coupling, while heat flowing in the opposite



direction encounters reduced coupling. This creates direction-dependent heat transport,

analogous to how an electrical diode permits current flow in only one direction [14].

Unlike conventional cooling systems that remove heat after it has already accumulated, the
thermal diode controls where heat goes before it spreads. In a 2046 implementation, each thermal
diode unit would be vacuum-sealed to eliminate air conduction and preserve near-field effects.
Arrays of these units could be integrated into chips, circuit boards, or structural materials,

forming networks that automatically guide heat away from sensitive components [6] [13].

In data centers, micro-gap thermal diodes could passively channel waste heat into recovery
systems without consuming additional energy [3] [7]. In spacecraft and satellites, where
convection is unavailable, passive thermal routing would be especially valuable, allowing heat to
be redirected away from sun-exposed surfaces and protecting sensitive instruments without
increasing system complexity [16]. Once fabricated, thermal diodes would operate continuously
without power input, making them well suited for long-term deployment in demanding

environments.

The micro-gap thermal diode represents a shift in how heat is managed. Rather than fighting heat
after it is produced, the technology organizes heat flow at the microscopic level. The foundation
for this future capability lies in understanding why near-field heat transfer fails under real-world
conditions today. By identifying and overcoming environmental and mechanical barriers, this
project provides the diagnostic framework needed to transition near-field physics from laboratory

experiments into practical thermal devices [13] [17].

Breakthroughs: Overcoming Environmental and Mechanical Barriers to Near-Field

Heat Control



Although near-field radiative heat transfer has been predicted and experimentally demonstrated
under ideal laboratory conditions, practical devices based on this phenomenon do not yet exist in
real-world environments [13] [14]. The limitation is not a lack of theoretical understanding, but
dominant environmental and mechanical effects that overwhelm the radiative signal at
micron-scale separations. This project identifies three primary barriers to micro-gap thermal
diode operation: air conduction dominance, mechanical instability, and measurement

ambiguity caused by environmental drift.

The most significant barrier is air conduction within micron-scale gaps. At atmospheric
pressure, air molecules trapped between closely spaced surfaces transfer heat extremely
efficiently through conduction [14] [20]. While near-field radiative transfer increases as gap
distance decreases, air conduction increases even more rapidly under ambient conditions at
micrometer separations [14]. As a result, air conduction acts as a thermal short-circuit, masking
the radiative contribution by approximately two orders of magnitude. Phase 1 measurements
confirmed that across 3—10 um gaps, conductive heat transfer dominates such that radiative

enhancement remains undetectable [14].

Figure 1. Heat
transfer
Air Conduction Near-field radiation
(dominant) Nea"(fr;e;‘ik':g)'a“” (dominant) mechanisms
across

(a) Ambient micro-gap (air present) (b) Vacuum micro-gap
micron-scale

gaps. Under atmospheric conditions (a), air conduction dominates heat transfer and masks
near-field radiative effects. In vacuum (b), removal of air suppresses conduction, allowing

near-field radiation to become the dominant heat-transfer mechanism across the gap.



To enable micro-gap thermal diodes, air conduction must be suppressed until radiative heat
transfer becomes the dominant mechanism. This requires enclosing the micro-gap region within
a vacuum environment while preserving precise and repeatable gap control [20]. The future
thermal diode, therefore, relies on vacuum-sealed micro-gaps that prevent air molecules from

creating parallel conductive pathways.

To test this breakthrough, a vacuum-compatible thermal stack would be placed inside a
controlled vacuum chamber and operated across a range of pressures. Using the same symmetric
ABBA heating protocol employed under ambient conditions, thermoelectric voltage output
would be recorded as pressure decreases. If air conduction dominates, measured heat transfer
should decrease sharply with pressure. If near-field radiation becomes dominant, heat transfer
should stabilize or exceed classical predictions despite air removal [13] [14]. Observing this
transition would directly confirm the elimination of the Air Conduction Barrier and validate the

operating principle of the future thermal diode.

Even with air conduction suppressed, maintaining a stable micro-gap presents a second major
challenge: micron-scale mechanical instability. At separations of only a few micrometers,
small variations in alignment, surface flatness, or applied force can produce large changes in gap
distance [17]. Early designs using manual screw clamping or unguided gravity seating
introduced uneven force distribution and angular tilt, producing gap variability comparable to the

intended separation.

Figure 2.
Mechanical
[
control of
(
A A A . Defined preload .
micron-scale
(a) Unconstrained contact (b) Kinematically constrained gap
(tilt and gap drift) (deterministic alignment)



gaps. (a) Unconstrained contact leads to angular tilt and gap drift due to uneven force
distribution and lack of geometric constraint. (b) A kinematically constrained architecture uses
defined contact points and controlled preload to enforce deterministic alignment and uniform
micro-gap spacing.

The required breakthrough is the use of kinematically constrained structures that define gap
distance through geometry. By constraining motion to only the necessary degrees of freedom and

using controlled preload, these structures preserve parallelism and repeatability [17].

A third barrier arises from environmental drift and sensor noise. At micro-scale heat flux
levels, environmental temperature fluctuations, electronic drift, and background noise can
obscure the signal of interest. Without appropriate mitigation, observed changes in heat flow may

reflect external conditions rather than interfacial transport.

