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Abstract

The energy sector represents the single largest contributor to greenhouse gas emissions.

Its electrification, from energy generation to end-use, plays an essential role in reducing global

CO2 emission. This trend requires innovations in power electronics, which are the systems

responsible for converting and delivering electric power from source to destination. Firstly,

as the demand for electric power outweighs the supply of renewable energy, minimizing

losses throughout each stage of power conversion is essential. Secondly, volume and weight

constraints in automotive and aerospace applications require ever-increasing power densities.

Gallium nitride (GaN) transistors have emerged over the last decade as a viable alternative to

silicon-based devices to address these needs. GaN’s wide band-gap, high electron mobility,

and lateral device structure enable the integration of high-performance logics, gate drivers,

and power switches on a single chip, paving the way for power integrated circuits that replace

traditional discrete devices. However, the dense integration of high power components causes

high heat fluxes, which exceed the capabilities of conventional cooling systems (100 W/cm2),

and ultimately limits integration density.

Growing GaN on thermally conductive substrates such as SiC and diamond is actively pursued

but prohibitively costly for power electronics applications. Instead, low-cost heteroepitaxial

growth of GaN on large-diameter silicon substrates (GaN-on-Si) is preferred despite its lower

thermal performance. Improving thermal performance of this substrate is required to unlock

the full potential of GaN-on-Si power ICs. The usage of microfluidic cooling is a promising

candidate for this application. It has been shown that, by integrating microchannels directly

in a silicon chip, and passing coolant through the device, over 1 kW/cm2 of heat can be

extracted. Well-established micromachining methods can be used to achieve micro-scale

design freedom and high aspect ratios. This approach has been studied for silicon ICs, as

well as GaN radiofrequency devices with excellent results. However, an in-depth study on the

application to GaN-on-Si power devices is lacking.

In this thesis, we explore the possibility of improving thermal performance of GaN-on-Si power

devices, by turning the silicon substrate from a low-cost carrier into a high-performance heat

sink to decouple its price and thermal performance. We explore the implications, oppor-

tunities, and limitations on 4 distinct levels of integration, combined with experimental

demonstrations. For each level, we benchmark the cooling performance and efficiency, and

provide a breakdown of which components form the bottleneck in heat transfer. Firstly, on
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a system level, the usage of a hierarchical microfluidic cold-plate structure to locally extract

heat from a GaN-based converter with 20 individual heat sources in an efficient manner. We

show that well-designed microfluidic heat sinks can provide system-level advantages such as

higher power density and low pumping power despite the small channel dimensions. How-

ever, device packaging and thermal interface materials limit the heat extraction potential of

microfluidic heat sinks.

At the packaging level, we demonstrate the feasibility of integrating cooling directly inside the

silicon substrate of a GaN-on-Si power IC to eliminate these additional thermal resistances.

We demonstrate new packaging concepts, with coolant delivery integrated into the printed

circuit board, as well as the usage of additive manufacturing to achieve compact liquid-cooled

packages. Using in-chip liquid cooling, a 7.5-fold increase in power density was obtained

compared to commercially available systems.

In the absence of thermal interfaces and packaging, convective heat transfer is the largest

bottleneck for heat transfer, which is consequently addressed at the device level: A new GaN

device manufacturing method is presented where microfluidic cooling and electronics are

co-designed, resulting in a monolithically-integrated 3-dimensional manifold microchannel

heat sink within the silicon substrate. Heat fluxes up to 1.7 kW/cm2 could be extracted within

a compact form factor at low pressure drops and limited pumping power.

Despite the excellent thermal performance obtained with the co-designed microfluidic cool-

ing approach, changing a qualified manufacturing process poses a large barrier to adoption.

To facilitate the commercialization, we explored new substrate-based technologies where

buried microchannels are epitaxially integrated inside a GaN-on-Si substrate. A new substrate

engineering method that combines silicon buried microchannels with epitaxial lateral over-

growth, enables the integration of channels with dimensions relevant for cooling applications

underneath a single-crystalline GaN semiconductor layer. Analysis shows that crack-free,

fully coalesced epilayers can be achieved with continuous channels and minimal directional

impact on sheet resistance and leakage current. Hence, this substrate can be considered as a

drop-in replacement for traditional GaN-on-Si wafers onto which devices can be fabricated

without requiring a change in foundry process.

Finally, a comparison is made between single-phase water cooling and two-phase flow boiling

using R1233ZD(E) as a refrigerant. A benchmark is presented that shows comparable cooling

efficiencies for single-phase cooling using co-designed manifold microchannel heat sinks.

The findings in this thesis provide, for the first time, a holistic view of microfluidic cooling

for GaN-based power electronics and a side-by-side comparison between various levels of

integration. The benchmark and breakdown of thermal resistance presented in each chapter

function as a reference for deciding which level of microfluidic cooling is required for a

given application. The high cooling performance demonstrated in this thesis confirms that

microfluidic cooling for GaN ICs may become an interesting thermal management technology

for certain demanding applications with tight requirements on size, weight, and power.

Key words: Microchannel cooling, Thermal management, Microfluidics, Manifold microchan-

nels, Microscale heat transfer, Power electronics, GaN-on-Si, Power ICs, GaN epitaxy
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Résumé

Le secteur de l’énergie représente le plus grand contributeur aux émissions de gaz à effet de

serre. Son électrification, de la production d’énergie à l’utilisation finale, joue un rôle essentiel

dans la réduction des émissions mondiales de CO2. Cette tendance nécessite des innovations

en matière d’électronique de puissance, qui est responsables de la conversion et de la distri-

bution de l’énergie électrique de la source à la destination. Premièrement, il est essentiel de

minimiser les pertes à chaque étape de la conversion de l’énergie tant la demande d’énergie

électrique est supérieure à l’offre d’énergie renouvelable. Ensuite, les contraintes de volume et

de poids dans les applications automobiles et aérospatiales exigent des densités de puissance

toujours plus élevées.

Au cours de la dernière décennie, les transistors en nitrure de gallium (GaN) sont apparus

comme une alternative viable aux dispositifs à base de silicium pour répondre à ces besoins. La

large bande interdite, la mobilité électronique élevée et la structure latérale du GaN permettent

d’intégrer sur une seule puce des circuits logiques, des circuits de commande de grille et des

commutateurs de puissance de haute performance, ouvrant ainsi la voie à des circuits intégrés

de puissance qui remplacent les dispositifs discrets traditionnels. Cependant, l’intégration

dense de composants de haute puissance génère des flux thermiques élevés qui dépassent les

capacités des systèmes de refroidissement conventionnels, et limite la densité d’intégration.

La croissance de GaN sur des substrats thermoconducteurs tels que le SiC et le diamant est un

sujet de recherche actif. Mais son coût est prohibitif pour les applications d’électronique de

puissance. Au lieu de cela, la croissance hétéroépitaxiale à faible coût de GaN sur des substrats

de silicium à grand diamètre (GaN-on-Si) est préférée malgré ses performances thermiques

inférieures. Une amélioration des performances thermiques de ce substrat est nécessaire pour

exploiter tout le potentiel des circuits intégrés de puissance en GaN-on-Si. L’utilisation du

refroidissement microfluidique est un candidat prometteur pour ces applications. Il a été

démontré qu’en intégrant des microcanaux directement dans une puce en silicium et en

faisant passer un liquide de refroidissement à travers le dispositif, il est possible d’extraire plus

de 1 kW/cm2 de chaleur. Des méthodes de micro-usinage bien établies peuvent être utilisées

pour obtenir une liberté de conception à l’échelle micro et des rapports d’aspect élevés. Cette

approche a été étudiée pour les circuits intégrés en silicium, ainsi que pour les dispositifs

radiofréquence en GaN, avec d’excellents résultats. Cependant, une étude approfondie sur

l’application aux dispositifs de puissance en GaN sur Si fait défaut.
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Dans cette thèse, explorons la possibilité d’améliorer les performances thermiques des dispo-

sitifs de puissance en GaN-on-Si, en transformant le substrat de silicium de support à faible

coût en un dissipateur thermique à haute performance pour réduire son prix et découpler ses

performances thermiques. Nous explorons les implications, les opportunités et les limitations

sur 4 niveaux distincts d’intégration, combinés à des démonstrations expérimentales. Pour

chaque niveau, nous évaluons la performance et l’efficacité du refroidissement, et nous four-

nissons une ventilation des composants qui constituent le goulot d’étranglement du transfert

de chaleur. Tout d’abord, au niveau du système, l’utilisation d’une structure hiérarchique

pour la plaque de refroidissement microfluidique afin d’extraire localement la chaleur d’un

convertisseur à base de GaN constitué de 20 sources de chaleur individuelles de manière effi-

cace. Nous montrons que des dissipateurs thermiques microfluidiques bien conçus peuvent

offrir des avantages au niveau du système tels qu’une densité de puissance plus élevée et

une faible puissance de pompage malgré les petites dimensions des canaux. Cependant, le

conditionnement du dispositif et les matériaux de l’interface thermique limitent le potentiel

d’extraction de chaleur des dissipateurs microfluidiques.

Au niveau du packaging, nous démontrons la faisabilité de l’intégration du refroidissement

directement à l’intérieur du substrat de silicium d’un circuit intégré de puissance GaN-on-Si

afin d’éliminer ces résistances thermiques supplémentaires. Nous démontrons de nouveaux

concepts de conditionnement, avec une alimentation en liquide de refroidissement intégrée

dans le circuit imprimé, ainsi que l’utilisation de la fabrication additive pour réaliser des

boîtiers compacts refroidis par liquide. L’utilisation d’un refroidissement liquide intégré dans

la puce a permis de multiplier par 7,5 la densité de puissance par rapport aux systèmes

disponibles dans le commerce.

En l’absence d’interfaces thermiques et d’emballage, le transfert de chaleur par convection est

le plus grand goulot d’étranglement pour le transfert de chaleur, qui est par conséquent abordé

au niveau du dispositif : Une nouvelle méthode de fabrication de dispositifs GaN est présentée,

dans laquelle le refroidissement microfluidique et l’électronique sont conçus conjointement,

ce qui permet d’obtenir un dissipateur thermique tridimensionnel à collecteur intégré de

façon monolithique dans le substrat de silicium. Des flux de chaleur allant jusqu’à 1,7 kW/cm2

peuvent être extraits dans un facteur de forme compact avec de faibles chutes de pression et

une puissance de pompage limitée.

Malgré l’excellente performance thermique obtenue avec l’approche de refroidissement

microfluidique co-conçue, le changement d’un processus de fabrication qualifié constitue

un obstacle important à l’adoption. Pour faciliter la commercialisation, nous avons exploré

de nouvelles technologies basées sur un substrat où les microcanaux enterrés sont intégrés

par épitaxie à l’intérieur d’un substrat GaN-on-Si. Une nouvelle méthode d’ingénierie des

substrats, qui combine des microcanaux enterrés en silicium avec une surcroissance latérale

épitaxiale, permet d’intégrer des canaux aux dimensions pertinentes pour les applications de

refroidissement sous une couche de semi-conducteur GaN monocristallin. L’analyse montre

qu’il est possible d’obtenir des couches épitaxiales sans fissures, entièrement coalescées, avec

des canaux continus et un impact directionnel minimal sur la résistance de la feuille et le

courant de fuite. Par conséquent, ce substrat peut être considéré comme un remplacement
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immédiat des plaquettes traditionnelles de GaN sur Si sur lesquelles des dispositifs peuvent

être fabriqués sans changement de procédé de fonderie.

Enfin, une comparaison est faite entre le refroidissement simple phase par eau et le refroidisse-

ment biphasé avec du R1233ZD(E) comme réfrigérant. Une étude comparative est présentée,

qui montre des efficacités de refroidissement comparables pour le refroidissement monopha-

sique à l’aide de dissipateurs thermiques à microcanaux à collecteur co-conçus.

Les résultats de cette thèse fournissent, pour la première fois, une vue globale du refroidisse-

ment microfluidique pour l’électronique de puissance à base de GaN et une comparaison côte

à côte entre différents niveaux d’intégration. Le benchmark et la ventilation de la résistance

thermique présentés dans chaque chapitre servent de référence pour décider du niveau de

refroidissement microfluidique requis pour une application donnée. La haute performance de

refroidissement démontrée dans cette thèse confirme que le refroidissement microfluidique

pour les circuits intégrés GaN peut devenir une technologie de gestion thermique intéressante

pour certaines applications exigeantes avec des exigences strictes en matière de taille, de

poids et de puissance.

Mots clefs : Refroidissement par microcanaux, gestion thermique, microfluidique, microca-

naux en collecteur, transfert thermique à l’échelle microscopique, électronique de puissance,

GaN-on-Si, circuits intégrés de puissance, épitaxie du GaN.
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1 Introduction

A sharp reduction in CO2 emissions is required to achieve climate goals and counteract

global warming [1]. With 73% of equivalent CO2 emissions, energy usage is the single largest

contributor to greenhouse gas emissions [2]. To make the energy sector more sustainable,

both energy generation as well as the end-use need to become independent of fossil fuels.

The ongoing electrification of energy-intensive sectors, such as transportation and heating,

plays a key role in the process of decarbonization. Electric vehicles are rapidly gaining market

share [3], and residential heating using heat pumps is seeing increased adoption [4], [5]. These

developments resulted in electricity becoming the fastest growing form of end-use energy [6].

However, despite the increasing share of renewable energy in electricity generation, the vast

majority as of today still depends on fossil fuels. It is therefore important that electricity is

utilized as efficiently as possible.

Between source and destination, this electric power faces multiple conversion steps. The sys-

tems for converting and delivering this electrical power, called power electronics or converters,

are becoming increasingly important. These power electronic systems are responsible for

converting and regulating the electric power between the sources, such as solar and wind,

and the end-use destination, such as driving a motor or charging the battery of your phone.

For example, a residential photovoltaic (PV) panel generates low-voltage direct-current (DC)

power, which is then converted to an alternating current (AC) to interface the local grid. When

charging the battery in an electric vehicle, this AC power is converted into a DC battery, which

finally is converted back to AC to drive a motor. Electric power is typically transferred over long

distances between source and destination, requiring a high voltage to reduce transmission

line losses. The same process then happens in reverse for the end-use of electricity, where typ-

ically lower voltages are required. Consequently, many conversion steps are required between

energy generation and consumption. However, in each conversion step, a percentage of power

is lost in the form of heat. The combined electrical losses in these power converter systems

are having a large impact on global electricity demand [7], surpassing the global solar and

wind capacity [8]. The share of electricity that passes through any form of power electronics is

expected to reach 80% by 2030 [9], which stresses the need for increasing conversion efficiency
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Chapter 1 Introduction

for both economic and environmental reasons. This introduction will summarize the chal-

lenges for next-generation power electronics on efficiency and size, the role gallium nitride

plays in addressing these needs, and the importance of thermal management to achieve these

goals. A brief introduction is given of the benefits offered by microfluidic cooling, followed by

a overview of the structure of this thesis.

1.1 The need for power density

In addition to efficiency requirements, the electrification of our society is placing increasing

demands on the size and weight of power electronic systems. The stringent constraints on

weight and volume in applications such as aerospace and ground-based transportation are

currently a driving factor for the increase in power density in converters. [10], [11]. Volumetric

power density (ρP ) is defined as the maximum rated output power (Pout ) that a converter

can deliver, divided by its volume. The volume of a converter is typically made up of the

components shown in Fig. 1.1: Switches, that open or close to control the flow of power at a

given switching frequency ( fsw ), passive components such as inductors and capacitors, that

store energy in each switching cycle, and heat sinks that reject any power that is lost in the

form of heat (Ploss) out of the system. Passive components and thermal management account

for the majority of the volume in modern converter systems. Hence, the miniaturization of

these components has received considerable attention in the last decades. The size of the

heat sink can be reduced by increasing converter efficiency, such that less heat needs to be

rejected from the system, or increasing the rate at which the heat sink can reject heat. The

size of passive components can be reduced by increasing fsw , such that less energy needs to

be stored in each cycle. However, increasing fsw typically reduces efficiency, since in each

switching cycle a certain amount of power is lost. Improving power density is therefore a

system-level challenge that requires careful consideration of multiple trade-offs.

Power converter

Power in

(V
in
,I

in
) (V

out
,I

out
)

Power out

Switches

Passives Cooling

Losses

Figure 1.1 – Schematic overview of a power converter containing switches, passive compo-
nents, and cooling. Input power (Pi n) is converter into output power (Pout ) and a fraction is
lost as heat.

Since the 1970s, power density of converters has roughly doubled every 4 years, with the
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roadmap of industry trailing the academic and industrial research efforts by roughly 10 years

(Fig. 1.2) [12]. To sustain this trend, innovations are required in multiple aspects of power

electronics engineering. To enable widespread adoption of electric vehicles, as well as to

enable electrification of aviation, a target power density of 50 kW/L by 2020 is defined in the

roadmap, followed by 100 kW/L in 2025 [13]. This thesis aims to advance this roadmap by

developing new strategies to overcome current limitations on power density.
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Figure 1.2 – Evolution of power density in converters over the last 60 years. Selected represen-
tative designs in red are based on Si, and in blue are based on SiC transistors. The solid line
indicates the trend in industry, and the dashed line refers to results published in academic
works.

1.2 Gallium Nitride

The transistor is the fundamental building block of power converters. To advance efficiency

and power density, we require transistors that can switch at high frequencies with low losses.

Currently, most transistors are made of silicon. However, while silicon transistors thrive in

computing applications, they have limitations when it comes to handling a combination of

high power, high voltages, and high speed. Gallium nitride (GaN), a wide-band-gap semi-

conductor, has favorable material properties compared to silicon for power conversion [14],

[15]. GaN transistors offer a considerable reduction in specific on-resistance, and thus in

size compared to Si, as well as faster switching speeds [16], [17], and are rapidly taking a

significant portion of the market share from their silicon counterpart in consumer electronics

applications [15]. The resulting low losses and high switching frequencies in GaN devices are

key for high power density designs, as the size of the energy storage components, such as

inductors and capacitors, can be significantly reduced [18]. The most commonly used device

structure is the lateral high-electron-mobility-transistor (HEMT), as shown in Fig. 1.3. In

a HEMT, all current is confined to a narrow, thin layer close to the surface. Therefore, only

a fraction of the substrate’s thickness is utilized for its electrical properties. Since GaN is
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Figure 1.3 – Schematic of a GaN HEMT. A 2-dimensional electron gas, marked in red, is located
close to the surface, which contains a high carrier concentration with high mobility. Source,
drain, and gate pads are located on the surface and control the flow of electrons.

relatively costly compared to Si, it is often favorable to deposit a thin crystalline film of GaN

on a low-cost carrier substrate. The capabilities of growing a thin, epitaxial layer of GaN on

a low-cost silicon substrate have matured considerably over the last decades. This process,

called heteroepitaxy, makes GaN a cost-effective platform. Firstly, this reduces the substrate

cost, but also the processing costs, since well-established large-diameter silicon fabs can be

utilized. This low-cost GaN-on-Si on large diameter wafers is the driving force behind the

commercial adoption of GaN in power electronics.

1.3 GaN power ICs

Besides the benefits of faster switching and lower losses, a unique property that distinguishes

the GaN power transistor from its silicon counterpart is its lateral device structure. Transistors

can be placed side-by-side on the same chip and assembled together into a power integrated

circuit (power IC), creating the potential of high-power converters integrated on a small

chip. Integration is a strategy to tackle the so-called tyranny of numbers: Typically, for each

extra discrete component soldered together on a circuit, the system becomes more complex

and increases the number of potential failure points. For power converters, more complex

topologies with multiple devices can improve efficiency, add functionality and reduce reliance

on bulky passive components such as inductors. However, the higher component count is

usually faced with reliability concerns. Just as the integrated circuit helped to manage the

tyranny of numbers for processors, the GaN-based power IC may do the same for power

conversion. One could imagine a single chip that contains all active high-voltage power

switching components, potentially co-packaged with passive components [3]. Such GaN-

based power ICs could be a disruptive technology for power conversion, leading to more

compact and powerful systems.

The lateral HEMT structure of GaN devices offers interesting new avenues for integration,
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as multiple power and logic devices can be integrated on a single power IC [19]–[21]. GaN-

based power switches with integrated gate drivers, as well as a complete half-bridge with

integrated gate drivers, level shifters, and bootstrap circuitry, are recently entering the market

[22], replacing multiple discrete components with a single chip for voltage levels up to 650 V

[23], [24]. This higher level of integration in power electronics enables advanced converter

topologies with multiple active devices that achieve higher efficiencies, without introducing

additional system-level complexity [25]. This development has the potential to disrupt power

electronics in a way that draws parallels to early silicon integrated logic circuits, where both

reliability and functionality were improved by minimizing the need for physical interconnects.

Logic

Power

GaN

High-side
Low-side

High-side
Low-side

Figure 1.4 – Illustration of a GaN power IC, with power transistors, gate drivers, and logic all
integrated on a single, monolithic chip.

However, despite the enormous potential of GaN power ICs to make future generations of

power electronics more compact, extracting heat from such an integrated chip is challenging.

In contrast to the logic ICs, power ICs require high currents and voltages that cause high heat

fluxes (q [W/cm2]) [26], which is defined as the amount of heat (Q) that passes through a unit

area (A).

q =
Q

A
(1.1)

Since all heat-generating components are densely integrated, we can no longer resort to mul-

tiple separate heat sinks that spread the heat to larger surface areas. However, it is essential

to extract this concentrated heat and keep the temperature low. Firstly for reliability reasons,

since increased temperatures directly result in increased failure rates. Secondly, self-heating

causes significant degradation in device performance under full load. For example, the on-

resistance of a GaN HEMT can double for a 100 ◦C increase in temperature. This increase

in electrical resistance consequently leads to greater losses which further increase the tem-

perature of the device, triggering a dangerous thermal runaway situation. The maximum

power of such an IC is therefore defined by how much heat can be extracted from a chip.