The ABBA heating protocol addresses this challenge by alternating heat flow direction in a
symmetric sequence, exposing both forward and reverse measurements to identical
environmental conditions. By comparing paired measurements, slow drift and background noise
are subtracted, isolating directional heat transfer. Allan Deviation analysis further distinguishes
random noise from systematic drift, confirming whether observed asymmetries originate from

the thermal interface itself [18] [21].

Together, these breakthroughs resolve the obstacles preventing near-field heat transfer from
becoming practical. Eliminating air conduction reveals the radiative signal, mechanical stability
preserves micro-gap geometry, and drift-resistant measurement validates directional behavior. By
overcoming these barriers, the micro-gap thermal diode becomes engineering-ready for future

passive heat routing applications.



Design Process: Engineering a Stable Micro-Gap Thermal System

Developing a system capable of probing near-field heat transfer at micrometer-scale gaps
required an iterative design process focused on repeatability, mechanical stability, and bias
reduction. Because the thermal signals of interest are weak and highly sensitive to geometry,
several initial design approaches were evaluated and ultimately rejected before arriving at a

configuration suitable for future micro-gap thermal diode development.

An early design employed large aluminum plates (approximately 150 mm x 150 mm) separated
by precision spacers. Aluminum was chosen for its high thermal conductivity and ease of
machining, and the large surface area was expected to increase measurable heat flow. The large
plates were highly susceptible to thermal bowing, where small temperature gradients caused
curvature across the surface. Because near-field heat transfer is extremely sensitive to gap
distance, these geometric instabilities rendered the design unusable. In addition, the high thermal
mass of the plates increased response time, making it difficult to distinguish steady-state

behavior from transient effects.

A second approach used smaller plates clamped together with adjustable screws to allow manual
control of gap distance. While this configuration reduced plate bowing, it introduced a different
limitation: uneven force distribution. Each screw applied force independently, creating a
statically indeterminate system where small differences in torque produced tilt, unpredictable gap
variation, and inconsistent alignment between trials. Although the design appeared adjustable, it

could not reliably maintain parallelism at micrometer scales and was therefore rejected.

To reduce torque-induced variability, a gravity-seated stack was then tested. In this configuration,
an upper plate rested freely on spacers under a fixed preload mass, allowing gravity to define the

applied force. This approach improved repeatability relative to manual clamping by eliminating



uneven screw forces. However, the design lacked lateral and angular constraint. Small angular
deviations produced large variations in gap distance across the interface, preventing consistent

micro-gap control.

The final design adopted a kinematically constrained architecture that limits motion to only the
degrees of freedom required for proper alignment. Rather than relying on force to define
position, the system uses geometry to ensure repeatable, parallel alignment between surfaces.
Guided contact points define lateral position and angular orientation, while a controlled preload
mass establishes consistent normal force. In this configuration, the micro-gap distance is defined

by the structure itself rather than by operator adjustment.

Compared to earlier designs, the compact kinematic stack reduces thermal bowing and inertia,
eliminates torque-induced variability, and constrains tilt and lateral motion. Most importantly, it
enables repeatable assembly under nearly identical mechanical conditions, which is essential for

isolating weak near-field thermal signals.

This kinematically constrained stack forms the mechanical foundation of the future micro-gap
thermal diode. In a 2046 implementation, similar principles would be applied at smaller scales
within vacuum-sealed environments, enabling arrays of micro-gap thermal diodes to be
embedded directly into electronic systems. By prioritizing mechanical determinism over
force-based control, this design process demonstrates how careful engineering enables the

transition from theoretical physics to practical thermal technology.
Consequences: Impacts of Micro-Gap Thermal Diode Technology

All emerging technologies produce both benefits and limitations, and micro-gap thermal diodes

are no exception. If successfully developed, this technology could significantly change how heat
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is managed in electronic systems by shifting from energy-intensive removal methods to passive

heat routing at the source.

A primary positive consequence would be improved energy efficiency. By guiding heat without
fans, pumps, or moving fluids, electronic devices could reduce power consumption associated
with active cooling. This improvement would be especially impactful in data centers, consumer
electronics, and industrial systems, where cooling currently represents a substantial portion of
total energy use. More efficient heat management could also improve device reliability by
reducing heat-driven component degradation. In space environments, where convection is
unavailable, passive thermal routing could simplify spacecraft design and increase mission

durability.

From an environmental standpoint, reducing the energy required for cooling could lower overall
electricity demand and contribute to decreased carbon emissions. Over time, widespread
adoption of passive thermal technologies could support broader sustainability goals by

improving the efficiency of existing systems rather than requiring entirely new energy sources.

However, the technology also presents challenges. Manufacturing vacuum-sealed micro-gap
structures requires high precision, which may increase initial production costs and limit early
adoption to high-value applications such as aerospace or advanced computing. Fabrication must
also occur in clean environments, as microscopic dust particles could disrupt gap spacing and
performance. These requirements may slow large-scale deployment and raise concerns about

manufacturing accessibility and resource use.

Overall, micro-gap thermal diodes represent a meaningful shift in thermal management strategy.
By carefully weighing benefits against limitations, future engineers can integrate this technology

where passive, efficient heat control offers the greatest advantage.
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