High-performance cooling plays a key role in unlocking the full potential of GaN power ICs.
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Table 1.1 – Goals and challenges on chip and system level to enable high power-density
converters

Chip System

Goal Denser integration of power and logic Compact and lightweight systems
Metric Heat flux Power density
Challenge Reduce thermal resistances Smaller heat sink and higher fsw

1.4 Thermal management

In the last sections, we have identified two needs for the future of power electronics: Firstly,

the need for a higher power density in converter systems, which requires that the cooling

system becomes more compact. Secondly, the requirement of extracting higher heat fluxes

in GaN power ICs, to enable a higher level of integration. The latter is an important goal to

enable higher frequency operation and smaller passive components. Both of these approaches

are closely related, as they urge to reconsider the current cooling methods and develop new

solutions that are more capable and compact.

Current cooling methods for electronics employ a combination of conduction and convection.

Since this thesis focuses on terrestrial electronic applications with typical temperature limits

below 200 ◦C, the contribution of radiation can be neglected. The purpose of a thermal

management system is to transfer the energy from a device, in the form of heat, into a fluid

such as a cooling liquid or the ambient air. Convective heat transfer describes the heat transfer

from a solid into a fluid under the presence of a temperature difference. The magnitude

of this temperature difference required to transfer a given amount of heat depends on the

heat transfer coefficient and the surface area. Natural convection with air has a very modest

heat transfer coefficient of around 10 W/m2K. If one were to dissipate 1 W of heat on a 1

cm2 chip, relying on natural convection alone would cause a temperature rise of 1000 ◦C.

Conduction, therefore, plays a key role in spreading the heat to a larger surface area, to reduce

the temperature. If the aforementioned 1 W of heat was spread to a surface of 20 cm2, the

temperature rise of the surface reduces to a mere 50 ◦C, an acceptable level for electronic

applications. Increasing the surface is identical to reducing the heat flux. Effectively, this

approach summarizes the concept of electronics cooling: Spreading heat to a sufficiently large

surface area such that, given a certain heat transfer coefficient, the resulting heat flux can be

extracted from the system within an acceptable temperature difference.

This increase of surface area is typically provided by installing a heat sink, cold plate or

evaporator on top of the chip, depending on the type of convective heat transfer. However,

the heat transfer path between the heat source and heat sink consists of several stages, as

shown in Fig. 1.5. Heat, generated inside nanometer-sized features in a small die, has to travel

through several layers of packaging and thermal interface materials (TIM), before it finally

reaches the heat sink, up to centimeters away from the heat source. Regardless of whether

this heat sink is using air or liquid as a coolant, each component between the heat source and
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heat sink introduces a temperature rise. All these components need to be carefully addressed

to ensure the maximum amount of heat can be extracted within an acceptable temperature

rise. However, there is a fundamental upper limit to how densely concentrated heat can be

extracted following this remote cooling paradigm.
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Figure 1.5 – Example of a device with an air-cooled heat sink

1.4.1 Thermal resistance

We can consider the heat transfer path between the heat source and heat sink as a series

of layers (i ) that each causes a certain amount of temperature rise for a given quantity of

heat passing through, which is described by a thermal resistance (Ri ), according to eq. 1.2 .

Assuming 1D heat conduction through a series of N elements with a given thermal resistance

Ri , the total thermal resistance between the heat source and heat sink (Rtot ) is a simple

summation of these individual thermal resistances shown in eq. 1.3. In the absence of any

heat-generating terms between the heat source and heat sink, the total temperature rise

between the heat source and heat sink (∆Ttot ) can be considered as a summation of the

temperature rise on each layer, as shown in eq. 1.4.

∆Ti = Ri Q (1.2)

Rtot =
N∑

i =1
Ri (1.3)

∆Ttot = RtotQ (1.4)

In the next chapters, we will investigate the individual contributions of Ri , to maximize the heat

that can be extracted from a device (Qmax ) before it reaches a limiting temperature ∆Tmax .

Qmax is strongly dependent on the surface area of the device; which may vary depending on
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the requirements of the chip. A recurring theme in this thesis is, therefore, the maximum heat

flux (qmax ), normalized by the device’s surface area (A) as defined in eq. 1.5. Note that qmax

only refers to the heat flux locally at the chip-level; throughout the cooling system the heat

flux reduces as the heat spreads to a larger surface area.

qmax =
∆Tmax

ARtot
(1.5)

To extend the limits of high heat flux cooling, and to realize the full potential of GaN ICs, better

thermal management methods are required that reduce or remove as many components as

possible from Rtot , in order to increase qmax .

1.4.2 Heteroepitaxy

Extracting localized heat using conventional cooling approaches remains extremely chal-

lenging. It is crucial to spread the concentrated heat to a larger surface area, to reduce the

heat flux. This requires a high thermal conductivity substrate to efficiently spread the heat

without introducing a large thermal resistance. However, both GaN and Si have a relatively

low thermal conductivity (130 W/mK and 150 W/mK), compared to for example copper (400

W/mK). A well-established method to benefit from the electrical properties of GaN, without

being constrained by its thermal properties, is by growing a thin film (epilayer) of GaN onto a

non-native high thermal conductivity substrate. This process is called heteroepitaxy, and is

illustrated in Fig. 1.6. High thermal conductivity substrate materials, such as diamond (up to

2200 W/mK) or SiC (450 W/mK) possess even higher conductivity than copper, and enable

aggressive spreading of heat to larger surface areas [27].

However, the high cost of these high thermal conductivity substrates hinders their widespread

adoption. The cost per unit area of a SiC and diamond wafer is 100-fold and 10,000-fold more

expensive than a silicon wafer (Fig. 1.7a). Instead, the most cost-effective substrate for GaN

electronics nowadays is silicon. GaN layers can be epitaxially grown on large-area silicon

substrates, up to 8 inches, which is currently the main material used in commercially-available

GaN devices for power electronics applications [15]. Despite its low price, below 1 USD/cm2,

Si has a significantly lower thermal conductivity (150 W/mK) compared to diamond or SiC.

By relying on conduction to extract the heat from GaN electronics, there is currently a clear

correlation between performance and price in the selection of substrate materials (Figure 1.7b).

Breaking this correlation between cost and performance is key to enabling the full potential of

GaN power ICs, and realizing a new generation of highly compact power converters.

1.4.3 Power density limits based on convective heat transfer

In addition to the limitation on a chip level, thermal management also poses significant

limitations to the system-level power density of a converter. Heat sinks typically take up a large

fraction of the total volume of a converter. Fig. 1.8 shows an illustration of a system where,
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Figure 1.6 – Overview of different approaches to increase performance or reduce cost in GaN
electronics. High-thermal-conductivity substrates, such as diamond, can improve perfor-
mance but come at a significantly higher cost.
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Figure 1.7 – (a) Cost per surface area versus wafer diameter for GaN and non-native susbstrates
for heteroepitaxial GaN growth. (b) Thermal conductivity versus substrate cost.

as a rough approximation, the air-cooled heat sink occupies the entire volume of a converter.

In this example, all heat is uniformly generated on the surface of the heat sink, hence no

spreading or thermal resistance between the heat source and heat sink is involved. Based on

these assumptions, an upper limit on the power density of a converter can be derived.
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Figure 1.8 – Simplified converter with heat sink

A given input power (Pi n) enters into our converter with a conversion efficiency η. Since the

output power is the product of input power and efficiency (Pout = ηPi n), we can express the

volumetric power density according to eq. 1.6, where V is the volume of our converter. Here,

V is considered to be simply the volume of the heat sink (V = W LH)

ρv =
ηPi n

V
(1.6)

The amount of heat produced in the converter (Q) can be expressed in terms of input power

and efficiency, as shown in eq. 1.7.

Q = Pi n(1−η) (1.7)

The maximum amount of losses for which the temperature rise over the heat sink reaches a

limiting value based on its thermal resistance (Rhs), is given in eq. 1.8:

Q =
∆Tmax

Rhs
(1.8)

Since we assume all heat is uniformly generated on the heat sink, we can expect that the

majority of thermal resistance is based on convective heat transfer. Thus, we can express the

heat sink thermal resistance in terms of an effective heat transfer coefficient and surface area

(Rhs = (h A)−1):

Q =∆Tmax h A (1.9)

The surface area for heat transfer in the heat sink can be expressed as a product of its volume

and a surface-area-to-volume ratio. For a series of straight fins width fin width w and identical

spacing, under the assumption that L,W, H >> w , this ratio can be approximated to w−1. This

results in the following notation:

Q =
∆Tmax hV

w
(1.10)

We can now express Pi n in terms of the heat transfer capabilities of the heat sink:

Pi n =
∆Tmax hV

w(1−η)
(1.11)
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Conveniently, when substituting this expression back into eq. 1.6, the volume of the heat sink

cancels out and we end up with the expression in eq. 1.12 that gives a limit to converter power

density determined by the size of the heat sink.

ρv =
∆Tmax h

w(1−η)
(1.12)

Consider the following typical values: A maximum allowable temperature rise of 600 ◦C, a

convective heat transfer coefficient of 75 W/cm2K that corresponds to forced air cooling (Fig.

1.9), a minimum heat sink feature size of 1 mm, and a converter efficiency of 95%. These

values correspond to an absolute maximum power density of 90 kW/l, which is below the

power density targets for 2025. In reality, however, this value will be much lower. First of all,

we did not consider the passive components in this calculation, which in reality can easily

occupy 50% of the converter volume. In addition, the thermal resistance between the die and

the heat sink has not been considered, nor has the fin efficiency and the heat capacity of the

air. The conclusion of this brief analysis is that cooling can not be an afterthought for high

power density converter design, but it is a fundamental limitation that should be carefully

considered.

Two-phase coolingForced liquid coolingNatural convection

10 100

Heat transfer coefficient [W/m2K]

1000 10000

Natural convection Forced convection

Forced convectionAir cooled:

Liquid cooled:

Figure 1.9 – Heat transfer coefficient for air and liquid cooling

From eq. 1.12 it becomes clear that, in order to maximize power density, four parameters

should be maximized. Under the assumption that efficiency and temperature rise are fixed by

the electronic design, the remaining challenge is to maximize heat transfer coefficient and

surface-to-volume ratio. Figure 1.9 shows an overview of a range of heat transfer coefficients

for air-cooling and liquid cooling, under natural convection, forced convection, and two-

phase cooling (boiling). Shifting from air-cooling to liquid or two-phase cooling is an obvious

solution to tackle the thermal limitations on power converters and achieve the required power

density goals. For a complete comparison, the volume of the pump and radiator should be

considered in this case as well, just as the volume of the fan should be considered in forced air

cooling. However, whether liquid cooling is beneficial for power density also depends on the

applications. Automotive applications and, at an increasing rate, data centers, already possess

the required infrastructure for liquid cooling. Hence, liquid cooling in power electronics has

been adapted by many applications, such as on-board chargers of electric vehicles, and has

been in commercial use for a long time. But in addition, going to micro-scale dimensions is the

second obvious approach to increase power density, which has remained largely unexplored
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in the literature for power electronics applications.

1.5 Micro-scale liquid cooling

Going from macro to micro-scale liquid cooling, or microfluidic cooling, is a promising method

to achieve both high heat transfer coefficient and a large surface area for heat transfer. One

definition of micro-scale can be the presence of sub-millimeter cooling features, such as fins,

jets and posts. Many modern cold plates and heat sinks already employ such micro-scale

features. Commercially available cold plates can be found with channel dimensions down

to around 400 µm. However, reducing dimensions introduces several challenges when re-

lying on conventional manufacturing methods. Milling, a commonly used manufacturing

method for cold plates, can theoretically go down to around 200 µm. Going to such small

dimensions comes at the cost of reduced speed and a rapid decline in the tool’s lifetime, which

negatively impacts production costs. Skiving is another popular technique often employed for

micro-scale dimensions. Skiving relies on cutting slices of metal and bending these upwards

one-by-one to create an array of parallel in-line features with dimensions as small as 100 µm.

Micro deformation technology is a similar non-subtractive manufacturing method that can

achieve fin pitches as small as 40 µm. However, smaller dimensions affect throughput and

uniformity and most commercially-available skived cold plates typically don’t go below 300

µm. In addition, skiving and other micro deformation technologies offer a very limited design

freedom, since it can only produce in-line features. Lastly, microporous metal structures are

often employed in cooling applications. For example, as a wick structure in heat pipes, or

as a metal foam heat sink. Microporous metal heat sinks are often made by either sinter-

ing metal particles, or by electrodeposition of metal through a sacrificial stack of spherical

beads. Despite the large surface area such a 3-dimensional structure offers and their cost-

effective manufacturing methods, the design flexibility of microporous metal structures is

rather limited.

Whereas in the context of conventional manufacturing methods 100 µm is considered to ap-

proach the practical limits, in the context of semiconductor manufacturing this feature size can

be considered enormous. Fabrication methods in micro-electro-mechanical systems (MEMS)

can reach sub-micron feature sizes by relying on lithography and etching. MEMS fabrication

typically happens at a wafer-scale, and often employs silicon as a structural material due to the

widely available toolbox that builds upon decades of research in the microelectronics industry.

Silicon microfluidic heat sinks that are manufactured using lithography have a very high

degree of design freedom. In addition, etching methods such as deep-reactive-ion-etching

(DRIE) enable aspect ratios up to 100:1, which unlock an unprecedented surface-to-volume

ratio for heat transfer.

The first demonstration of silicon microfluidic cooling dates back to the 1980s, for silicon

integrated circuits [28]. They experimentally showed the possibility of extracting 790 W/cm2

from a 1 cm × 1 cm silicon chip. This pioneering work showed that silicon, despite having
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a lower thermal conductivity than copper, can function as a highly effective heat sink. The

increase in convective heat transfer enables by high aspect-ratio micro-scale cooling fins

outweighs the impact that thermal conductivity plays on the cold plate. In addition, since

much more concentrated heat can be extracted, this eliminates the need to spread heat to

a larger surface area. Recall the definition earlier in this chapter for thermal management

of electronics: Spreading heat to a sufficiently large surface area such that, given a certain

heat transfer coefficient, the resulting heat flux can be extracted from the system within an

acceptable temperature difference. Due to the extremely high heat transfer coefficient of silicon

microchannels, all heat can be extracted using a cold plate with the same footprint as the

die. Hence, the silicon microchannel heat sink can directly be integrated in the backside of

the silicon chip. This direct cooling approach eliminates the thermal interface material, and

brings the cooling much closer to the heat source, enabling much higher heat fluxes to be

extracted from a chip.

Direct in-chip cooling has been actively explored over the last decades for high heat flux

electronics. Most efforts have focused on silicon ICs, including 3D-integrated chip stacks

that are challenging to cool down. For GaN applications, most research has been limited

to high-frequency microwave monolithically-integrated circuits used in radar applications.

For GaN-on-Si power electronics, however, this approach has remained largely unexplored.

Since the silicon carrier substrate can be microstructured in the same way and by using the

same tools as silicon ICs, this method can be considered as an interesting strategy to break

the relation between price and performance for heteroepitaxial GaN substrates. This thesis

builds upon the existing knowledge of microfluidic cooling and investigates its use in power

electronics applications.

1.6 Motivation and challenges

In this chapter, we have discussed the need for improving thermal management of GaN

electronics as a key requirement to fully exploit the new possibilities offered by GaN power

ICs, as well as to satisfy the ongoing need for higher power density. Yet, despite many recent

advancements in their respective fields, the research areas of cooling and electronics have

remained relatively separate. The goal of this thesis in to narrow the gap and include the heat

sink in the electronic device design and manufacturing process.

The innovations in the field of GaN for power electronics can be seen as a chain that extends

from semiconductor substrate, to device, to packaging, all the way up to system-level design.

Each link plays a crucial role to arrive at a final product. On a material science level, there

is vast knowledge on how to design and manufacture GaN substrates that have desirable

properties. From a device perspective, much research has been devoted to optimizing its

layout and nano-scale design to achieve a higher figure of merit. Packaging takes care of

providing an electrical and mechanical connection between the device and the circuit board,

as well as ensuring long-term reliability under a range of environmental conditions.
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Micro-scale liquid cooling is a promising method to push the boundaries of GaN electronics.

However, to bridge the gap between electronics and thermal management, all these links

should be carefully investigated. The adoption of advanced cooling strategies for GaN elec-

tronics requires a holistic approach that considers the impact, possibilities and limitations on

each individual level. The goal of this thesis is to investigate each of these aforementioned

links, and attempt to answer the question: What would power electronics look like if it was

redesigned based on the demonstrated potential of micro-scale liquid cooling, GaN substrates,

power devices, packaging and converters, and how can it impact the power converter design,

performance, and efficiency?

1.7 Thesis outline

In this thesis, we start with a system-level application of micro-scale cooling. Then each

subsequent attempts to integrate the cooling one step deeper into the electronic device design,

as indicated in Fig. 1.10. First into the packaging, then into the device design, and finally into

the substrate design.
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Figure 1.10 – Structure of the chapters in this thesis

The outline of the chapter in this thesis is as follows:

Chapter 2 gives a theoretical background behind micro-scale convective cooling.

Chapter 3 explores system-level applications of microfluidic cooling for power electronics,

by using microfluidic cooling to increase the performance and efficiency of cold plates. We

present a new cold plate topology, that is designed in conjunction with a power converter,

where multiple individual microfluidic cold plates are interfaced with the heat-producing

elements of the power converter. A theoretical study is performed to analyze how channel

dimensions impact the pressure drop and flow rate requirements for heat sinks, and how to
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achieve optimal cooling efficiency. Several manufacturing concepts are presented, based on

traditional machining as well as additive manufacturing, to obtain a space and weight-efficient

coolant distribution system. Finally, the new cooling solution is experimentally evaluated and

compared with conventional approaches.

Chapter 4 investigates the possibility of removing the interfaces between the chip and the

heat sink, by integrating cooling directly inside the substrate of GaN-on-Si power devices.

Various manufacturing and packaging methods are explored, the impact of in-chip cooling on

electrical characteristics is studied, and finally, two converters based on this technology are

presented to demonstrate the feasibility of this method.

Chapter 5 aims to answer the question: What would a GaN chip look like if the electronic

device and the cooling are designed from the ground up, in conjunction with each other?

A new co-design approach between microfluidics and electronics is presented to achieve

outstanding cooling performance and efficiency.

Chapter 6 addresses the manufacturing challenges introduced in the new co-design approach.

Changing a qualified foundry process is costly and challenging. Instead, a new wafer-based

approach is presented to epitaxially integrate cooling channels in a GaN-on-Si substrate.

This wafer can be used as a drop-in replacement in existing manufacturing methods while

achieving the outstanding cooling performance that co-designed electronics and microfluidics

offer.

Chapter 7 addresses the temperature rise of the coolant, by utilizing in-chip two-phase cooling,

provides a benchmark against single-phase results

Chapter 8 concludes the thesis and provides suggestions for further research in this field.

1.8 Scientific contributions
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2 Microfluidic cooling of GaN devices:
Background and state of the art

2.1 Introduction

Instead of relying on high-thermal-conductivity substrates to spread the concentrated heat to a

larger heat sink, the highly concentrated heat can be extracted from within a compact footprint

without the need for spreading by employing microfluidic cooling. Microfluidic cooling refers

to the convective heat transfer by flowing liquids through sub-millimeter features. Depending

on the shape of these features, they can for example be referred to as microchannels, micro-

pin-fins, strip fins. These microscale features offer a high heat transfer coefficient and a large

effective surface area for heat transfer. Together, these properties enable the extraction of

much higher heat fluxes by microfluidic heat sinks compared to macroscopic heat sinks. This

topic has been extensively studied over the last decades and many detailed analyses and

experimental evaluations can be found in the literature [29] [30] [28], [31]–[35]. The well-

established semiconductor processing technologies enable the fabrication of microfluidic

structures directly inside the semiconductor substrate. This approach offers a new thermal

management solution for GaN devices, where the substrate functions as a heat sink. This

eliminates the thermal interfaces and packaging, and turns GaN-on-Si into a cost-effective,

high thermal performance substrate, enabling a much denser integration of GaN devices in a

single chip [36]. Consequently, this approach can decouple the dependency between price

and thermal performance of non-native substrates for GaN electronics.

This chapter first outlines the foundations of microfluidic cooling to clearly show the high

cooling capabilities of microscale convective heat transfer, following an intuitive derivation

first performed in ref [28]. Next, it describes the practical implementations of microfluidic

direct and indirect cooling on GaN electronics in both industrial and academic applications.

Microfluidic cooling will be separated into three categories: 1. Indirect cooling, which refers to

heat sinks externally attached to a device, for example with an intermediate thermal interface

material or die-attach. In Indirect cooling, the heat sink and device are fabricated separately

and only brought together in close contact at a later stage in the process. 2. Direct cooling, in

which the heatsink is directly integrated within the device. Direct cooling eliminates the need
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for thermal interface materials and allows the heat sink to be in close proximity to the hot spot.

Additionally, in a direct cooling configuration, the entire heat sink is typically confined to the

same footprint as the active device. Therefore, the cooling structure can be fabricated on a

wafer level, making it scalable, and since all heat is extracted locally, devices can be packed

densely together. 3. Co-designed microfluidic cooling, in which the cooling is brought much

closer to the junction and co-designed together with the electronics, enabling a significantly

higher heat extraction and efficiency.

2.2 Fundamentals of microfluidic cooling

This section covers the relevant background to understand the benefits of microscale con-

vective heat transfer. The heat generated in the junction of the device follows a path that can

be seen as a series of thermal resistances. This one-dimensional thermal resistance network,

although simplified, gives a relatively accurate model to understand the individual contribu-

tions to the temperature rise of the device. The total thermal resistance (Rtot ) of single-phase

microfluidically-cooled GaN devices is separated into a sum of five components, shown in eq.

2.1. Rcond is the conductive thermal resistance, which includes the 1D conduction through

the substrate as well as the heat spreading effects, Rconv is the convective thermal resistance,

and Rheat is the thermal resistance due to the heat capacity of the coolant. These three

components together form the thermal resistance of the microfluidic heat sink (Rµ f ).
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Figure 2.1 – Schematic illustration of a microchannel heat sink, with the corresponding net-
work of thermal resistances.

Figure 2.1 shows a schematic overview of the thermal resistances found in a microchannel cold

plate. In the case of direct microfluidic cooling, where the microfluidic cooling structure is

embedded inside the device, the summation of these three thermal resistances approximates

the total heat transfer path in the device. In the case of indirect cooling, two additional terms

have to be considered: the interfacial thermal resistance Ri nt due to the thermal interface

material or die-attach, and the junction-to-case thermal resistance R j−c . These two terms can
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be seen as a fixed additional contribution to the thermal resistance.

Rtot al = Rcond +Rconv +Rheat︸ ︷︷ ︸
Mi cr o f l ui di c heat si nk (Rµ f )

+ Ri nt +R j−c︸ ︷︷ ︸
F i xed contr i buti on

(2.1)

The challenge in the design of microfluidically-cooled devices is that the components of

Rµ f are interdependent, and the analysis and optimization require all components to be

considered simultaneously. The next sections discuss important aspects influencing each

of these three components and describe the role they play in the microfluidic cooling of

GaN electronics. This section covers the fundamentals of single-phase microchannel cooling,

under the assumption of single-phase fully developed flow.

2.2.1 Convective heat transfer: Case for microfluidic cooling

First, let us look into the convective heat transfer. Convective thermal resistance is given by eq.

2.2, where h is the heat transfer coefficient, Aw all the surface area for heat transfer, and η f i n

the fin efficiency, which is a metric for the portion of the channel sidewall surface area that is

effectively used for heat transfer. From eq. 2.2 it becomes clear that these three terms should

be maximized to obtain the lowest possible thermal resistance.

Rconv =
1

h Aw allη f i n
(2.2)

The heat transfer coefficient depends on the nature of the fluid flow, the fluid properties, as

well as the dimensions of the channels. Similar to macroscopic systems, the fluid flow in

microfluidic systems is governed by the Navier-Stokes equation. However, due to scaling laws,

heat transfer at the microscale creates some noteworthy effects. This introduction gives a

non-comprehensive overview of a few key concepts that help appreciate these differences

and make a good case for the use of microscale convective cooling. Smaller length scales

change the relative importance of inertial forces - which scale with volume - and viscous forces

- which scale with the surface area of the walls. The Reynolds number is the ratio between

inertial and viscous forces within a fluid, given by eq. 2.3, where ρ is the density of the fluid, v

is the velocity, wC the channel width, and µ the viscosity. The magnitude of this dimensionless

number defines the characteristics of the flow. At a high Reynolds number, typically above

2000, the inertial forces dominate, and the flow is turbulent with a chaotic nature. In contrast,

at a Reynolds number below 2000, the flow is typically laminar and deterministic. As a result

of the small L at microscopic length scales, the flow tends to be in the laminar regime in

microchannels.

Re =
ρv wc

µ
(2.3)
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The Reynolds number has a significant impact on heat transfer. When a laminar flow is

subjected to a temperature difference between the channel wall and the fluid, a thermal

boundary layer develops. The fluid that is in closest contact with the wall heats up more

than the fluid in the center of the channel, which negatively impacts convective heat transfer.

In contrast, the chaotic nature of turbulent flow offers a homogenizing effect that prevents

the formation of such a boundary layer. The Nusselt number is the dimensionless number

defined as the ratio of convective to conductive heat transfer, given in eq. 2.4. k f Represents

the thermal conductivity of the fluid.

Nu =
hwc

k f
(2.4)

Figure 2.2 shows the relation between Nusselt and Reynolds numbers in a circular tube

subjected to a uniform wall heat flux. In turbulent flow, the Reynolds number has a clear

impact on the Nusselt number, meaning that the heat transfer coefficient depends on the

flow rate [37] [38]. However, in laminar flow (Re < 2000), Nu drops to a constant value. This

value is typically between 1 and 10 and depends on the geometry of the duct as well as the

thermal boundary conditions. These values have been well documented in the literature for a

wide variety of microfluidic channel shapes [39] [40] [41]. Consequently, Nu in fully developed

laminar flow shows much less dependency on the flow rate, and as the length scale of the

channels reduces, the heat transfer coefficient increases, keeping Nu constant, according to

eq. 2.5. This result shows the first benefit of small dimensions in microfluidic cooling.

h =
k f Nu

wc
(2.5)

The second important aspect is the increased effective surface area for heat transfer (Aw all )

that can be obtained by reducing the microchannel size. Consider the situation in Fig. 2.3,

where microchannels are embedded inside the substrate of a device. The device has a length

L and width W , with a total die surface area of Achi p . The height and width of the channels

are given by z and wc , respectively, and the width of the fins is ww .

When reducing the channel width and spacing, for the same device size and with a constant

height, the additional side walls provide extra surface area for heat transfer. A surface area

multiplication factor α can be defined according to eq. 2.6, describing the ratio between Aw all

and Achi p . Neglecting heat transfer from the tip of the fins, α can be calculated using eq.

2.4. This equation shows that, in the case of z À wc +ww , the value of α becomes inversely

proportional to the channel dimension. This effect is illustrated in Fig. 2.4: α can exceed

values of 100 for sufficiently narrow channels, which results in a large increase in surface area

for heat transfer.
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Figure 2.3 – Schematic illustration of a microchannel-cooled device, showing the dimensions
of channel width (wc ), wall width (ww ), and channel height (z).

Aw all = αAchi p (2.6)

α =
wc +2z

wc +ww
(2.7)

There is, however, a limit to how effectively the surface area of the fins can be utilized. Due to

the finite thermal conductivity of the substrate, a temperature gradient will be established over
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Figure 2.4 – Surface area multiplication factor versus channel width, showing the impact of
aspect ratio on the surface area for heat transfer.

the fin. This effect is more pronounced in high aspect ratios as the convective heat transport

to the coolant is reduced. This reduction in convective heat transfer is accounted for by the

fin efficiency, η f i n , a measure of the percentage of the surface area effectively used for heat

transfer. The fin efficiency can be calculated using eq. 2.8 [42], [43].

η f i n =
tanh

(√
2h/kw ww z

)
√

2h/kw ww z
(2.8)

The fin efficiency starts at 1 for low aspect ratios, and gradually decreases as the aspect ratio is

increased. Since η f i n is impacted by the temperature drop over the fins, the thermal conduc-

tivity of the substrate plays a significant role in its value in high aspect ratio microchannels.

Figure 2.5 shows an example of 400 µm-high fins and equal channel and fin widths. It can

be seen that compared to silicon, SiC and diamond can maintain a better fin efficiency up to

higher aspect ratios due to their superior thermal conductivity.

The heat transfer coefficient, surface area increase factor, and fin efficiency can be grouped

into an effective heat transfer coefficient (he f f ) using to eq. 2.9. This way, the convective

thermal resistance can conveniently be expressed in terms of he f f and Achi p , according to eq.

2.10. Independent from the surface area of the device, he f f gives a metric for convective heat

transfer, where a higher value results in a lower temperature rise between the channel wall and

the liquid for a given heat flux. Figure 2.6 shows the effective heat transfer coefficient, taking

all the effects of surface area, fin efficiency, and local heat transfer coefficient into account

for Si, SiC, and diamond substrates. As can be seen, he f f strongly depends on the channel
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size. By shrinking the channel size from a millimeter to a micrometer scale, an increase of

over two orders of magnitude in he f f can be obtained, up to values as high as 106 W/m2K.

This conclusion demonstrates the beneficial impact of scaling laws in micro-convective heat

transfer. Furthermore, as shown in Fig. 2.6, the substrate material, whether it is Si, SiC, or

diamond, has a minor effect on he f f under uniform heat flux conditions. Only at very high

aspect ratios, the impact of fin efficiency starts to have a noticeable effect on he f f .
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Figure 2.6 – Effective heat transfer coefficient versus channel width, for Si, SiC, and diamond
microchannels.
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Note that the derivation above is by no means comprehensive; effects such as entrance length,

axial conduction, and flow distribution all have a significant impact on the heat transfer

performance of microscale convective heat transfer and should be considered for an accurate

model. However, it does intuitively show the potential benefits of reducing dimensions for the

extraction of highly concentrated heat.

he f f = αhη f i n (2.9)

Rconv =
1

Achi p he f f
(2.10)

The conclusion from Fig. 2.6 provides interesting implications on the selection of substrate

material: By integrating microfluidic cooling directly inside low-cost GaN-on-Si substrates,

extremely high levels of heat can be extracted, which has the potential to transform GaN-on-Si

from a cost-effective material choice to a high-performance substrate.

2.2.2 Flow rate, pressure drop and heat capacity: Optimizing cooling efficiency

The second aspect to consider in microfluidic cooling is the flow rate of the coolant. The

previous section showed that narrow channels can offer a high effective heat transfer coef-

ficient, however, the drawback is the high pressure drop required to achieve sufficient flow

rate, as narrow channels significantly increase the flow resistance. Despite the low convective

thermal resistance, if an insufficient flow rate is achieved given a certain limit on pressure

drop, the temperature rise of the coolant will dominate the thermal resistance. The relation

between pressure drop and flow rate depends on the geometry of the passage and is defined

by its hydraulic resistance. Correlations in the literature describe the pressure drop in fully

developed laminar flow [39]. For parallel rectangular channels, pressure drop (∆P ) can be

approximated using eq. 2.11 [44]:

∆P =
12µL

(1−0.63 wc
z )Nc w3

c z
f (2.11)

∆P = rh f (2.12)

Here, µ is the viscosity of the fluid and f is the combined flow rate through all channels. Nc is

the total number of parallel channels, which is a function of the chip geometry and determined

by the channel width, wall width, and total chip width. L is the length of the channel. The linear

correlation between flow rate and pressure drop in eq. 2.12 only considers fully developed flow

in the straight channels, and ignores the entrance effects, and flow expansion, contraction

and rotation when entering and leaving the chip. Including these terms would yield a higher

pressure drop estimation that is better described by a power law relation. However, these

non-linear contributions depend on the exact geometry of the inlets and outlets and are thus

case specific. Hence, for the sake of generality these terms are excluded from the following
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analysis. The terms in eq. 2.11 can be bundled into one parameter that relates pressure drop

to flow rate, called hydraulic resistance (rh) according to eq. 2.12. As can be seen, the channel

width has the most impact on the hydraulic resistance, and hydraulic resistance scales linearly

with channel length. Reducing channel width thus causes a sharp increase in pressure drop,

which imposes a practical lower limit on how small the microchannels can be made. Figure

2.7 shows an example of ∆P in a 2 mm × 2 mm chip, with 400µm-deep channels and equal

channel width and fin width. As channel width reduces, the number of channels increases,

however, the overall pressure drop for a given flow rate rises steeply due to the increased

flow resistance. High pressure drop consequently increases system-level demands, such as

pumping requirements, the pressure rating of fluidic interconnects, as well as mechanical

strength of bonding interfaces in the chip. Typically, pressures below 3 bar are favorable to

accommodate low-cost connectors and pumps. Figure 2.7 shows that, under such a pressure

limit, smaller channel dimensions can accommodate less flow rate than larger-sized channels.
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Figure 2.7 – Pressure drop versus channel width for a flow rate of 0.1, 1, and 10 ml/s. The
dashed line indicates the number of channels in a 2 mm × 2 mm chip.

It can be seen in Fig. 2.7 that for a given pressure limit, the maximum flow rate is reduced from

10 ml/s to 0.1 ml/s by adopting smaller channel dimensions. In single-phase liquid cooling,

the flow rate has a direct effect on the temperature rise of the coolant, defined by its heat

capacity according to eq. 2.13. The flow rate and resulting thermal resistance Rheat from the

heat capacity of the coolant for a maximum pressure drop of 3 bar are shown in Fig. 2.8. If the

channel width is too small, Rheat can become the dominant factor in the total temperature

rise of the chip.

Rheat =
1

ρcp f
(2.13)

In addition to thermal performance, flow rate and pressure drop also affect the energy effi-
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Figure 2.8 – Impact of the channel width of flow rate and Rheat for a fixed pressure drop of 3
bar.

ciency of the cooling system. The ideal hydraulic pumping power, not taking the efficiency of

the pump into account, is calculated as the product of flow rate and pressure drop (eq. 2.14).

A metric for energy-efficiency of the heat extraction, called the coefficient of performance

(COP), can then be defined as the ratio of the maximum amount of extracted heat, Qmax ,

to hydraulic pumping power, according to eq. 2.15. COP gives a non-dimensional metric

for how many units of heat can be extracted from the system for each unit of cooling power.

Note that this COP is calculated using both ideal pumping power and pressure drop based

on fully-developed laminar flow, excluding the entrance effects. The absolute values for COP

based on these analytical expressions are therefore overestimated. However, it gives a useful

platform for performing a parametric study to investigate the impact that each design choice

has.

Ppump = f ∆P (2.14)

COP =
Qmax

PPump
(2.15)

Since Qmax is related to Rtot for a certain maximum limit in temperature rise (∆Tmax ), we

can combine equations 2.12,2.14 and 2.15 to obtain the eq. 2.16. Since COP is defined for a

given maximum temperature rise, we indicate it as COP∆Tmax
to specify the temperature at

which it was calculated. From this expression for COP it becomes clear that, to maximize COP,

flow rate, hydraulic resistance, and thermal resistance should be minimized.

COP∆Tmax
=

∆Tmax

rh f 2Rtot al
(2.16)
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2.2.3 Manifold microchannel heat sinks: Decoupling flow rate and pressure drop

Pressure drop poses an important limitation on heat sinks. High pressures are undesirable

for a system-level implementation. In addition, straight parallel microchannels induce a

linear temperature gradient between the inlet and the outlet, which may induce significant

thermomechanical stress in the device. A solution to decouple the dependency between flow

rate and pressure drop is by introducing fluid distribution headers that create multiple parallel

inlet and outlet to the microchannels, effectively reducing the channel length and local fluid

velocity inside the channel.

Harpole & Eninger in 1991 [31] first showed that, by splitting the flow in multiple parallel

short sections, pressure drop and thermal resistance can be reduced. Copeland et al. followed

with the first modeling, numerical and experimental investigation of this structure [45]–

[48]. Systematic numerical studies have been performed to develop insight in the impact

of dimensions on cooling performance [49]–[51], as well as optimization under uncertainty

[52]. These simulation provided useful to estimate the large potential of MMC heat sinks on

GaN-based applications [33].

The first demonstration of MMC cooling of power devices was in [53], functioning as separate

cooling system bonded to a SiC diode, although oxide at the bonding interfaces hampered

efficient heat transfer. Cetegen et al. experimentally investigated copper microstructures

with exceptionally high heat extraction [54], [55], however requiring very bulky headers. This

problem was addressed with more compact all-silicon MMC structures, consisting of multiple

bonded, micro-structured layers [56], [57]. An alternative with an injection-molded manifold

that functions as the lid of a packaged device was shown in [58]. Further developments were

recently demonstrated to improve the cooling performance of the MMC by utilizing additive

fabrication methods [59], and multi-layer hierarchical distribution layers [60].

2.2.4 Conduction and thermal spreading resistance: Impact of high thermal con-
ductivity materials in microfluidic cooling

The final contribution to the thermal resistance is due to conduction. When the heat source

is uniformly distributed over the chip surface, which is a reasonable approximation for GaN

power electronic devices, Rcond is derived from the one-dimensional Fourier’s law using eq.

2.17. Similarly to eq. 2.9, we can define a value of κe f f = k
t and find that this value is large

with respect to he f f . For example, a 100 µm-thick silicon layer gives κe f f = 1.5×106W /m2K ,

which does not cause a significant contribution to Rµ f unless a wc below 25 µm is employed.

Rcond =
t

k Achi p
=

1

κe f f Achi p
(2.17)

However, when the heat source is not uniform, the situation changes and heat spreading

resistance needs to be taken into account. This is especially the case for GaN-based MMICs,

where heat is highly concentrated in several small transistors that are present on a larger
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Hot-spot equivalent radius rhs =

√
WhsLhs

π
(2.18)

Substrate equivalent radius rs =

√
W L

π
(2.19)

Dimensionless hot-spot radius ε =

√
rhs

rs
(2.20)

Dimensionless substrate thickness τ =
t

rs
(2.21)

Dimensionless Biot number Bi =
he f f rs

kw
(2.22)

λ = π+ 1

ε
p
π

(2.23)

φ = tanh
λτ+ λ

Bi

1+ λ
Bi tanh(λτ)

) (2.24)

Dimensionless thermal resistance Ψ =
ετp
π
+ 1p

π
(1−ε)φ (2.25)

Conductive thermal resistance Rcond =
Ψ

krhs
p
π

(2.26)

Table 2.1 – Governing equations for calculating the conductive thermal resistance in case of
dissimilar substrate and heat source dimensions

substrate. Thermal spreading resistance is not straightforward to model since it depends

on the geometry, thermal conductivity, boundary layers as well as boundary conditions.

Extensive analytical models have been developed for thermal spreading resistances in simple

geometries [61], [62], as well as extensions of these models to multi-layer GaN HEMTs [63]

and near-junction heat spreading with high-thermal-conductivity layers [64]. Here, we limit

ourselves to a convenient closed-form approximation [65], which assumes a homogeneous

substrate with a single heat source to illustrate the impact of spreading.

Equation 2.26 gives Rcond in case of a rectangular hotspot with width Whs and length Lhs ,

respectively, on a substrate with width W and length L. The thickness for heat spreading, t, is

defined as the vertical distance between the heat source and the start of the microchannels.

To demonstrate the impact of heat spreading, we will consider a 2mm × 2mm substrate, 100

µm-thick, with a 150 µm × 750 µm heat source, which is representative of a single scaled-

up transistor in an MMIC (Fig. 2.9b). An effective heat transfer coefficient is considered

as a boundary condition on the backside of the substrate. Figure 2.9a shows the thermal

resistance of the hot spot, for a Si, SiC, and diamond substrate. In the lower range of heat

transfer coefficients, the thermal resistance of the hot-spot is dominated by the convective heat
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Figure 2.9 – (a) Hot spot thermal resistance for a 150 × 750 µm hotspot on a 2 x 2 mm substrate.
(b) Illustration of the evaluated case of the substrate with localized hot spot.

transfer at the boundary. For increased heat transfer coefficients, the limiting factor becomes

heat spreading. Especially in this regime, diamond and SiC can enable a significant reduction

in hot-spot thermal resistance. These equations highlight the impact of thermal conductivity

on heat spreading but lack the full description of the multiple heterogeneous layers found

in GaN buffers, as well as the thermal boundary resistances involved with heteroepitaxy.

Furthermore, within a single scaled-up HEMT, the heat is concentrated under the gate region,

which creates an additional spreading challenge and localized temperature peaks.

2.2.5 Microfluidic heat sink thermal resistance

By combining the expressions for Rconv , Rheat and RCond , we obtain the total thermal resis-

tance of the microfluidic heat sink (Rµ f ) as a function of channel width. Figure 2.10b shows a

2mm × 2mm diamond substrate, a 100 µm-thick layer for heat spreading and 400µm-deep

channels, with a 150 µm × 750 µm heat source to represent a single transistor in an MMIC.

A pressure of 3 bar was assumed, and the coolant was water. The convective, conducive,

and specific heat contributions to the thermal resistance are separated in Fig. 2.10a, show-

ing that each of these three thermal resistances plays a significant role in different ranges

of channel width. For wider channels, the effective heat transfer coefficient drops, causing

Rconv to dominate the thermal resistance. At the narrowest channel dimensions, the flow

resistance becomes so large that the limited flow of coolant poses a bottleneck in thermal

resistance. Finally, in a range of channel widths between 25 µm and 100 µm, heat spreading

becomes the dominant contribution to Rtot al . Consequently, the thermal conductivity of the

substrate plays an important role in defining the minimum achievable thermal resistance.

Figure 2.11 shows the thermal resistance versus channel width for the same geometry, with a

Si, SiC, and diamond substrate. The minimal thermal resistance obtained for each substrate

is summarized in Table 2.2 & 2.3, as well as the corresponding optimum channel width. For

Si, SiC, and diamond, a channel width of 10 µm, 14 µm and 16 µm yields the lowest thermal
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Figure 2.10 – (a) Thermal resistance components in the case of a localized 750 × 150 µm heat
source on a 2 × 2 mm substrate, corresponding to a GaN RF MMIC. (b) Illustration of the
device and the corresponding thermal resistances.

resistance, respectively. As can be seen, the diamond substrate can offer a 4x-reduction in

thermal resistance compared to silicon due to its superior spreading performance. It should

be noted that Rcond only becomes dominant when aggressive heat spreading is required, as is

the case in GaN MMICs.

However, in cases of uniform heat sources, Rcond approaches negligibly small values, which

enables much lower thermal resistance. This can be seen in Fig. 2.11, which shows the total

thermal resistance versus channels size for a similar 2mm × 2mm substrate, but now with a

uniform heat source. For channel sizes above 50 µm, the thermal resistance is dominated

by convection and the impact of substrate material is limited. For all considered substrate

materials, the thermal resistance goes below 1 K/W, which corresponds to a maximum heat

flux surpassing 2.5 kW/cm2 for a maximum device temperature rise of 100 °C, as shown in

Table 2.3. Extremely high heat fluxes can be extracted by integrating the cooling directly inside

the die, for GaN-on-Si, GaN-on-SiC, and GaN-on-diamond.

This conclusion, although not on GaN but applied to silicon logic, was first presented by Tuck-

erman et al. in 1981 [28]. They demonstrated the capability to extract heat fluxes surpassing

the kW/cm2-level when a microchannel heat sink is directly integrated into the backside of a

silicon integrated circuit, and thereby initiated the research field of direct microfluidic cooling

of electronics. These heat fluxes are very high compared to present-day commercially available

cooling technologies that can cool up to approximately 200 W/cm2. However, it is equally

impressive to consider those values in the timeframe of the early 1980s, when the physical

limit for the cooling of electronics was predicted to be around 20 W/cm2 [66]. Combining the

research fields of microfluidic cooling and GaN epitaxy on non-native substrates opens many

new possibilities to fully exploit the material properties of GaN for next-generation electronics.
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Figure 2.11 – Total thermal resistance vs channel width. (a) In the case of a localized 750 × 150
µm heat source on a 2 × 2 mm substrate, corresponding to a GaN RF MMIC. (b) In the case of
a uniform heat source, in the absence of spreading resistance, corresponding to GaN power
devices.

Table 2.2 – Dimensions, thermal resistance, and maximum heat flux for non-uniform heat
sources on Si, SiC, and diamond substrates for a pressure of 1 bar and water as a coolant.

L × W ∆Tmax
Non-uniform heat source

LHS × WHS wc Rmi n Qmax qmax

mm °C µ m µ m K/W W W/cm2

Si 2 × 2 100 150 × 750 10 9.83 10 250
SiC 2 × 2 100 150 × 750 14 4.84 20 500
Diamond 2 × 2 100 150 × 750 16 2.54 40 1000

Table 2.3 – Dimensions, thermal resistance, and maximum heat flux for uniform heat sources
on Si, SiC, and diamond substrates for a pressure of 1 bar and water as a coolant.

L × W ∆Tmax
Uniform heat source

LHS × WHS Wc Rmi n Qmax qmax

mm °C mm µ K/W W W/cm2

Si 2 × 2 100 2 × 2 24 1 100 2500
SiC 2 × 2 100 2 × 2 26 0.8 125 3125
Diamond 2 × 2 100 2 × 2 26 0.7 143 3575
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2.3 Levels of integration in microfluidic cooling

In the previous sections, we have discussed the impact of microscale cooling on convective

heat transfer, pressure drop, and the importance of the thermal conductivity of the substrate.

In this section, we present a side-by-side comparison of three microfluidic cooling strategies

for GaN electronics, with varying levels of integration. A distinction is made between three

levels of integration, illustrated in Fig. 2.12: Indirect cooling, which uses some sort of thermal

interface between the GaN die and the microchannel heat sink (Fig. 2.12a); direct cooling,

where the coolant is in direct contact with the die without an intermediate layer between

the two (Fig. 2.12b), and co-designed cooling, where the semiconductor device and cooling

structure are designed in conjunction with each other within the same substrate (Fig. 2.12c).

Figure 2.12 also shows the corresponding network of thermal resistances involved in each level

of integration. As can be seen, by moving from indirect to direct and co-designed microfluidic

cooling, several components of the thermal resistance can be eliminated, thus minimizing the

heat transfer from the heat source to the coolant.
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Figure 2.12 – Three cases of microchannel cooling: (a) Indirect cooling, a microchannel cold
plate is attached to a packaged die with an intermediate thermal interface material. (b)
Direct die embedded microchannel cooling, cooling channels are etched inside the backside
of the silicon substrate. (c) GaN-on-Si device with a monolithically integrated manifold
microchannel inside the silicon substrate, co-designed with the electronics. Cooling channels
are positioned below and aligned with the pads of the electronic device.

2.3.1 Indirect microfluidic cooling

Indirect cooling, as illustrated in Fig. 2.12a, requires no alteration of the semiconductor die.

Instead, cooling is provided simply by contacting a cold plate to the packaged device. It is

therefore an easy-to-implement approach for existing commercial devices. In the case of a

bare die, such as for RF HEMTs, the die can be directly attached to the microfluidic cold-plate

using any die-attach method, such as sintering, silver paste, or eutectic bonding. Alternatively,

in the case of a packaged device, the cooling channels are brought in close contact with the

device using a thermal interface material (TIM). Provided an exposed thermal pad is present,

the cold plate can efficiently extract the heat from the device. Indirect microchannel cooling is
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a mature process that is used in many commercial applications, such as the cooling of laser

diodes. Indirect cooling of GaN devices has been extensively studied for RF applications [34],

[67]. It has been shown that die-attach to a microfluidic heat sink can result in a considerable

reduction in thermal resistance compared to macro-scale heat sinks and cold plates. Con-

sequently, a smaller footprint is required for extracting a specific heat load from the device.

This footprint may be reduced to the size of the GaN device. When no additional spreading is

required to extract the heat, multiple devices can be densely packed, which has significant

benefits in size and weight reduction of the system.

Thermal interface and packaging

Despite the benefits in the implementation of indirect cooling, it comes with the drawback of

additional thermal resistances due to the interface between the die and the cold plate (RT I M ).

Furthermore, packaged devices have a fixed junction-to-case thermal resistance, which is

typically specified by the manufacturer (R J−C ). These two components of thermal resistance

can be seen as fixed values, independent of the design of the microfluidic cooling structure.

As a result, this defines an upper limit to the maximum power that can be extracted from the

device. When RT I M and R J−C are the dominant values in the total thermal resistance, opti-

mization of the microfluidic cooling system yields a small reduction in junction temperatures.

Commercially available silicone-based thermal pads typically have a thermal resistance in

the range between 0.5 cm2K/W to 10 cm2K/W, while offering electrical isolation between the

device and heat sink. For a maximum temperature rise of 50 °C over the TIM, this corresponds

to a heat flux between 10 W/cm2 to 100 W/cm2. When such TIM is paired with a microchannel

heat sink capable of extracting heat fluxes in the excess of 1 kW/cm2, it becomes clear that

the majority of the temperature rise is accounted for by the TIM. Alternative options, such as

phase-change materials, graphite-based TIMs, metallic compounds such as silver paste, and

metallic die-attach methods can reduce RT I M , but generally don’t offer electrical isolation.

The design of the microfluidic cooling structure and the TIM should be well-aligned to achieve

the best results. R J−C depends on both the die size and the packaging methods. 2.13 shows

an overview of typical ranges of thermal resistances, normalized by the surface area of the

packaging that can be brought in contact with the heat sink. For a bare die with no packaging

involved, assuming a uniform heat source, this value can be calculated using eq. (17). For

example, a 500 µm-thick bare silicon die would correspond to approximately 0.04 cm2K/W.

However, when an additional die-attach is present inside the packaging, or when a lead frame

or solder-ball connection is present in the thermal path between the die and the cold plate,

this value can increase significantly. For example, wafer-level chip-scale packaging (WLCSP)

with ball-grid-array (BGA) solder bumps, show a noticeably higher R J−C than the bare die.

Embedded component packaging (ECP) shows an additional increase due to the metallization

layers between the die and the thermal pad. Lastly, the packaging solutions where the die is

mounted on a lead frame, such as with quad flat no-leads (QFN) and TO247 show the highest

R J−C when normalized by surface area. It should be noted that this comparison is favored

towards small footprint areas, and does not conclude whether one packaging method is prefer-
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able over another. Instead, its purpose is to show the relative thermal resistance between

microchannel cold-plate and packaging when a similar footprint is maintained between the

two.
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Figure 2.13 – Typical range of thermal resistances of commercially-available thermal interface
materials, packaging, as well as the resulting temperature rise at 100 W/cm2. Rconv refers to
the thermal resistance and temperature rise of 10 to 75 µm-wide high-aspect-ratio silicon
microchannel heat sink for comparison. TIM properties and R J−C are derived from pub-
licly available datasheets of commercial products. Junction-to-case thermal resistances are
normalized by the surface area in contact with the heat sink.

Figure 2.13 gives a visual aid in determining the effectiveness of indirect microchannel cooling

in reducing the total thermal resistance. For example, It becomes clear that attaching a

microchannel cold plate to a TO247 package using silicone-based thermal pads is not an

effective method to reduce the device temperature. Both RT I M and R j−c in this combination

can be up to 2 orders of magnitude larger than the convective thermal resistance of the

microchannels. Instead, attaching a microchannel heat sink to a WLCSP device using a high-

performance thermal grease poses a more interesting use case for microchannel cold plates,

since their thermal resistance lies in a similar range. Instead of attaching microchannels

to a packaged device, die-attach to a microfluidic heat sink can result in a considerable

reduction in thermal resistance compared to macro-scale heat sinks and cold plates. The use

of intermediate heat spreaders, such as CVD diamond, has been described in the literature as

an effective way to employ a larger heat sink for small-sized dies [68].

2.3.2 Direct microfluidic cooling

To reduce the contribution of die-attach and thermal interface layers, the microfluidic heat

sink can be realized directly inside the substrate. Depending on the substrate material, a
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variety of micromachining tools can be employed to create the desired heat transfer structure.

Even though this method requires a change in the chip fabrication process, it has the potential

to be cost-effective since the micromachining can be performed on a wafer scale. Especially

for GaN-on-Si, this becomes an interesting approach due to the well-established silicon

microfabrication techniques (Fig. 2.14). In addition, compared to SiC or diamond substrates,

GaN-on-Si is the material of choice for power electronics due to its lower cost, in exchange for

degradation in thermal performance. However, by etching cooling channels in the passive

silicon substrate on a single 6-inch or 8-inch wafer, a single etching step can provide a heat

sink for up to thousands of devices simultaneously. Since this method is subtractive, no

added material cost is involved, thus migrating to larger wafer diameters creates a significant

reduction in cost per device. In contrast, mechanical machining of copper heat sinks and

cold-plates does not benefit from the same economic scaling.
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Figure 2.14 – Direct microchannel cooling in a GaN-on-Si device

In addition to the cost-benefits of micro-convective cooling of GaN-on-Si transistors, direct

cooling of GaN devices has also been extensively studied in GaN-on-SiC and GaN-on-diamond

applications. This approach aims to extract the highly localized heat fluxes involved in RF

power amplifiers. The high thermal conductivity of the substrate enables a more aggressive

spreading near the hot spot, such that the entire micro-cooling structure helps in spreading

the very concentrated heat from around the gate region. SiC and Diamond substrates are very

promising for direct microchannel cooling, enabling a large reduction in thermal resistance

combined with excellent near-junction heat spreading. Excellent experimental results have

been obtained by Raytheon, by integrating microchannels directly inside GaN-on-Diamond

MMICs [69], [70]. For RF applications, care has to be taken in the selection of the coolant,

as its dielectric properties can have a significant effect on RF performance once positioned

close to the active area [71]. An example of such an approach is shown in Fig. 2.15. Here,
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microchannels are fabricated in the substrate of a GaN-on-diamond device. Although such

an approach has yet to reach commercial applications, it holds significant promise for the

most demanding GaN electronics. The combination of advanced substrate materials and

high-performance integrated cooling may help to reach new levels of power density and

efficiency in the future.

Fluid distribution manifold

Solder bond

Diamond substrate with 
microchannels

GaN HEMT hot spot GaN epilayer
Top removed to show 

microchannels

Figure 2.15 – Direct microchannel cooling on GaN-on-Diamond, reproduced from [69].

Substrate material plays an important role in direct cooling. However, in addition to its

thermal conductivity, which defines the fin efficiency and heat spreading resistance, the

manufacturing methods to etch high aspect ratio channels are also important and highly

dependent on the material. Microstructuring of silicon is a well-established process owing to

decades of development in micro-electro-mechanical systems (MEMS) technology. One of

the key technologies for the rapid formation of high-aspect-ratio silicon microstructures is

deep reactive ion etching (DRIE), a method that iterates between plasma etching and surface

passivation steps to achieve steep vertical sidewalls. This method is well established and

commercially used in MEMS fabrication. DRIE can achieve aspect ratios approaching 100:1

[72], while more experimental methods such as metal-assisted chemical etching (MacEtch)

on silicon can achieve aspect ratios as high as 10,000:1 [73], [74]. Although SiC and Diamond

offer a higher thermal conductivity, the capabilities of etching narrow and high aspect-ratio

fins in these materials have not yet matured to the same level as silicon. Channel etching in

SiC and diamond is typically limited to an aspect ratio of 20:1 [75] and 15:1 [76], respectively.

Improvements in etching techniques, both in channel shape control and etching rate, will be

essential to fully exploit high thermal conductivity for direct microchannel cooling.

Jet impingement

An alternative to microchannels is the use of micro-jets impinging directly on the backside of

the device to extract the heat. Although this approach does not benefit from the large surface

area offered by microchannels, it does provide a higher local heat transfer coefficient due

to the absence of a thermally developed flow profile near the surface. Furthermore, such

jets can be fabricated without the need for a cleanroom environment. For example by using

additive manufacturing [77], [78], or by laser-drilling orifices in a membrane. This makes jet

impingement an attractive solution for integrating microfluidic cooling without requiring

redesign of existing devices. Several examples of jet impingement cooling on GaN devices
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Figure 2.16 – (a) Schematic illustration of direct jet impingement on a GaN die. (b) Jets of
coolant impinge on the backside of an MMIC die through a palladium microjet cooler, from
[79]. (c) Jet impingement on a diamond heat spreader bonded to a GaN device.

have been demonstrated in the literature, such as Lockheed Martin employed additively

manufactured palladium structures that impinge coolant directly on the backside of GaN-

on-SiC die [79], as shown in Fig. 2.16a,b. Alternatively, to compensate for the lower surface

area multiplication factor in micro-jets, the device can be mounted on a larger-area heat

spreader with high-thermal-conductivity material to enable impingement on a larger surface

[80]. Although this approach can no longer be classified as direct cooling, since the coolant is

not in direct contact with the chip, it can offer improved cooling provided a proper thermally-

conductive die-attach is employed. Such heat spreaders can for example be metallic or a layer

of diamond, as shown in Fig. 2.16c.

2.3.3 Co-design of microfluidic cooling and electronics

When the length scale of the cooling approaches the dimensions of the hot spots, these two

systems can no longer be considered separately. Instead, this creates possibilities to design

the cooling and electronics in conjunction with each other, to minimize thermal resistance,

pressure drop, and coolant flow. A local increase in heat transfer coefficient and thermal

conductivity can help to offer the highest heat extraction at the location where it provides the

most benefit to the device. Such a design approach is referred to as co-design of electronics

and microfluidics. For example, in RF GaN HEMTs, it is beneficial to have high thermal

conductivity regions right below the hot spots to facilitate heat spreading. Instead of using

a costly diamond substrate, researchers at Northrop Grumman demonstrated a co-design

approach where the substrate was selectively removed below the hot spot of a power amplifier

[81]. The walls of the cavity were locally filled with CVD diamond (Fig. 2.17b), to increase

thermal conduction [82]. Additionally, this cavity functioned as a site where coolant impinges.

Together, this co-design enabled high heat extraction localized around several hot spots on a

densely integrated device (Fig. 2.17c).
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Figure 2.17 – (a) Illustration of CVD diamond heat spreaders with impingement cooling. (b)
SEM image of selective CVD diamond deposition on the backside of the device. (c) Schematic
overview of a multi-stage MMIC with co-designed impingement cooling and diamond deposi-
tion. (a),(c) Reproduced from [81], (b) from [82]

2.4 Conclusions

GaN devices are rapidly gaining momentum in RF and power applications, and hold a lot of

promise for the future. However, thermal management will play a key role in realizing the full

extent of the benefits offered by GaN. Microfluidic cooling is a promising way to enable more

powerful and densely integrated RF and power electronic devices. By turning the semiconduc-

tor substrate into a high-performance microfluidic heat sink, the tradeoff between cost and

performance in substrate materials can be avoided. In this chapter, we covered the basics of

microfluidic cooling of GaN electronics, which helps to understand the important parameters

and guide the thermal design process. Scaling laws in convective heat transfer show that, by

scaling down to microscopic dimensions, orders of magnitude increase in convective heat

transfer can be obtained. As a result, large heat fluxes can be extracted within the footprint of

the device. Not only is this beneficial from an integration point of view, since circuit boards

can be more densely populated, but it also enables higher levels of integration within MMICs

and power ICs. In addition, the substrate material plays a key role in the spreading of heat, and

the combination of microfluidic cooling and high-thermal-conductivity substrates offers a

clear path to unprecedented performance in future GaN devices. The total thermal resistance

in single-phase microfluidic cooling consists of contributions from convection, conduction,

and sensible heat, which are all interdependent. This chapter emphasizes the need to carefully

investigate each contribution to the total thermal resistance to obtain the best possible ther-

mal performance. This is demonstrated along with three case studies with varying levels of

integration. Finally, the monolithic fabrication of microfluidic cooling channels near the junc-

tion enables the parallel co-design of the electronics and thermal management, which results

in a considerable increase in cooling performance. The high heat flux extraction capability of
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this approach enables the integration of multiple power and RF devices side-by-side, in close

proximity, without posing thermal limitations on the neighboring devices. In addition, the

cooling can be optimized according to the needs of the different devices. The geometry of mi-

crochannels can be designed depending on the heat fluxes generated in different components

and parts of the chip to eliminate thermal gradients. This offers a promising pathway to future

power and RF integrated chips, in which cooling is an integral part of the design together with

electronics, leading to much smaller and higher performance systems in the future.
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3 System level: Indirect microchannel
cooling of GaN devices

In this chapter, we focus on the first level of integration; the usage of microchannels on a

system level, as a thermal management solution for a power converter. We describe a new

approach for compact and energy-efficient cooling of converters where multiple miniaturized

microfluidic cold plates are attached to transistors providing local heat extraction. The high

pressure drop associated with microchannels was minimized by connecting these cold plates

in parallel using a compact 3D-printed flow distribution manifold. We present the modeling,

design, fabrication, and experimental evaluation of this microfluidic cooling system and

provide a design strategy for achieving energy-efficient cooling with minimized pumping

power. An integrated cooling system is experimentally demonstrated on a 2.5 kW switched-

capacitor DC-DC converter, cooling down 20 GaN transistors. A thermal resistance of 0.2

K/W was measured at a flow rate of 1.2 ml/s and a pressure drop of 20 mbar, enabling the

cooling of a total of 300 W of losses in the converter using several mW of pumping power,

which can be realized with small micropumps. Experimental results show a 10-fold increase

in power density compared to conventional cooling, potentially up to 30 kW/l. This proposed

cooling approach offers a new way of co-engineering the cooling and the electronics together

to achieve more compact and efficient power converters.

3.1 Introduction

The last decades have seen an ongoing trend of reduction in the size of power converters,

where roughly every decade the power density of converters doubles [83]. The increasingly

tight constraints on size and weight for these power electronics systems have pushed a broad

range of innovations, spanning from wide band-gap (WBG) semiconductor devices [84], to new

converter topologies [85]. WBG devices, employing gallium nitride (GaN) and silicon carbide

(SiC), have a small footprint and high power density owing to their low specific on-resistance

and high breakdown electric field [86], [87], enabling a compact converter design. Additionally,

GaN high electron mobility transistors (HEMTs) can operate at higher frequencies, enabling

the use of smaller passive components which further reduces the converter volume. However,

the increased switching losses due to higher switching frequencies and reduced die sizes
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cause high heat fluxes, surpassing 1 kW/cm2 [88], [89], which is far beyond the capabilities of

conventional cooling methods [90]. Inadequate cooling of these devices causes high junction

temperature which degrades their performance and reliability [91], [92].

The thermal challenges become more pronounced in converter topologies with a large number

of active components, such as modular [93], [94] and composite topologies [95]. Uneven

temperature rise over multiple devices causes hotspots that limit the system performance.

The thermal management of these converters closely resembles that of 1980’s multi-chip

processor modules of mainframe computers, for which elaborate cooling technologies have

been developed to simultaneously cool multiple chips [96]. However, such cooling solutions

are prohibitively large for contemporary high power-density applications. Several modular

air-based cooling topologies have been presented to cool down converters with a large number

of components in a small form factor [97], [98], but the low heat transfer coefficient of air

ultimately limits heat fluxes to roughly 300 W/cm2 [90]. To achieve higher power density in

topologies with a large number of components, high-performance cooling techniques, such

as liquid cooling, are required to surpass this limit.

Several high-efficiency liquid cooling strategies have been proposed for the cooling of individ-

ual power devices, such as impinging coolant on the device [78], [99], as well as flowing coolant

through microchannels [100]. The latter can result in state-of-the-art heat fluxes, due to its

large surface area and high heat transfer coefficient [28]. However, microchannels typically

suffer from high pressure drop. Approaches to reduce the pressure drop over microchannel

heat sinks have received considerable attention [101]. A promising method is the use of a

manifold structure to distribute the flow over the microchannels [31]. This manifold mi-

crochannel (MMC) structure reduces the pressure drop, increases the temperature uniformity,

and increases the heat transfer coefficient [46], [51]. However, although these MMC heat sinks

demonstrated in the literature have outstanding capabilities for high heat flux management

[53], [102], [103], the complicated fabrication procedure, consisting of multiple bonding steps,

has prevented the large-scale adoption of this technology.

System-level approaches to employ the easier-to-fabricate parallel straight microchannels

in an optimized configuration with minimum pumping requirements have remained largely

unexplored. Yet, this could be a crucial step towards a larger adaption of microchannels in

liquid cooling applications. Consequently, there is currently no standard thermal management

solution that can be mounted on a converter, like conventional heat sinks, while providing the

high cooling performance of microchannels simultaneously to all active devices.

In this chapter, we propose a novel compact and energy-efficient microfluidic cooling system

for power converters with multiple power devices by mounting microchannel cold plates on

each device. The high pressure drop usually associated with microchannels was minimized

using a customized compact flow distribution manifold that connects these microfluidic heat-

sinks in parallel to a common inlet and outlet. In section 3.2, a model is presented to determine

the optimal microchannel and manifold geometry that maximizes cooling capability and
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minimizes the required pumping power. cold plates were fabricated on silicon using standard

clean-room processes, but could easily be replaced by high-throughput fabrication methods

such as micro-deformation processes. We demonstrate flow distribution manifolds realized

using 3D-printing as well as conventional fabrication methods to demonstrate the possibility

of their mass-production in a cost-effective way.

In section 3.3, the thermal and hydraulic performance of the heat sink is experimentally

evaluated. Finally, in section 3.4, the cooling module, consisting of 20 silicon microchannel

cold plates, is demonstrated on a compact 2.5 kW switched-capacitor DC-DC converter to

demonstrate the potential of this new cooling system and its impact on power density. This

proposed method provides high-performance microchannel cooling in a very compact form

factor with low pressure drop, making it a promising technology for future power converters.

3.2 Modelling, design and fabrication

In this section, the analytical expressions that describe the hydraulic and thermal performance

of the heat sink are derived, which are used to optimize the heat sink geometry for energy-

efficient cooling. First, the cooling performance of an individual cold plate is evaluated to

obtain an optimum design, followed by the design and fabrication of the distribution manifold.

3.2.1 Microchannel cold plates

Figure 3.1 shows a schematic overview of the proposed cooling method: A packaged device is

mounted on a printed circuit board (PCB) and cooled by a microchannel cold plate attached

on top of the device, separated by a thermal interface material (TIM). We investigate the

situation where all dissipated power travels upwards to the microchannel cold plate, which is

the case if the device has a relatively low junction-to-case thermal resistance to the top of the

device, and a high junction-to-board thermal resistance.

Analytical model

The main design objective is to achieve energy-efficient cooling, since a reduced pumping

power results in a smaller pump size. Cooling efficiency is described by the coefficient of

performance (COP), given in eq. 3.1, defined as the ratio of dissipated power in the in the

system, Qmax , to the ideal hydraulic pumping power, Ppump , required to keep the device at

a given maximum temperature, ∆Tmax . Since COP is defined in reference to a maximum

temperature, we use the indication COP60 to refer to COP at a temperature rise of 60 ◦C

The ideal hydraulic pumping power, defined in eq. 3.2, is the product of the flow rate, f , and

the pressure drop ∆p. Rtot is the total thermal resistance between the active layer of the device

and the inlet temperature of the coolant, which relates the heat losses to temperature rise

according to eq. 3.3. Despite referring to junction temperature, in the one dimensional thermal
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Figure 3.1 – Schematic cross-section of a transistor, cooled by a microchannel cold plate, and
an equivalent thermal resistance model.

resistance network model used throughout this thesis the average temperature in the active

region of the device is implied instead of the local hot-spot temperature underneath the gate

region of the transistor. From eqs. 3.1-3.3 it is clear that to increase COP, the pressure drop, flow

rate, and thermal resistance have to be reduced. However, these values are interdependent, so

to determine the optimal microchannel geometry, relations between pressure drop, thermal

resistance and flow rate are required.

COP =
Qmax

Ppump
(3.1)

Ppump = f ∆p (3.2)

∆Tmax = Qmax Rtot (3.3)

Rtot = R j−c +Ri nt +Rconv +Rcond +Rcal (3.4)

The total thermal resistance, Rtot , is the sum of the 4 components shown in the one-dimensional

thermal resistance network in Fig. 3.1 (eq 3.4). The caloric thermal resistance of the coolant,

Rcal , given in eq. 3.5, describes the temperature rise of the coolant between the inlet (Ti n) and

the outlet (Tout ) and depends on the flow rate, f , the fluid density, ρ, and heat capacity, cp .

The junction-to-case thermal resistance of the device, R j−c , is given by the device manu-

facturer and the thermal interface resistance, Ri nt , depends on the type of TIM used. The

thickness and thermal conductivity of the TIM are important factors that determine Ri nt . The

thermal resistance of the cold plate consists of the conductive thermal resistance between

the surface of the cold plate and the base of the microchannels (Rcond ), and a convection

component on the microchannel walls (Rconv ). However, due to the relatively high thermal

conductivity of silicon within a thin layer, the conduction component is negligibly small (<0.01

K/W). For this reason, the thermal resistance of the cold plate is modeled as only Rconv , as

expressed in eq. 3.7. h is the heat transfer coefficient and A is the total surface area of the mi-
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crochannels. Using the fin model, previously described in [28], [29], [104], [105], an expression

was derived for the convective thermal resistance, as shown in eq. 3.7.

Rcal =
Tout −Ti n

Qmax
=

1

ρcp f
(3.5)

Rcond =
t

k A
(3.6)

Rconv =
1

h A
ε−1 =

(
1+ z

w

)−1 w

LW k f Nu
ε−1 (3.7)

The geometry of a microchannel is described by the channel width and fin width. A wider

channel is favorable for reducing pressure drop, but comes at a cost of a lower fin efficiency.

Numerous works in the literature have studied the impact of the proportion of fin to channel

width in high aspect ratio microchannels and found a favorable distribution lies generally

around 1:1 [106]–[108]. For that reason, we define w as both the channel and fin width, which

simplifies the analytical expressions. z is the channel depth and Nu is the Nusselt number. ε

is the fin efficiency, calculated using eq. 3.8, where ks is the thermal conductivity of the heat

sink material and k f the thermal conductivity of the fluid.

ε = tanh

(
z

√
2h

ks w

) (
z

√
2h

ks w

)−1

(3.8)

For a given design and its corresponding thermal resistances (Rconv , Ri nt , R j−c ) and heat load,

Qmax , the required flow rate to keep the junction temperature rise at ∆Tmax can be calculated

using eq. 3.9. The relationship between pressure drop and flow rate in the microchannel cold

plate can be expressed in terms of a hydraulic resistance, rh . Considering a cold plate with N

parallel channels, the pressure drop was calculated using eq. 3.10 [39]. Equation 3.10 does

not account for entrance effects, inlets, outlets and distribution headers, but only considers

fully developed laminar flow through the microchannels. The validity of this assumption

is investigated later in this work. Combining equation eqs. 3.1-3.10 results in eq. 3.11, an

analytical expression for COP based on thermal and hydraulic parameters. This expression

shows that the coolant requires a high ratio of ρ2c2
p /µ, which makes water a good candidate.

However, apart from this first insight, this expression does not give an intuitive solution for

the optimal channel width. This will be the subject of the next section.

f =

(
ρcp

(
∆Tmax

Qmax
−Rconv −Ri nt −R j−c

))−1

(3.9)

∆p = rh f =
12µL

N (1−0.63w/z)w3z
f (3.10)

COP =
ρ2c2

pQmax

rh

(
∆Tmax

Qmax
−Rconv −Ri nt −R j−c

)2

(3.11)
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Evaluation

Using the aforementioned model, we studied the effect of channel size on the cooling perfor-

mance of silicon microchannel cold plates with channel depth z fixed at 400 µm and channel

width w varying between 10 µm and w = 300 µm. Water was chosen as coolant and a typical

value of 0.5 K/W was chosen for both Ri nt and R j−c [109]. The Nusselt number was calculated

for a fully developed laminar flow under uniform heat flux conditions using the correlation

from [39].

Figure 3.2 shows the calculated COP60 versus maximum dissipated power for microchannel

cold plates. All curves show the same trend: COP60 decreases with increasing power due to the

higher flow speed required to keep the temperature rise between the junction and the inlet

temperature equal to ∆Tmax = 60◦C . After a certain power, a sharp cutoff in COP60 is observed

due to the excessively high flow rates required. Reducing the microchannel width results

in an increase in Qmax at which this cutoff occurs, because of the reduced Rconv , however,

at the cost of a lower COP60 at lower heat loads. For example, 25µm channels can extract

approximately a 5-times higher heat load than 200 µm channels but have a 10 times lower

COP60 at low heat loads. For each heat load, an optimal channel width can be defined for

which the highest COP60 can be achieved.

Since the pressure drop over the inlet and outlet headers, as well as the developing flow

regions, was not considered in the linear equation for pressure drop, the calculated values of

COP60 using this approach are an over-estimation. In addition, the actual pumping power

also includes the efficiency of the pump, which also reduces the actual COP60 in a realistic

scenario. However, these aspects have been ignored in this analysis despite their importance

for quantitative results, since the aim of this study is to compare the relative impact that

various channel dimensions have on cooling performance in a general manner. This study

reveals that it is important to have an estimation of the power losses in the system to choose

the optimal geometry. In our case of a GaN-based soft-switched converter, based on the

maximum conduction losses of the used GaN devices [110], Qmax was estimated at 35 W,

making 50 µm channels the favorable design choice to obtain the maximum COP60 based on

these assumptions (Fig. 3.2).

Fabrication

Microchannel cold plates were fabricated on a 4-inch silicon wafer in a cleanroom environ-

ment as illustrated in Fig. 3.3a using the following steps: First, a 2 µm-thick layer of SiO2 was

deposited using plasma-enhanced chemical vapor deposition, which functions as a hard mask

for dry-etching. Channels with widths between 25µm and 100µm were defined using pho-

tolithography followed by a dry-etch of the SiO2 using C4F8 chemistry. Finally, 400µm-deep

vertical channels were etched in silicon using the Bosch deep reactive-ion etching process.

Inlet and outlet ducts were 1 mm by 7 mm rectangular openings. Figure 3.3 (b) shows a

scanning electron microscope (SEM) image of the microchannels after etching. As a final step,
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Figure 3.2 – Calculated COP60 versus maximum power dissipation per transistor (Qmax )
cooled using the proposed microchannel cold plate for channel widths varying between
10 µm and 300 µm, considering a maximum temperature rise ∆Tmax of 60 ◦C and an inlet
temperature of 22 ◦C. Device-level heat flux was calculated based on a 7 mm x 4 mm device
size.

Figure 3.3 – (a) Fabrication process of the silicon microchannel cold plates. (b) SEM image
of the microchannels after etching, where false coloring indicates the presence of SiO2. (c)
Picture of the cold plate after dicing.
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the wafer (Fig. 3.4) was diced into individual 9 mm by 9 mm cold plates, shown in Fig. 3.3 (c).

Due to the inlet and outlet ducts, the cold plate is slightly larger than the transistor. Hence,

in order to ensure good contact between these two components, no higher parts should be

positioned closely to the transistor.

Figure 3.4 – A 4-inch wafer with microchannel cold plates after fabrication

3.2.2 Manifold

The purpose of the manifold is to distribute the coolant to multiple microchannel cold plates

that are in direct contact with the transistors on a PCB, as shown in Fig. 3.5 (a). Individual

cold plates can either be connected in series or in parallel. A series connection guarantees a

consistent flow rate over all cold plates, but suffers from a significantly higher pressure drop,

as well as temperature non-uniformities between devices. For this reason, it is favorable to

parallelize the cold plates as illustrated in Fig. 3.5 (b). However, a careful manifold design is

required to ensure an equal fluid distribution over all cold plates and avoid local overheating

[111], [112].

Analytical model

The cold plate manifold was modeled as a network of resistors, illustrated in Fig. 3.5 (c),

where each resistor represents the hydraulic resistance of a specific part of the flow path.

The hydraulic resistance of each cold plate, rC P , can be calculated using eq. 3.10, while the

hydraulic resistance of the manifold inlet and outlet sections, rM , calculated using eq. 3.12.

This equation gives the pressure drop of a square manifold channel section with cross-section

wM and length LM [39].

rM =
12µLM

0.42 w4
M

(3.12)
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Figure 3.5 – (a) Layout of the transistors on a PCB. (b) Illustration of the liquid flow through
the manifold. Blue and red lines indicate the cold and hot water, respectively. (c) Equivalent
hydraulic resistance network of the manifold and the microchannel cold plates.

Both viscous pressure drop and inertial effects may cause flow maldistribution in the manifold.

This approach ignores the inertial contributions in the Navier-Stokes equation and instead

assumes stokes flow, which is valid at low Reynolds numbers (Re < 1). With an increase in

Reynolds number, the accuracy of this approach will decrease. This analysis is therefore

only aimed at finding the manifold channel width that is sufficiently large to avoid flow non-

uniformities induced by viscous pressure drop, but does not determine the exact path in

the manifold to address the inertial effects. The currents IC P,i passing through the resistors

marked in red in Fig. 3.5 (c) represent the flow rate in the cold plates. Good flow uniformity

can be guaranteed if rC P is significantly larger than the sum of the hydraulic resistances over

the manifold section. The percentage of variation of current from the mean, Ei , represents the

flow non-uniformity, defined according to eq. 3.13, which is used to assess the quality of the

manifold design. A good design should have a low value of Ei , such that the liquid is equally

distributed over all cold plates.

Ei =

∣∣∣∣∣ 20 · ICP,i∑20
j =1 ICP, j

∣∣∣∣∣−1 (3.13)

Simulation

We investigated the flow uniformity of a manifold delivering coolant to a 4 x 5 grid of transistors,

as illustrated in Fig. 3.5 (a-b), using the microchannel cold plates described earlier for each

transistor (N = 80, w = 50 µm and z = 300 µm, L = 6 mm). The manifold had equal section

length LM of 2 cm (Fig. 3.5 (b)), and their cross-section wM was varied from 0.5 mm to 3 mm

to study its impact on the flow uniformity. LTspice was used to calculate the currents in the

resistor network from Fig. 3.5 (c), which corresponds to the flow distribution through all 20

cold plates. Figure 3.6 shows the percentage of flow non-uniformity, which strongly depends

on the manifold channel size. For wM = 0.5 mm, the flow rate non-uniformity is above 100%,

whereas for wM = 2 mm the non-uniformity is limited to approximately 1%. This result clearly

shows the importance of properly sizing the manifold for obtaining a uniform distribution of
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Table 3.1 – Microchannel width and the required minimum manifold channel width to have
less than 1% flow non-uniformity

wc [µm] N z [µm] rC P [1010 pa s m−3] wM [mm]

25 160 300 7.6 1.67
50 80 300 2.0 2.34
100 40 300 0.57 3.20
250 16 300 0.15 4.47
500 8 300 0.08 5.19

coolants between the cold plates.

Table 3.1 summarizes the minimum manifold channel cross-sections required to have a flow

non-uniformity below 1% for various microchannel widths. The strong dependence of the

hydraulic resistance on the microchannel width leads to a clear advantage in using small

dimensional cooling channels for this type of flow parallelization, as a 475 µm-reduction

in microchannel size wc (from 500 µm to 25 µm), enables a 3.5 mm-reduction in manifold

channel cross-section. In other words, a small reduction in microchannel width results

in a large reduction of the volume of the liquid distribution system. Furthermore, since

the manifold channel width also limits the minimum spacing between the cold plates, this

reduction allows the transistors to be positioned closer together.
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Figure 3.6 – Flow rate nonuniformity for manifold cross-section width wM varying from 0.5 to
3 mm, defined as the percentage of absolute deviation of flow rate from the mean for all 20
cold plates.
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Fabrication

Two flow distribution manifolds were fabricated based on the design rules from the previous

simulation. Manifold channels of 6 mm by 6 mm were used, and whenever placed adjacently,

the channels have a combined width of 12 mm. The first manifold, shown in Fig. 3.7 (a), was

realized using computer numerical controlled (CNC) machining and consists of three pieces:

an aluminum body, a polycarbonate lid and a silicone gasket to provide a leak-tight seal. This

simple design can be easily fabricated by injection molding for low-cost mass manufacturing.

The bottom side of the manifold contains 40 slits connected to the inlet and outlet of 20

silicon microchannel cold plates. The cold plates were connected to the manifold using a

water-resistant double-sided adhesive, which was laser-cut to size. Fig. 3.7 (b) shows the top

side of the manifold where the red and blue colors indicate the hot and cold water, respectively.

Figure 3.7 – Aluminum CNC-machined manifold. (a) Bottom side with 20 silicon microchan-
nel cold plates attached to the manifold. (b) Top side with a polycarbonate lid.

A more compact manifold was fabricated using stereo-lithography (SLA) 3D printing. The

possibility to 3D print the manifold is very interesting for rapid prototyping together with the

electronic design. This way, the geometry of the cold plate defines the cooling performance

whereas the manifold defines the distribution of the coolant. Additionally, by removing the

constraints of conventional fabrication methods, more compact designs can be realized. A

network of overlapping inlet and outlet channels was designed, shown in the computer-aided

design (CAD) model of Fig. 3.8 (a), where the blue and red colored sections indicate the

hot and cold water, respectively. Such a design cannot be realized using conventional CNC

machining, but additive manufacturing enables the realization of such a monolithic structure.

High temperature resist was used (EnvisionTEC HTM140) which can withstand temperatures

up to 140 ◦C. The sidewalls of all channels were angled at 45 degrees to print the structure

without internal support material, as this would be impossible to remove from the monolithic

structure. Fig. 3.8 (b) and Fig. 3.8 (c) show the manifold after printing. The slits visible in Fig.

3.8 (c) connect to the inlet and outlet of the silicon microchannel cold plates. The total volume
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of this manifold is only 35 cm3.

(a) (b) (c)

Figure 3.8 – 3D-printed manifold (a) CAD model of the flow path inside the manifold. Blue
and red regions indicate the cold and hot water flow, respectively. (b) Top side of the manifold
after 3-D printing. (c) Bottom of the manifold which shows the slits that connect the manifold
to the microchannel cold plates.

3.2.3 Converter

The heat sink was designed together with the switched capacitor DC-DC converter shown

in Fig. 3.9. This nX-converter, previously described in [113], is a modular multi-level voltage

multiplier with a fixed even step-up ratio n, where n/2 indicates the number of cells required.

Each cell of this converter consists of 4 transistors, resulting in a total of 2n transistors [114]–

[116]. In this work, a 10x step-up converter was used with a total of 20 GaN transistors, as

shown in Fig. 3.9 (a). This topology is an ideal test bed to evaluate the proposed cooling

system, as it contains no magnetic components. The 20 transistors are therefore the major

power-dissipating components, and the maximum output power is defined by how well these

devices are cooled down. The selected GaN transistors (GS61008T, GS66508T) have a thermal

pad on the top-side resulting in a low junction-to-top thermal resistance of 0.55 K/W [109],

[110]. A temperature sensor (Analog Devices TMP05B, ±1◦C) was placed directly next to each

transistor and used as-is, sharing the same copper pad, to monitor each individual transistor

temperature in real-time. The top side of the converter, shown in Fig. 3.9 (b) contains all gate

drivers, isolated power supplies and a microprocessor to generate the pulse width modulation

(PWM) signals. Fig. 3.10 (a) shows the converter with the aluminum CNC machined heat sink.

An alumina-filled silicone TIM with a thermal conductivity of 12 W/mK (T-Global TGX) was

placed on each transistor. The power board was fixed on the heat sink with 15 screws to ensure

a good and repeatable thermal contact between each cold plate and transistor. The converter

with 3D-printed manifold heat sink is shown in Fig. 3.10 (b). This system is only 200 cm3 and

still includes empty space for future integration of a pump within its volume.
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(a) (b)

Figure 3.9 – 10x step up DC-DC converter consisting of two board: (a) Power board, containing
20 GaN transistors in a 5x4 grid. (b) Control board.

(a) (b)

Figure 3.10 – Full system (a) With the aluminum CNC machined heat sink, and (b) with the
3D-printed manifold heat sink.
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3.3 Experimental evaluation of the heat sink

3.3.1 Experimental evaluation of the cold plates

A test setup was developed to experimentally investigate the performance of microchannel

cold plates of various channel dimensions. This setup, illustrated in Fig. 3.11 (a), contains a

pressure regulator (Elveflow OB1 MK3) that pressurizes a reservoir with deionized (DI) water.

The DI water flows, through a flow meter into the test section that contains an individual mi-

crochannel cold plate. This test setup includes two thermocouples, simultaneously calibrated

using a thermostatic bath between 10 ◦C and 85 ◦C, that measure the water temperature before

(Ti n) and after (Tout ) the cold plate. Pressure drop (∆p) was measured by subtracting the inlet

pressure (pi n) from the outlet pressure (pout ).

To investigate the properties of each individual cold plate in this setup, a thin metal film was

deposited on the backside of the cold plate by electron-beam physical vapor deposition to

function as a resistive heating element emulating the power dissipated by each transistor.

This heating element allows an easy variation of the dissipated power, and the absence of

Ri nt and R j−c enables an accurate measurement of the convective thermal resistance. A

Tin, Pin

Flow sensor

Tout, Pout

IR lens

Cold-plate

Film heater

Aperature

Manifold

DI Water

Compressed air 4x
V+ V-

Figure 3.11 – Schematic illustration of the cooling performance evaluation setup.

PCB connected the heating element to a regulated power supply (TTI QPX1200S) and the

temperature at the surface of the cold plate (Tsur f ) was measured using an mid-wavength

infrared (IR) microscope (QFI InfraScope) with pixel size down to 2 µm. The IR microscope

was pixel-by-pixel calibrated by flowing water at various fixed temperatures through the cold

plate using a thermostatic bath (Lauda Proline RP 855), explained in more detail in Appendix

B, to achieve an accuracy of ± 0.22 ◦ C. Power dissipation was determined using an energy

balance to account for any heat that leaks out of the setup by convection to the ambient

or by conduction through the test section. This calculated power was within 95% of the

total dissipated electrical power, as further investigated in Appendix A, which confirms a

sufficiently isolated test setup. Table 3.2 gives a summary of all instrumentation employed in

this experimental setup, as well as the corresponding accuracies.

Thermal resistance was determined by taking the slope of the linear fit through the maxi-

mum surface temperature rise with respect to the coolant inlet (∆Tsur f ,max ) versus power
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Table 3.2 – Overview of instrumentation and corresponding range and accuracies used in the
evaluation of the microchannel cold plates

Component Brand Type Value Range Accuracy

Flow meter Sensirion SLQ-QT500 f 0-120 ml/min 5%
Pressure sensor Elveflow MPS Pi n , Pout 0-2 bar ± 0.4 mbar
Thermocouples Thermocoax K-type Ti n , Tout 10-85 C ± 0.1 ◦C
IR Camera FLIR Thermacam SC3000 Tsur f 0-250 C ± 0.22 ◦C

Power supply TTI QPX1200SP Vi n , Ii n
0-80 V
0-20 A

± 2 mV
0.3 %

dissipation. Coolant temperature rise was calculated by subtracting the outlet temperature

from the inlet temperature (∆Tcool ant = Tout −Ti n ). Rconv was calculated using eq. 3.14,

where ∆Tsur f ,mean is the average surface temperature rise with respect to the coolant inlet

and ∆Tcond is a 1-dimensional correction for conductive thermal resistance over the distance

between the bottom of the microchannels and surface using eq. 3.6. R
′
conv is the surface-area

normalized thermal resistance calculated using eq. 3.15. Finally, the COP60 is calculated using

eq. 3.16:

Rconv =
∆Tsur f ,mean −0.5∆Tcool ant −∆Tcond

Pi n
(3.14)

R
′
conv = ARconv =

1

he f f
(3.15)

COP60 =
60

Rtot∆p f
(3.16)

Figure 3.12 – SEM images of the three evaluated microchannel cold plates.

Figure 3.12 shows SEM images of the 3 cold plates evaluated in this study (wc = 25 µm, 50 µm

and 100 µm). The experimental temperature rise between the surface of the cold plate and

the inlet temperature of the coolant versus power dissipation for these cold plates at a flow

rate of 1 ml/s is shown in Fig. 3.13 (a). The slope of the linear fit through these measurement

points gives the thermal resistance, R. The experimental COP60, calculated using eq. 3.16,

57



Chapter 3 System level: Indirect microchannel cooling of GaN devices

Table 3.3 – Dimensions and Measurements of Microchannel Cold Plates

w [µm] z [µm] Dh [µm] Rconv [cm2K/W] he f f [W/m2K]

25 400 47 3.3×10−2 3.03×105

50 400 89 6.9×10−2 1.45×105

100 400 160 1.1×10−1 9.09×104

is shown in Fig. 3.13 (b) along with lines corresponding to the analytical model from eq.

3.11, confirming that smaller sized channels can handle higher heat loads more efficiently.

A reasonable match between the experimental results and the model was obtained, which

validates our initial design approach. Based on the experimental results, Rconv was determined

to be approximately 3.3×10−2 cm2K/W, 6.9×10−2 cm2K/W and 1.1×10−1 cm2K/W for wc = 25

µm, 50 µm and 100 µm, respectively. Table 3.3 provides an overview of dimensions, thermal

resistances and base-effective heat transfer coefficients
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Figure 3.13 – (a) Temperature rise between the inlet temperature of the coolant and the surface
of the cold plate versus heat flux. The slope of the linear fit through the data points indicates
the thermal resistance, R. The coolant inlet temperature was 25 °C. (b) COP60 versus thermal
resistance. Experimental measurements are indicated by the markers and the lines indicate
the results using the analytical model from eq. 3.11.

3.3.2 Junction temperature estimation

To properly determine the junction to inlet thermal resistance, the junction temperature has

to be estimated. Electrical methods that relate the change in on-resistance to temperature are

commonly used for this purpose [117]. However, these methods cannot be used to monitor the

junction temperature in real-time during converter operation. Alternatively, IR measurements
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can provide junction temperature information during normal operation of the device given

that the setup permits visual monitoring and a good correlation between junction and case

temperature is available [118]. In our prototype, however, the transistors are covered on both

sides between the PCB and the heat sink. As such, IR measurements could not be employed

here.

To estimate the junction temperature in this work, temperature sensors positioned directly

next to the transistor on the same copper pad were utilized. Usually, when a large heat

flux travels downwards from the device to the PCB, a large temperature difference can be

found between the junction and such sensor, determined by the junction-to-board thermal

resistance. However, in our design, we neglect the heat flux traveling to the PCB and assume

that all heat flux moves upwards to the cold plate. In that case, due to the absence of heat

flux below the junction, an isothermal region is obtained between the chip and the board,

such that a temperature sensor accurately represents the junction temperature. The validity
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Figure 3.14 – Schematic model of the numerically simulated structure. The TIM and package
where modeled by as a slab with a thermal conductivity selected to match the device properties

of this approach depends on two assumptions: 1) All heat flux travels towards the cold plates

and 2) the neighboring transistors do not affect the temperature reading. These assumptions

were tested by performing numerical simulations of steady-state conductive heat transfer

in COMSOL, by solving Poisson’s equation (−k∇2T = q) in 3D. A single row of the converter,

consisting of 5 transistors was considered.

The transistor was modeled as a 3-layer structure, as shown in Fig. 3.14. A volumetric heat

source represents the junction, and the junction-to-top and junction-to-board thermal resis-

tance were obtained by giving the appropriate thermal conductivity to the top and bottom

layer, respectively. The TIM was modeled as a 1 mm thick solid block on top of the transistor

with a thermal conductivity chosen to obtain a Ri nt of 0.85 K/W. The microchannel heat sink

was modeled as a convective heat transfer boundary condition of 105 W/m2K, corresponding

to the values obtained for 100 µm microchannels (3.3). The PCB was modeled as a 1.6 mm

thick block of FR4, with 70 µm of copper on either side. All exposed sides of the PCB were

subjected to natural convection with a heat transfer coefficient of 10 W/m2K and 293 K was set

as ambient temperatures in the simulations. The remaining surfaces, i.e. the sidewalls of the

chip were given adiabatic boundary conditions. The heating of the coolant was not considered
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Table 3.4 – Simulation results

S device Q [W]
∆T [K]

ε [%] Rth [K/W]
Junction Sensor

1.

1 15 24.1 23.3 3.3 1.61
2 15 24.1 23.4 2.9 1.61
3 15 24.2 23.5 2.9 1.61
4 15 24.1 23.4 2.9 1.61
5 15 24.1 23.3 3.3 1.61

2.

1 10 16.4 16.6 1.2 1.64
2 20 32.1 31 3.4 1.61
3 30 47.6 45 5.5 1.59
4 20 32.1 31 3.4 1.61
5 10 16.4 16.6 1.2 1.64

in this simulation, which corresponds to the hypothetical scenario of an infinitely high flow

rate. Two scenarios were considered in the simulations. Scenario 1 considers an equal power

0.0 0.5 1.0 1.5 2.0 2.5 3.0
290

300

310

320

T 
(K

)

z-coordinate (mm)

PCB TIMJu
nc

tio
n-

to
p

Ju
nc

tio
n

Ju
nc

tio
n-

bo
ar

d

Se
ns

or

Figure 3.15 – Temperature profile through the center of a device and the PCB in scenario 1.

dissipation of 15 W per transistor. Fig. 3.15b) shows the temperature in the cross-section

through the center of an individual device. As can be seen, a large temperature gradient is

observed between the junction and the top of the TIM, whereas the temperature difference

between the junction and the top copper layer on the PCB is very small. Table 3.4 summarizes

the numerical results of this simulation. It shows that in scenario 1, which corresponds to

the normal operation of the converter, the difference between the junction temperature and

the sensor has a maximum value of 3.3%. Fig. 3.16 (a) shows the temperature of the modeled

section of the converter in scenario 1. Scenario 2 considers a worst case scenario with a

very uneven power distribution. Transistor 3, in the center, has a power dissipation of 30 W.

Transistor 2 and 4 are subjected to a power dissipation of 20 W, whereas transistors 1 and

5 on the outside are subjected to 10 W of losses. The uneven distribution of losses causes

60



System level: Indirect microchannel cooling of GaN devices Chapter 3

a temperature gradient over the PCB, resulting in cross-talk between the temperature rises

of the individual devices. Fig. 3.16 (b) shows the temperature in scenario 2, with a higher

temperature in the center as expected. As can be seen in Table 3.4, the maximum discrepancies

between the junction and sensor temperature in this worst-case scenario was 5.5%. Given

the limitations of available methods, the 5.5% error in worst-case scenario conditions was

considered acceptable in estimating the junction temperature.

(a) (b)

Figure 3.16 – (a) Temperature (in K) of the simulated section of the converter in scenario 1. (b)
Temperature (in K) of the simulated section of the converter in scenario 2.

3.3.3 Experimental evaluation of the manifold heat sink

The hydraulic performance of the heatsink was measured using pressure sensors (Elveflow

MPS) mounted inside the inlet and outlet manifold region. Figure 3.18 Shows the experimen-

tally observed pressure drop versus flow rate, as well as the predicted pressure drop based on

the analytical model in eq. 3.10. As indicated before, eq. 3.10 neglects the pressure drop due

to the inlet and outlet contraction and expansion, as well as any developing flow phenomena.

Numerical simulations were performed in COMSOL to test the validity of eq. 3.10, by solv-

ing the steady-state Navier-Stokes equation (eq. (3.17)) on the 3D domain of an individual

microchannel with inlet and outlet contractions.

(ρ(u ·∇)u = ∇·(−p I +µ(∇u + (∇u)T ))+F ) (3.17)

Laminar flow and incompressibility were assumed, and no-slip boundary conditions on all

physical walls, a symmetry boundary condition on the virtual boundaries of the inlet and

outlet ducts, as well as a zero-pressure boundary condition on the outlet were applied. A fully

developed inflow with varying flow rates was fixed at the inlet of the chip. A mesh with 7×105

degrees of freedom (DOF) was used, and further refinement did not result in changing the

outcome of the simulation (Fig. 3.17).

The manifold heat sink was evaluated in a similar open-loop experimental setup, with instru-
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Figure 3.17 – Grid independency study (a) Maximum velocity, (c) Maximum temperature, (b)
Maximum pressure.

Table 3.5 – Overview of instrumentation and corresponding range and accuracies used in the
evaluation of the manifold microchannel cooling module

Component Brand Type Range Accuracy

Flow meter Sensirion SLQ-QT500 0-120 ml/min 5%
Pressure source Elveflow OB1-MK2 0-7 bar ± 0.5 mbar
Inlet pressure transducer Elveflow MPS 4 0-7 bar ± 14 mbar
Outlet pressure transducer Elveflow MPS 3 0-2 bar ± 4 mbar
Temperature sensor Analog Devices TMP05B 0-120 ± 1C

Power supply TTI QPX1200SP
0-80 V
0-20 A

± 2 mV
0.3 %

Digital multimeter Fluke 87V
0-1000 V
0-10 A

0.05 %
0.2 %

mentation shown in Table 3.5. Fig. 3.18, compares the analytical, numerical and experimentally-

obtained pressure drop, showing a good correspondence between numerical and analytical

results. The measured flow resistance was 15.7 ± 0.51 mbar·/cm3, compared to a predicted 13.0

mbar·/cm3 based on the analytical model. At flow rates above 0.5 ml/s, the experimental val-

ues start to deviate upward from the predicted values, which is likely due to the added pressure

drop in the manifold, inlet contractions and 90-degree turns. The lower experimentally-

observed values for pressure drop below 0.5 ml/s are most likely a measurement error, since

at 0.35 ml/s the error bar spans 50% of the measured value. The exact power dissipation

per transistor must be known to determine the total thermal resistance (as indicated in Fig.

3.1). For this purpose, the converter was operated such that all transistors were operating in

continuous conduction mode, and all power was equally dissipated over the 20 transistors. By

sweeping the power dissipation and measuring the temperature rise of the device, the thermal

resistance was obtained from the slope of temperature rise versus power dissipation. This

measurement was repeated for multiple flow rates, to isolate the flow rate-dependent caloric
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Figure 3.18 – Experimentally observed and predicted pressure drop versus flow rate of the
manifold heat sink. Numerical simulations were performed in COMSOL included the inlet
and outlets of the cold plates. The analytical prediction was based on eq. 3.11, considering
fully developed laminar flow without inlet and outlet effects. Blue dashed line is a linear fit
through the experimental results.

resistance (Rcal ) from the fixed geometry-dependent thermal resistance (Rconv + Ri nt + R j−c ).

By combining this information with the previously determined Rconv , and the datasheet values

of R j−c , we estimated all thermal resistances in our system, which is valuable for optimization

purposes.

Figure 3.19 shows the temperature rise between the device and the inlet temperature of the

coolant versus power dissipation per device. The temperature rise shows a linear relationship

with dissipated power, the slope of which represents the thermal resistance. The thermal

resistance was determined for 7 flow rates, between 0.57 ml/s and 1.73 ml/s. 3.6 shows an

overview of all measurement conditions and the obtained values of thermal resistance, pres-

sure drop and COP60 calculated using eq. 3.16, based on a junction temperature rise of 60 K. v

is the average velocity of the liquid inside the microchannels and Re is the non-dimensional

Reynold’s number, clearly indicating laminar flow conditions as well as a negligible entrance

length. The flow rate dependent thermal resistances, extracted from the slope of the curves

in Fig. 3.19, are plotted in Fig. 3.20. The contribution of the thermal resistance marked in

red indicates the caloric thermal resistance, showing a clear f −1 relation (Rcal = 1/ρcp f ). The

contribution marked in blue in Fig. 3.20 corresponds to the fixed part of the thermal resistance

(Rconv + Ri nt + R j−c ), which is approximately 1.45 ± 0.086 K/W, which corresponds to the

predicted thermal resistance at infinite flow speed. The junction to case thermal resistance is

provided by the manufacturer (0.55 K/W) and the convective thermal resistance was deter-

mined in the previous section to be approximately 0.25 K/W (see Fig. 3.13), corresponding

to a base-effective heat transfer coefficient of 1.4 × 105 W/m2K. We can now deduce that the

interface thermal resistance is approximately 0.65 K/W. All contributions to the total thermal

resistance are summed up in Table 3.7. Figure 3.21(a) shows the experimentally obtained

COP60 versus the power dissipation per device for ∆Tmax = 60 K. The dashed line corresponds
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Table 3.6 – Experimental measurement conditions.

f v Re Rth R
′
th ∆p COP60

[ml/s] [cm/s] [-] [K/W] [cm2K/W] [mbar] [-]

0.57 2.06 3.3 8.93 2.50 9.05 2.57 ×105

0.75 2.69 4.3 7.35 2.06 11.8 1.83 ×105

0.91 3.25 5.2 6.20 1.74 14.3 1.49 ×105

1.19 4.26 6.8 5.07 1.42 18.7 1.06 ×105

1.39 4.97 8.0 4.86 1.36 21.9 8.11 ×104

1.61 5.76 9.2 4.46 1.26 25.3 6.55 ×104

1.73 6.20 9.9 4.33 1.21 27.2 5.86 ×104
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Figure 3.19 – Temperature rise between the device and the coolant inlet temperature versus
power dissipation. Lines indicate a linear fit and the slope gives the total thermal resistance.
Flow rates are combined values for all 20 devices, whereas power dissipation was measured
per device. Error bars indicate the standard deviation of all 20 temperatures measured on the
converter per data point.
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Figure 3.20 – Thermal resistance versus flow speed per cold plate. The red area indicates the
caloric thermal resistance Rcal , whereas the blue part under the curve is the fixed part of the
thermal resistance at a theoretical infinite flow rate.

Table 3.7 – Breakdown of the Total Thermal Resistance

Thermal resistance R [K/W] ε [K/W]

Junction to case R j−c 0.55 0.028
Thermal Interface Rint 0.65 0.10
Convection Rconv 0.25 0.05
Caloric Rcal 1/ρCpf -
Total Rtot al 1.45+ 1/ρCpf 0.086

to the analytical model of eq. 3.11. As can be seen, a reasonable correspondence was obtained

between the two, thus validating the modeling and optimization approach. The slightly lower

COP60 at higher power levels can be attributed to a higher pressure drop at high flow rates

than predicted by the model (Fig. 3.18). Figure 3.21 (b) shows the required ideal hydraulic

pumping power at different expected loading of the converter, based on a 94% efficiency of

the converter and assuming an equal distribution of losses. Based on these assumptions,

up to 5 kW of transferred power can be delivered while requiring less than 50 mW of ideal

hydraulic pumping power. At sufficiently high flow rates, a thermal resistance as low as 1.45

K/W per device could potentially be obtained. For a maximum device temperature rise of 60 K,

a predicted 41 W per transistor could be cooled down using this approach, which corresponds

to a combined 820 W of losses that can be extracted from this system. If all losses were to

be distributed equally over the 20 transistors on a converter with 94% efficiency, this would

enable a predicted maximum transferred power of 14 kW. An interesting finding from Table 3.7

is that the TIM dominates the thermal resistance, which stresses the importance of improving

the thermal interface resistance to achieve a lower Rtot .
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Figure 3.21 – (a) Comparison of COP60 versus maximum power dissipation between the pre-
dicted COP60 from eq. 3.11 and the experimentally derived COP60 of the fabricated manifold
heat sink. (b) Ideal hydraulic pumping power versus predicted converter output power based
on ∆Tmax = 60 K.

3.4 Liquid-cooled DC-DC converter

3.4.1 Converter operation

The microchannel cold plate manifold heat sink was evaluated during the operation of the

converter for an output power up to 2.5 kW, while the flow rate was fixed at 1 ml/s. Figure

3.22 shows the temperature rise per transistor during operation of the converter at a loading

of 1 kW. Since the total mass of the silicon cold plates is low, the system has a small thermal

inertia and thus steady state is obtained within a few minutes. A large spread in maximum

temperature rise was observed among different transistors. At 1 kW, Qa4 reached a steady-state

temperature rise of 25 K whereas the temperature rise on QP5 did not surpass 8 K. Figure 3.23

shows the steady-state temperature map at 1 kW transferred power. A clear pattern can be

seen where the Qa and Qb transistors heat up more than the QP and QN transistors. This is not

in agreement with the previous assumption that all losses were distributed equally over the

transistors. This large spread in temperature can be accounted for by the difference between

the 2 types of power devices used and the electrical design of the converter, as well as the

uneven stress on the devices due to the selected converter topology [113]. Despite this large

temperature spread, the temperatures rise of all devices stayed well below the limit of 60 K

over the entire range of measured transferred power up to 2.5 kW.
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Figure 3.22 – Transient temperature rises between the device and the coolant inlet tempera-
ture at 1 kW transferred power for all 20 transistors.

Figure 3.23 – Temperature map (maximum ∆T between the device temperature and the
coolant inlet [K]) of the converter at a transferred power of 1 kW.
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Table 3.8 – Dimensions, properties and power densities for the considered designs

Case V [cm3]
Measured at 1 kW Extrapolated for ∆T = 60 K
∆T [K] Qmax [kW] ρP [kW/l]

A 510 43 1.4 2.7
B 610 26 2.3 3.8
C 200 10 6.0 30

3.4.2 Comparison with conventional cooling

To compare the thermal performance with conventional heat sinks, we repeated the exper-

iment using a 10 cm x 10 cm x 4.5 cm aluminum heat sink on top of the converter with a

thermal resistance of 1 K/W at natural convection. Note that this value is 10x higher than the

thermal resistance of the microfluidic heat sink, whereas its volume is 13 times larger. This

shows that the microfluidic heat sink is 130 times more volume efficient than conventional

heat sinks. Three cases were evaluated, as shown in Fig.3.24: In Case A no fan was used, in Case

B a fan was added with a flow rate of 1.0 m3/min and in Case C the 3D printed manifold heat

sink was evaluated. Figure 3.24 shows the average temperature rise for these three scenarios,

revealing the much more efficient cooling of the proposed microfluidic heat sink. For a 1 kW

of transferred power, Case A showed an average temperature rise of 43 degrees, which was

reduced to 26 K in Case B, and in Case C the average temperature rise was only 10 K. The

offset in temperature rise at zero transferred power for Cases A and B was due to the constant

losses in the power supplies that drive the transistors. Table 3.8 summarizes the volume and

thermal resistance of the evaluated designs. The maximum power was calculated using the

measured thermal resistances and a maximum temperature rise of 60 K. This extrapolation

of converter power is justified since the converter efficiency was constant over the entire

range of converter power [113]. As can be seen, by moving from an air-cooled converter to a

liquid-cooled converter, the maximum converter power can theoretically be increased from

1.4 kW to 6 kW, which results in a more than 10-fold increase in power density, ρP , up to 30

kW/l, revealing the clear benefit of this new cooling technique.

3.4.3 Discussion

The microfluidic manifold heat sink can handle higher heat loads in a smaller volume com-

pared to conventional air-cooled approaches and is, therefore, a promising approach for high

power density application. However, the evaluated converter was not specifically designed

to have equal losses on all transistors, causing a large temperature spread as observed in Fig.

3.23. The single outlier at Qa4 limits the maximum power in the current setup, which raises

an interesting possibility for design optimization. If the power dissipation per component is

known, cold plates with customized geometries can be designed for each transistor to achieve

a uniform temperature distribution. Equal temperature distribution can easily be obtained

by increasing the number of parallel channels on the devices with high heat loads and by
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Figure 3.24 – Temperature rise between the device and the coolant inlet temperature versus
converter power for Case A: Converter with aluminum heat sink, Case B: Converter with heat
sink and fan, and Case C: Converter with a 3-D-printed microfluidic heat sink. Error bars
indicate the standard deviation of all 20 temperatures measured on the converter per data
point.

reducing the number of channels on the devices with low heat loads. Changing the number

of channels modulates the flow rate at equal pressure drop as well as the effective surface

area for heat transfer. Following this approach, heat sinks can be sized in the same way as

transistors and passive components to achieve an optimum design, which adds a new layer of

co-engineering to the design process.

3.5 Conclusions

In this chapter, we presented a compact microfluidic cooling solution that offers high-performance

cooling at low energy consumption, which helps reduce pump size. This cooling system con-

sisted of silicon cold plates with micrometer-sized channels and a manifold that distributes

coolants to the hot spots on the PCB. Analytical models demonstrated the importance of

optimizing the microchannel size to achieve a high COP60. The required manifold channel

cross-section depends strongly on the selected microchannel width. These findings offer

important design guidelines to adapt this technology for practical applications.

Two manifolds have been realized to demonstrate the possibilities of low-cost manufacturing

and rapid prototyping. The concept of a microchannel cold plate manifold heat sink was

demonstrated on a switched capacitor DC-DC converter with 20 GaN transistors. Experimental

evaluation showed that up to 600 W of dissipated power could be extracted while keeping the

junction temperature rise on the transistors below 60 K. By using this microfluidic cooling

system, the converter can reach a power density of 30 kW/cm3, while requiring less than 1

W of ideal hydraulic pumping power for cooling. This cooling system offers a new design

approach, where microchannel cold plates can be selected together with the power devices.
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Figure 3.25 – (a) Normalized thermal resistance components of indirect microchannel cooling
and a reference case with an air-cooled TO-247 power resistor (b) Benchmark of cooling
efficiency (COP60) versus cooling capability (q) for a maximum temperature rise of 60 K.

We believe that this extra layer of optimization and design flexibility bridges the gap between

electric design and thermal management which helps increase power density in future power

electronics applications.

Figure 3.25 shows an overview to place the results in this chapter in context. Each subsequent

chapter will be concluded with this comparison chart to benchmark the improvements. As

a reference point, a TO-247 power transistor with air-cooled heat sink and fan is presented

together with the data collected in this chapter. Despite this not being the highest performing

method that exists in the literature, the air-cooled heat sink on a TO-247 package is one of the

most commonly used cooling method for discrete power switches in 650 V applications. There-

fore, this gives an interesting point of reference. Figure 3.25a shows the breakdown of different

components of the thermal resistance. For comparison, Rheat was omitted since its value is

variable and depends on the measurement condition. For indirect microchannel cooling, the

largest contributions to the fixed thermal resistance originate from the packaging (R j−c ) and

the TIM. In contrast, Rconv , which has been reduced significantly by using microchannels,

accounts for less than 20% of the fixed thermal resistance. Therfore, the most viable path to

removing the thermal limitations on GaN transistors is to either improve packaging and TIM

materials, or eliminate these components alltogether. The latter will be the goal in the next

chapter, by integrating microfluidic cooling directly inside the die.

Figure 3.25b shows the COP60 versus heat flux, a measure of performance on the horizontal

axis, and efficiency on the vetical axis. Indirect microchannel cooling offers a large increase

in COP60 compared to air cooling, at a modest maximum heat flux below 100 W/cm2. In the

next chapters we will explore how we can improve this benchmark by bringing the cooling

closer to the heat source. In addition, Appendix A gives a second application of indirect

microchannel cooling, as a calorimetric method to accurately determine power dissipation in

a power converter.
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4.1 Introduction

In the previous chapter, we have demonstrated the application of microchannel cooling for

GaN-based power converters. Despite the excellent power density and cooling efficiency that

was achieved, it is clear that packaging and thermal interfaces pose the largest bottlenecks for

heat transfer. To fully exploit the potential of microchannel cooling, it is important to remove

these bottlenecks.

This chapter explores the possibility of integrating microchannel cooling directly in the back-

side of the silicon substrate of GaN-on-Si power devices. This approach completely eliminates

the thermal resistance contributions due to packaging and TIM. Micro-scale convective cool-

ing methods can yield extremely high heat extraction, with effective heat transfer coefficients

surpassing 105 W/cm2K [30], [78], [90], [119]–[121]. Recent work has demonstrated significant

advances in combining the design of electronics and microfluidics to extract over 10 times

more concentrated heat than conventional cooling methods [81], [122]–[124]. However, de-

spite the impressive cooling performances reported, these developments remain disconnected

from the device and power converter design. Practical issues that lie at the interface of these

fields, such as interconnection, packaging, and assembly, remain largely unaddressed. Instead,

there is a clear need for a holistic approach to device, packaging, and system design and

compatibility with established manufacturing methods, to advance towards highly-integrated

power converters based on microfluidically cooled GaN ICs.

This chapter is structured in the following manner: First, a set of fabrication methods is ex-

plored, followed by a comprehensive study on the impact of direct cooling on electrical device

performance. Next, two practical demonstrations are performed that highlight new design

methodologies based on direct-cooled GaN electronics and the implications on converter

design and performance. The first demonstration is a full-wave bridge rectifier based on

state-of-the-art GaN tri-anode Schottky barrier diodes, that combines liquid-cooled GaN

devices with a new form of PCB-based coolant distribution. The second demonstration

is the first of its kind switched-mode power supply in industry-standard 32nd brick form-
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factor, based on GaN-on-Si integrated half-bridge ICs with direct microchannel cooling and

additively-manufactured packaging. The impact of cooling on power density is evaluated and

benchmarked against commercially-available power converters.

4.2 Overview of fabrication methods

This section gives an overview and comparison of methods for fabricating channels in chips,

and packaging approaches that guide the coolant in and out of the device.

4.2.1 Channel fabrication

A variety of methods exist to realize channels in silicon substrates, owing to decades of devel-

opment in MEMS technology. In this section, 3 selected methods are presented that can be

employed to fabricate microchannels inside a silicon substrate. Finally, a comparison of pros

and cons per method is given as an overview that helps guide the decision-making process.

Deep reactive ion etching

Deep-reactive ion etching (DRIE) is a powerful method for achieving high-aspect-ratio mi-

crochannels. The method can be performed on a wafer-scale process and is compatible

with back-end-of-the-line manufacturing steps. Although originally developed for micro-

electro-mechanical systems (MEMS), with the rise of through-silicon vias DRIE has become a

mature process in IC fabrication. For prototyping purposes, the method can also be adapted

to individual singulated dies.

Device Lithography Dry etching Strip resist Solder

S
id

e
T
o

p

Figure 4.1 – Fabrication process for making power IC’s with embedded cooling channels.
50 µm-wide channels are lithographically defined in a layer of photoresist on the backside
(Si-side) of a GaN-on-Si device. Channels are then etched using deep reactive ion etching, and
the final liquid-cooled power IC is flip-chip soldered to a PCB in a reflow oven.
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Mechanical dicing

Mechanical dicing is commonly performed as the final step in semiconductor wafer processing.

During this dicing process, thin blades partition the wafer into multiple individual dies. The

usage of mechanical dicing is thus a standard process that is readily available in many fabs.

However, when we accurately control the blade depth and leave a spacing between the edge

of the blade and the bottom of the substrate, we can effectively cut a straight channel inside

the wafer. Mechanical dicing does not require tedious lithography steps and is very well suited

to small samples. In addition, due to the small widths of the blades (<10 µm), sufficiently high

aspect ratios can be obtained. Nevertheless, this method can only produce straight channels

that extend over the full width of the device. Therefore, a device fabricated using this method

requires a seal on both the top as well as the sides.

Mechanical dicing of microchannels is a suitable way to create straight parallel microchannels.

Sufficiently small channel widths can be obtained due to the specialized tools developed for

the semiconductor industry. Due to the absence of lithography steps, dicing is an interesting

method, especially for singulated dies. However, it lacks flexibility in channel design. In

addition, since the channels extend over the entire width of the chip, new packaging solutions

are required.

Laser ablation

Laser ablation is another interesting way to realize channels in silicon. This method uses a

concentrated high-power laser beam with a wavelength that is absorbed by silicon, to locally

heat up the substrate to the point where it evaporates. Laser ablation offers high design

freedom at the micro-scale, without the need for lithography or wafer-scale processing. In

addition, cutting silicon using a CO2 laser is a mature back-end-of-the-line process in silicon

wafer processing. This method is well suited for the processing of individual devices, without

the need for clean-room facilities. However, laser ablation comes with a few drawbacks. Firstly,

it is challenging to obtain a high aspect ratio, as the laser etching typically does not give a sharp

vertical profile and depth control requires careful calibration. During the etching process,

there is a redeposition of silicon on the chip surface, which may cause difficulties in bonding

and packaging. And finally, since the laser locally heats up a portion of the silicon substrate,

significant thermomechanical stress is introduced around the cutting region that may cause

cracks. These drawbacks can be overcome by using femtosecond laser processing, which

however comes at a high cost and reduced throughput. Finally, this method does not benefit

from the economy of scale of wafer-based processing and is therefore particularly suited for

prototypes and post-processing. Due to the lack of suitable equipment, this method has not

been considered in this thesis.
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Comparison of manufacturing methods

To conclude, Table 4.1 shows an overview of the three methods described above. DRIE gives

the highest design freedom, down to several micrometers in feature size and high aspect

ratio and is well suited for microfluidic cooling. This method is well-suited for wafer-scale

applications, but challenging and not cost-effective on a chip-scale. Dicing performs well on

both wafer and chip-scale, but has a limited design freedom. Femtosecond laser processing

offers good design freedom at the chip scale, but has a limited aspect ratio and the largest

minimum feature size.

Table 4.1 – Overview of micromanufacturing methods to create cooling channels in a silicon
susbstrate

Method Design freedom Smallest feature Aspect ratio Chips Wafers

DRIE High <1 µm 1:100 Bad Good
Dicing Low 25 µm 1:25 Good Medium
Laser ablation High 100 µm 1:4 Good Bad

4.2.2 Interconnecting and packaging

Despite the clear performance gains of direct microfluidic cooling, small-scale plumbing

challenges persist, which are crucial from a reliability and integration perspective. Whereas

a fan can be simply installed in a system, liquid cooling requires a closed circuit of fluid

delivery that interfaces with the microchannels. However, there is no standardized solution

for coolant delivery and distribution. When the device is sufficiently large, the connectors

can be mounted directly on top of the die [125], however, this approach is typically not suited

for GaN electronics due to their small footprint, and typically an intermediate connection is

needed to guide the coolant into the chip. Figure 4.2 shows three typical approaches, either

based on external cooling delivery, where a fluid distribution unit with inlets and outlets is

employed (Fig. 4.2a,b) or by flowing the coolant directly through the circuit board (Fig. 4.2c).

Firstly, for external coolant delivery, two options can be distinguished: For devices with the

substrate facing away from the PCB, such as in a flip-chip configuration, the device can be

sandwiched between the PCB and an external coolant delivery unit. Such top-side coolant

delivery is illustrated in Fig. 4.2a. This approach allows the circuit and coolant delivery

unit to be designed relatively independently, only constrained by the height of neighboring

components on the PCB. However, this approach does not easily facilitate rework since the

coolant delivery unit needs to be detached if a single component is to be replaced. The second

example (Fig. 4.2b) is applicable for devices with the substrate facing the PCB, such as for

wire-bonded chips. Holes can be made in the underlying PCB or substrate using standard

via fabrication methods that are connected to a coolant delivery unit [126]. This approach

facilitates rework by leaving the top side of the PCB exposed. Various fabrication methods
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Figure 4.2 – Three methods for coolant delivery. (a) Top-side coolant delivery. (b) Bottom-side
coolant delivery through the PCB. (c) PCB-based coolant delivery.

exist for realizing these aforementioned coolant delivery units, such as CNC machining [127],

additive manufacturing [128], and multilayer stacks of laser-cut sheets of plastic and adhesives

[129].

Alternatively, the coolant delivery can be fully integrated into the circuit board [124]. Figure

4.2c shows a PCB-based coolant delivery, consisting of a 3-layer PCB where in the middle layer

a channel was routed. This channel guides the coolant between the chip and fluid connectors

which are mounted on the PCB. Compact form-factors can be obtained using this approach,

and in addition, it allows the circuit designer to use familiar tools and workflows. Furthermore,

in addition to guiding cooling, more complex cooling structures can be embedded in the PCB,

such as a complete heat pipe as demonstrated in [130].

4.3 Impact of in-chip liquid cooling on electrical device character-

istics

This section describes a set of experiments to investigate the impact of channel fabrication

and the presence of liquid inside the chip on electrical device characteristics. A series of

parameters are studied that have an impact on the efficiency of a power transistor when used

in a converter topology. The purpose of this study is to assess whether in-chip cooling is a

viable strategy for GaN-on-Si devices, before developing converters and systems using this

approach.

4.3.1 Introduction

The integration of direct cooling in GaN HEMTs has received considerable attention for

high-frequency applications in the last decade, due to the rise of highly-integrated GaN-

based microwave monolithically-integrated circuits (MMICs) in power amplifiers. These

demonstrations have shown that direct microchannel cooling is a promising way to mitigate

hot spots in high heat flux conditions. Moreover, the electrical performance was not degraded

due to the microstructuration of the device substrate and the presence of coolant. However,
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these demonstrations utilized SiC and diamond substrates with high isolation. For power

electronics applications, GaN devices typically employ a p-type silicon substrate that is not

electrically isolated. In addition, the switching performance of GaN devices is sensitive to

traps in the buffer, and previous studies have shown that locally removing the silicon substrate

below a GaN HEMT may cause a significant increase in switching losses [131], [132]. Such

degradation in electrical performance would be an unacceptable side effect of improved

cooling. In addition, for soft- and hard-switching losses, the substrate material can have a

significant impact on the amount of energy that is dissipated in each switching cycle. Hence,

before exploring its thermal performance, it is important to assess the impact of direct liquid

cooling on the electrical behavior of the GaN transistor.

In this section, the integration of microchannel cooling in a 100 V, 5.6 mΩ GaN-on-Si power

device is explored. A systematic study is performed to investigate the impact of the presence

of microchannels and various coolants on the electrical characteristics of the device. Two

coolants are evaluated, deionized (DI) water and a dielectric fluid (3M Novec 7200).

4.3.2 Methods

We investigated the impact of device post-processing and the presence of liquid inside the

substrate of the device on a discrete 100 V-rated GaN-on-Si HEMT (EPC2001C), using the

process outlined in Fig. 4.3. This device comes in wafer-level chip-scale packaging, resulting

in unobstructed access to the backside silicon substrate. The device was soldered on a PCB

that contains the measurement terminals, and a layer of electrically-isolating epoxy (EPO-TEK

H70E-2) was dispensed around the edge of the device to isolate the solder balls. A 40 µm-wide

dicing blade was then used to create approximately 50 µm-wide parallel channels in the

device, spaced 60 µm apart. The depth of the channels was approximately 300 µm, which

leaves a layer of about 80 µm of Si between the GaN epilayer and the bottom of the trenches.

Leaving a thin layer of silicon ensures that the entire device shares the same common substrate

potential.

Four cases were compared side-by-side: An unprocessed reference device (reference), a device

with channels without any liquid inside (air), a device with channels with water inside the

channels (water), and a device with channels with 3M Novec 7200 inside (Novec), a dielectric

non-conductive coolant. Both liquids were dispensed on the chip using a pipette.

The following parameters were investigated on this set of devices: Threshold voltage (VT H ) was

extracted from output curves, selected at a current of 1 mA. Dynamic on-resistance (RON ,DS)

was extracted from pulsed IV measurements. The device remains in off-state for a period of 5

ms, with a given quiescent bias voltage (VDS,q ) between 0 and 80 V. Then, VDS,q is reduced to

to 0 V, and during a window of 50 µs the on-resistance of the device is measured. Dynamic

on-resistance degradation is then normalized by the steady-state on-resistance (RDS,ON ), to

obtain a non-dimensional value that describes the relative increase in RDS,ON .
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Figure 4.3 – Process for creating channels in a flip-chip soldered device. (a) Glob-top epoxy
is dispensed around the edges of the device (b) Straight parallel channels are diced into the
silicon substrate. (c) A droplet of coolant is dispensed on the chip.

The last sources of losses investigated here are soft- and hard-switching losses. Both of these

losses can be determined by performing a Sawyer Tower (ST) measurement, as previously

described in [133]. The dissipated energy in each soft-switching cycle (EDi ss) was measured

at 80V and a switching frequency of 100 kHz, which gives a metric for soft-switching losses.

Secondly, by integrating the output capacitance charge (Qoss) obtained in the ST measurement

versus the drain-source voltage (vd s) from 0 V to 80 V, the energy stored in the device’s output

capacitance (EOSS) can be obtained. This energy is dissipated in each hard-switching cycle

and is an important parameter to characterize losses under hard-switching operation.

4.3.3 Results

Figure 4.4 shows the GaN-on-Si device flip-chip bonded to a PCB. The channels extend over

the width length of the chip, and the surrounding epoxy was diced as well (Fig. 4.4a). A close-

up SEM image of the device shows a clean cut through both the chip and the surrounding

epoxy (Fig. 4.4b). Slight chipping could be observed after the dicing process, which should

not pose noticeable deterioration from a thermal perspective.

Figure 4.5a shows the threshold voltage of these 4 cases. All threshold voltages fall within a

0.1 V margin, which is considered an insignificant variation for device operation, suggesting

that device postprocessing does not affect gate control. Therefore, no change in gate driving is

required when switching from indirect cooling to in-chip liquid cooling. The comparison of

RON ,DS is shown in Fig. 4.5b. A typical trend is observed where, as the bias voltage increases,

RDS,ON slightly increases up to about 5%. However, no appreciable trend is visible between the

4 evaluated cases, due to the postprocessing or the presence of liquid in the device. Because

the diced channels did not extend all the way until the GaN buffer layer, and a layer of silicon

remained between the two, no additional new trap sites were introduced that could affect the
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(a) (b)

Figure 4.4 – Microchannels realized by mechanical dicing. (a) Picture of a chip after dicing, on
a PCB. (b) SEM image of the diced silicon substrate and epoxy

switching performance of the device.

The output capacitance charges Qoss versus VDS obtained with the ST measurement are

shown in Fig. 4.5c. The 4 evaluated cases were indistinguishable from these measurements,

which was confirmed by deriving EOSS , shown in Fig. 4.5d. EOSS remained unaffected by

postprocessing or the presence of liquid. Finally, the same was concluded for the energy

dissipation per soft-switching cycle (EDi ss), which, again showed no noticeable difference.

Since gate control, dynamic RDS,ON and switching losses are all unaffected by this process, we

foresee no noticeable changes in the electrical characteristics of the GaN devices based on our

method.

4.3.4 Conclusions

In this experiment, we have investigated the impact of direct liquid cooling on 100 V GaN-on-Si

power devices. Both the fabrication of channels inside the chip, as well as the presence of

liquid inside the device, have shown no significant impact on the threshold voltage, dynamic

switching losses, soft-switching losses, and hard-switching losses. Hence, we can conclude

that the integration of direct liquid cooling inside the silicon substrate of a GaN-on-Si power

device is a viable strategy for improving heat extraction.
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4.4 Direct-cooled full-wave bridge rectifier with PCB-based coolant

delivery

4.4.1 Introduction

The previous section has demonstrated the feasibility of integrating cooling directly inside the

silicon substrate without degrading or significantly altering the electrical device performance.

In the following study, we apply this method for the cooling of GaN-on-Si power integrated

circuits (ICs), in which the Si substrate functions as a microfluidic heat sink, turning Si into

a cost-effective, high thermal performance substrate. We evaluate how, by flowing coolant

through microchannels etched in the backside of the substrate, this approach enables a much

denser integration of GaN power devices in a single chip. As a proof of concept, an integrated

full-wave bridge rectifier (FWBR) was realized based on high-performance tri-anode GaN

Schottky barrier diodes (SBDs), together with a novel hybrid printed circuit board (PCB) that

provides fluidic and electric connections to the liquid-cooled power IC. We investigate the

device-level heat flux that can be extracted, the thermohydraulic performance, as well as the

operation of the rectifying under high power by limiting the self-heating degradation. This

study is the first experimental demonstration of an in-chip thermal management approach for

GaN-on-Si power ICs, where the Si substrate functions as a microchannel heat sink (Fig. 4.6).
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Figure 4.6 – Overview of the GaN-on-Si power IC with embedded microchannel cooling
concept: The GaN epilayer provides the electronics, here consisting of a Schottky-diode based
full-wave bridge rectifier, and microchannels etched in the silicon provide cooling.
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4.4.2 Methods

This section describes the step-by-step procedures to fabricate a GaN-on-Si power IC with

substrate-embedded microchannel heat sink, as well as the procedure to assemble a multilayer

PCB with embedded coolant delivery channels which was used to interface the power IC.

Device fabrication

Tri-anode SBD FWBR were fabricated on an AlGaN/GaN-on-silicon wafer, according to the

process previously described in [134]. An overview of the device structure and the relevant

dimensions is given in Fig. 4.7a, and the corresponding process flow is given in Fig. 4.7. In

summary, the silicon substrate was 1 mm-thick, on which a 4.2 µm-thick buffer layer was

epitaxially grown. The GaN channel was 420 nm thick, followed by a 20 nm AlGaN barrier

and a 2.9 nm GaN cap layer. This structure results in a 2-dimensional electron gas (2-DEG), a

high concentration of electrons (1.25×1013cm−2) with high mobility (1700 cm2V−1s−1) at the

interface between AlGaN and GaN. A nanowire structure was realized in the anode region of

the SBD to obtain high breakdown performance and to reduce turn-on voltage, as previously

demonstrated in [134], [135]. The nanowires were patterned using E-beam lithography to

reach the desired nanowire width and spacing of, respectively, 200 nm and 100 nm, followed

by an inductively coupled plasma (ICP) etching step. Next, a metal stack (Ti/Al/Ti/Ni/Au) was

deposited onto the cathode region using e-beam physical vapor deposition (PVD), followed

by an annealing step to form an ohmic contact. An SiO2 dielectric layer was formed on the

surface using atomic layer deposition (ALD), followed by an etching step to open the anode

and cathode region. Finally, the SBD FWBR was finished by depositing a layer of Ni/Au using

PVD on the anode region to form a Schottky contact. Fig 4 shows an SEM image of a section of

a single SBD, part of the FWBR, where the tri-anode and tri-gate regions can be observed on

the active area of the anode pad as subtle lines.
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Figure 4.7 – (a) Cross-section of the device and dimensions. (b) Process flow of the chip
fabrication.

The epilayer was coated with a photoresist as a protective layer, before flipping the substrate
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and temporarily bonding it to a carrier wafer. This enables the fabrication process on the

silicon substrate. Microchannel structures with a channel width and spacing of 50 µm were

patterned using optical lithography, followed by a deep reactive ion etching step (DRIE) to

create high aspect ratio microchannels with a depth of 500 µm. Finally, the substrate was

detached from the carrier wafer and diced into individual power ICs. The inset in Fig. 4.6

shows an SEM of the sharp sidewall profile of the microchannels etched in the back of the

power IC, as well as the inlet cavity, which was 0.8 mm by 2.7 mm.

Converter assembly

To deliver the coolant to the power IC, an interface is required between the small openings of

the microchannels and the larger-diameter tubes that supply the coolant. Multiple strategies

have been proposed in the literature such as Poly(methyl methacrylate) (PMMA) or poly-

carbonate manifolds that can interface with the device, while fluidic connectors, as well as

sensors, can be threaded into such manifolds [136]. However, since the objective is to maxi-

mize power density, these approaches add too much volume of unused material. To improve

power density, a new approach was explored where the PCB was used to provide both electric

and fluidic interface to the power IC, as shown in Fig. 4.8.
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Figure 4.8 – (a) Schematic illustration of the compact liquid-cooled power integrated circuit
based on four GaN power Schottky barrier diodes integrated into a single chip in a full-bridge
configuration. (b) A PCB-embedded coolant delivery was developed to feed the coolant to the
device. The PCB consists of three layers, where the middle layer contains a fluid distribution
channel.

This was achieved by fabricating 3 separate PCBs, as shown in Fig. 4.9a. The top PCB has

two cavities that are aligned with the inlet and outlet cavities of the microchannels, with

dimensions of 0.7 mm by 2.5 mm. This top PCB also contains wire-bond pads to create an

electrical connection with the device. Coolant inlet and outlet holes with a diameter of 9

mm are surrounded by an exposed soldering pad such that the connectors can be soldered

onto the PCB. The middle PCB provides 4 electrical input and output terminals, as well as a

cutout that functions as a channel to guide the coolant to the chip. All parts of the PCB that

are exposed to the coolant are gold-plated to prevent oxidation. The purpose of the bottom
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layer is to seal the coolant delivery channels in the middle PCB.

a b

Figure 4.9 – (a) 3 PCBs that together provide electrical and fluidic interconnects to the power
IC, (b) Laser-cut double-sided adhesive to connect the 3 PCBs together.

The three PCBs are bonded together using laser-cut double-sided adhesive, as shown in Fig.

4.9b. First, the PCBs were thoroughly cleaned using IPA and fiber-free cloth to ensure a good

leak-tight bond. The selected adhesive (Adhesives Research ARseal 90880) can withstand

temperatures up to 120◦C, rapid thermal cycling, and is resistant to dilute solutions of alcohols

and organic solvents. After bonding the three layers, the assembly was put in a vice for 30

minutes to ensure a proper seal.

M3 female threads were soldered onto the inlet and outlet holes to attach barbed connectors,

and the output capacitors were soldered on the PCB to smoothen the output signal of the

power device. Finally, the device was attached to the PCB using double-sided adhesive, and

wire-bonded (Fig. 4.10).

Experimental setup

The assembled power IC with PCB embedded cooling, as shown in Fig. 4.10, was experimen-

tally evaluated using the setup shown in Fig. 4.11. The aim of this setup is to investigate

the cooling performance of the microchannel heat sink. A regulated DC power supply (TTI

QPX1200S) was connected to the diode bridge in two configurations. Either directly, such

that all diodes are conduction, an equal distribution of losses can be generated over the 4

diodes during DC operation, and the amount of dissipated power can be accurately moni-

tored. Secondly, through a full-bridge inverter to provide AC power (as shown in Fig. 4.11).

An open-loop, single-phase cooling system was employed, using de-ionized (DI) water as a

coolant. A pressure controller (Elveflow OB1 MK3) was used to pressurize the inlet reservoir of

coolant, which was kept at a constant temperature using a thermostatic bath (LAUDA Proline

RP845). By pressurizing the inlet reservoir, coolant starts flowing through the PCB, after pass-

ing a flow meter (Sensirion SLQ-QT500) and pressure sensor at the inlet (Elveflow MPS3). An

middle-wavelength infrared (IR) microscope with pixel size of 5 µm (QFI InfraScope) was used
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Figure 4.10 – Device under test, mounted on a PCB with embedded coolant delivery channels.
Photograph of the full 120-W AC-DC converter with coolant delivery to the liquid-cooled power
integrated circuit, and the converter without encapsulation, revealing the monolithically
integrated full-wave bridge rectifier (FWBR) integrated circuit.

to map the temperature profile at the surface of the chip during operation. The power IC was

coated with black spray paint to increase emissivity, and pixel-by-pixel emissivity correction

was applied, explained in more detail in Appendix B, to ensure accurate temperature readings

with a final accuracy of ± 0.22◦ C.

Table 4.2 shows an overview of the instrumentation used throughout this experiment.

4.4.3 Results

The GaN-on-Si power IC with substrate-embedded microchannel heat sink was hydraulically

and thermally evaluated to assess its performance. The results are discussed in this section,

and compared to the literature.

Pressure drop and pumping power

A range of flow rates from 0.08 ml/s to 0.83 ml/s was experimentally evaluated. Given the

dimensions of the microchannels of 50 µm x 500 µm, and a total of 28 parallel channels, this

corresponds to an average velocity between 0.11 m/s and 1.19 m/s in the microchannels.

These results are summarized in Table 4.3. The hydraulic diameter of the microchannels was
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Figure 4.11 – Schematic illustration of the experimental setup for evaluating the liquid-cooled
power IC.

91 µm. Therefore, this range of flow rates corresponds to a Reynold’s number between 10 to

108, well within the limits of laminar flow. The pressure drop increased linearly from 32 mbar

at 0.08 ml/s to 733 mbar at 0.83 ml/s, as shown in Fig. 4.12. These values correspond to a

hydraulic resistance of 8.7 ± 33×1010 Pa·s·m-3. Ideal hydraulic pumping power was calculated

using Ppump = f ∆p, the product of flow rate and pressure drop, and is shown in Fig. 4.12,

as well as summarized in Table 4.3. To achieve the maximum flow rate of 0.83 ml/s, only 61

mW of ideal hydraulic pumping power was required, a value that is easily attainable using

small-sized micropumps.

Temperature rise and thermal resistance

For each condition of flow rate, the DC power dissipation on the power IC was gradually in-

creased until the surface temperature rise, monitored using the calibrated IR camera, reached

a value of 60 K (Fig. 4.13). Surface temperature rise versus power dissipation for varying flow

rates is shown in Fig. 4.13b. At a flow rate of 0.83 ml/s, up to 25 W of losses were extracted

from the 2.7×3.0 mm2 IC, corresponding to a device-level heat flux of 417 W/cm2, far beyond

the capabilities of conventional indirect cooling methods. The temperature rise shows a linear

relation versus power dissipation, and the slope of the linear fit through these data points

yields the thermal resistance at a specific flow rate condition.
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Table 4.2 – Overview of instrumentation and corresponding range and accuracies used in the
evaluation of the rectifier

Component Brand Type Value Range Accuracy

Flow meter Sensirion SLQ-QT500 f 0-120 ml/min 5%
Pressure sensor Elveflow MPS Pi n , Pout 0-1,2,7 bar 2-4 mbar
Thermocouples Thermocoax K-type Ti n , Tout 10-85 C ± 0.1 ◦C
IR Camera QFI InfraScope Tsur f 0-250 C ± 0.22 ◦C

Power supply TTI QPX1200SP Vi n , Ii n
0-80 V
0-20 A

± 2 mV
0.3 %
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Figure 4.12 – Pressure drop (left) and ideal hydraulic pumping power (right) for flow rates up
to 0.83 ml/s.

The obtained thermal resistance versus flow rate is plotted in Fig. 4.13c, and tabulated in Table

4.3, demonstrating a clear linear relationship, defined by the caloric thermal resistance (Rcal )

of the coolant, which here was DI water. The intercept with the y-axis indicates the thermal

resistance as the flow rate approaches an infinite value, and Rcal thus approaches to zero,

which is approximately 2 K/W. This remaining part of the thermal resistance can be accounted

to the convective heat transfer between the microchannel wall and the coolant (Rconv ) and

to the conductive thermal resistance between the junction and the microchannels (Rcond ).

Using Rcond = t
k A , under the assumption of 1D heat transfer over a distance of 750 µm, shows

that the contribution of Rcond is approximately 0.62 K/W. As a result, the remaining 1.4 K/W

can be accounted to the convective thermal resistance.

Recall that convective thermal resistance is given by Rconv = 1
he f f A . Using the footprint of the

microchannels (2.7×3.0 mm2), this leads to an effective heat transfer coefficient of he f f =

8.8×104 WK−1m−2. If the complete surface area of the walls of the microchannels is considered,

this leads to an average wall heat transfer coefficient of hw all = 8.0×103 WK−1m−2. Although

this value is lower than the local heat transfer coefficient expected in typical laminar flow
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Figure 4.13 – Thermal evaluation of the rectifier IC (a) IR thermograph of the surface of a
single diode during 120 W rectification (left), SEM image of the same diode, showing the anode
and cathode finger structure (right) (b) Surface temperature rise versus power dissipation for
flow rates between 0.08 and 0.83 ml/s. Slopes of the linear fit through the data points indicate
the thermal resistance at a given flow rate. (c) Thermal resistance versus inverse flow rate. The
area marked in blue indicates the contribution of the heating of the coolant (Rcal ) on the total
thermal resistance, which scales with f −1. The area marked in red indicates the remaining
contribution to the thermal resistance attributed to conductive and convective heat transfer
between the junction and the coolant.

microchannel cooling applications, due to the fact that the limited fin efficiency lowers the

effective heat transfer coefficient in high aspect ratio microchannels, it is significantly higher

than any heat transfer coefficient that could be obtained using air cooling or millimeter-sized

liquid cooling solutions.

Cooling coefficient of performance

The low pumping power in combination with a low thermal resistance leads to high-performance

cooling of high heat fluxes. The coefficient of performance (COP), (COP = Qmax /Ppump ), gives

the ratio of heat load that can be applied before reaching a critical temperature rise (60 K in

this case), to the amount of pumping power required to achieve this level of cooling. Fig. 4.14

shows the COP60 versus heat flux. As can be seen, COP60 decreases rapidly with increasing

heat flux. This is due to the fact that Ppump scales with f 2, whereas Qmax only scales with f 1.

It is therefore required to assess COP60 at multiple measurement conditions, as the efficiency

depends on the given flow rate.

Figure 4.14 also shows data points from a work in the literature that utilized similar 50 µm-

wide silicon microchannel cold-plates in an indirect cooling configuration, separated from a

GaN transistor using a thermal interface material [129]. The direct cooling approach allows
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Figure 4.14 – Coefficient of performance versus maximum heat flux, for a device surface
temperature rise of 60 K. Round markers indicate the results presented in this section, whereas
square markers refer to optimized indirect microchannel cooling of GaN power devices, as
presented in DC-DC3.

approximately 10x higher heat fluxes, due to the absence of interface thermal resistance and

the typical junction-to-case thermal resistance in a packaged device. This clearly highlights the

benefits in power density that can be achieved by using the silicon substrate as a microchannel

heat sink.

Table 4.3 – Measurement conditions and results

f v Re Rth ∆p Qmax Ppump COP60

[ml/s] [m/s] [-] [K/W] [mbar] [W] [mW] [-]

0.08 0.11 10 4.9 32 12.2 0.26 57991
0.14 0.20 18 3.5 73.2 17.1 1.0 19619
0.30 0.43 39 2.8 181 21.4 5.4 4937
0.52 0.74 67 2.6 360 23.1 19 1613
0.83 1.19 108 2.4 733 25 61 537

High-power rectification

Finally, the converter was operated by rectifying an AC signal with peak voltage and current of

150 V and 1.2 A, respectively (Fig. 4.15a). Integrated liquid cooling led to a small temperature

rise of 0.34 K per watt of output power. For a maximum temperature rise of 60 K, this single

die can thus produce an output power of 176 W at a flow rate of only 0.8 ml/s. Furthermore,

the reduced operating temperature led to an increased conversion efficiency (Fig. 4.15b) by

eliminating self-heating degradation of the electrical performance. The AC-DC converter was
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experimentally evaluated up to 120 W of output power, while the temperature rise stayed

below 50 K (Fig. 4.15c). Considering the small converter volume (4.8 cm3), this corresponds to

a high power density of 25 kW dm−3. Moreover, since all cooling occurs within its footprint,

multiple devices can be densely packed onto the same PCB to increase the output power. This

is a clear benefit over conventional heat sinks relying on heat spreading to large areas.

The temperature rise of the liquid-cooled converter compared to the same setup without the

presence of liquid cooling, thus depending solely on natural convection. Fig. 4.15c shows

the temperature rise of the surface of the chip versus the output power of the rectifier. As can

be seen, up to 120 W of DC output power could be delivered from the FWBR with substrate-

embedded microchannel cooling before reaching a peak temperature of 60 K. In comparison,

the FWBR cooled by natural convection shows a significant higher temperature rise: Only 4

W of DC output power could be delivered before reaching the same temperature rise of 60

K. By employing substrate-embedded microchannel cooling, a reduction of 98% in thermal

resistance was observed, a promising result for the future of highly miniaturized integrated

power converters.
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Figure 4.15 – (a) Rectification waveforms of the converter, 150-V AC input (black) and output
before (red) and after (blue) filtering using output capacitors. (b) Efficiency versus output
power for the air-cooled and liquid-cooled AC-DC converter. At identical output power, the
liquid-cooled converter exhibits substantially higher efficiency owing to the elimination of
self-heating degradation. (c) Temperature rise versus output power, showing a much higher
temperature at equal output power for the air-cooled device compared to the embedded
liquid cooling, which causes a large self-heating degradation. The black line shows the mean
surface-temperature rise and the highlighted area shows the range between the minimum
and maximum temperatures over the device’s surface.

4.4.4 Conclusions

In this section, the concept of substrate-embedded microchannel cooling of GaN-on-Si power

ICs was demonstrated for the first time. Total device-level heat fluxes of up to 417 W/cm2
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were obtained, with a temperature rise 60 K. These results show that an order of magnitude

higher heat flux can be extracted by embedding the cooling directly into the semiconductor

die. Furthermore, a new approach of utilizing the PCB as coolant delivery platform was

presented as a very compact and low-cost approach to prototype direct-cooled devices. This

embedded cooling approach, in combination with the realized GaN power IC, resulted in a 30

times increase of output power. These results demonstrate the potential to realize high-power

(kW-range) converters of the size of a USB-stick in the foreseeable future.
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4.5 Switch-mode power supply based on direct-cooled power ICs

4.5.1 Introduction

In the last section, we demonstrated the first integrated power converter based on GaN-on-Si

ICs with in-chip microfluidic cooling. The FWBR IC was a passive device, suitable as a an easy

demonstration platform. Despite the important role the rectifier plays in power conversion,

the component that benefits most from high frequency operation is the half-bridge. A half-

bridge consists of two transistors in series that switch in a complementary manner, and is the

fundamental building block of most switch-mode power supplies. Increasing the switching

frequency of a half-bridge can enable a significant miniaturization of passive components in

a converter system. However, despite the high-frequency capabilities of GaN, the parasitic

inductance introduced by bond wires, packaging and interconnects in a discrete half-bridge

assembly prevents stable operation in the MHz-range. Due to these constraints and the

importance of the half-bridge in power electronics, GaN-based half-bridge ICs with integrated

gate drivers have been among the first GaN power ICs released on the market. However, these

half-bridge ICs suffer from the same thermal limitations as described before, which limits

their output power.

In this section, we extend our toolbox of direct-cooled GaN-on-Si power ICs towards half-

bridge ICs and demonstrate very compact switch-mode power supplies based on this technol-

ogy. We show the possibility to overcome the thermal constraints by unifying state-of-the-art

GaN half-bridge ICs with microfluidic cooling and additively manufactured packaging (Fig.

4.16). This half-bridge configuration with logic, cooling and control can be considered as a

power module.

Finally, we show the first of its kind, highly integrated buck converter based on power-logic-

fluidic integration in a buck-topology, operating as a 0.5 kW 48V to 24V converter in a highly-

miniaturized footprint. To benchmark the size and power versus commercially available

system, we design this DC-DC converter within a 32nd brick footprint, the smallest form

factor described by the distributed-power open standards alliance (DOSA). We show that

additive manufacturing plays a key role to utilize unused space for compact coolant delivery.

We show that the output power of the demonstrated system is over 10-fold higher than the

commercially-available power converters within this form factor, demonstrating the promising

capabilities of liquid-cooled power ICs in next-generation power conversion.

4.5.2 Methods

Device fabrication

Figure 4.16a illustrates the structure of the proposed liquid-cooled power IC. The proposed

device consists of a 5 µm-thick AlGaN/GaN epilayer, epitaxially-grown on a 500 µm-thick

silicon substrate. The device contains two 80 V-rated power HEMTs with RDS,ON = 8.5 mΩ in
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Figure 4.16 – (a) Illustration, and (b) schematic overview of the power-logic-microfluidic
circuit. The GaN-layer of the chip contains two 80 V-rated power switches in a half-bridge
configuration, as well as logic and gate drivers. The silicon substrate contains microchannels
for cooling. (c) Packaging and assembly of the chip, flip-chip soldered to a PCB and with a cap
mounted on top.

a half-bridge configuration, as well as monolithically integrated gate driver circuitry, input

logic interface, level shifter, and a bootstrap charging circuit (EPC2152). All electronics are

integrated on the GaN layer, whereas the silicon substrate functions as a microfluidic channel

heat sink. The resulting chip, illustrated in Fig. 4.16b, contains power switches marked in red,

logic marked in yellow, and cooling marked in blue.

DRIE was used to etch channels in multiple individual power devices. First, a carrier wafer was

fabricated, which functions as a vehicle to carry multiple chips and contains alignment marks.

Pockets and alignment marks were lithographically defined in a photoresist and etched to a

depth slightly less than the thickness of the power device. In this case, a pocket of 500 µm was

etched. The carrier wafer was heated up to a temperature of 135 ◦C on a hot plate after which

in each pocket, a droplet of molten mounting wax was dispensed. Unpackaged dies with

exposed silicon substrate were placed inside the pockets on the carrier wafer, and the wafer

was let to cool down. As a result, the solidified wax holds the devices in place during further

processing. The devices protrude about 100 µm above the surface, so in order to achieve

a flat surface for photoresist coating and lithography, the entire wafer was planarized to a

uniform thickness. The 4-inch wafer can now be further processed as a uniform silicon wafer.

Direct laser writing lithography and deep-reactive-ion-etching was employed to fabricate

50 µm-wide and 400 µm-deep channels inside an individual device. After etching, Kapton

tape was applied to the surface of the wafer, before heating the wafer up to 135 ◦C to melt the

mounting wax. Next, by pulling off the tape, all devices detach from the carrier wafer. As a final
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step, an acetone rinse followed by a DI water rinse was performed to remove any remaining

mounting wax and photoresist. This approach enables rapid prototyping without requiring

a change in the foundry process, but also offers a clear route to low-cost and high-volume

manufacturing by performing channel etching before die singulation.

Packaging

The post-processed device was soldered on a printed circuit board (PCB) in a reflow oven, an

additively manufactured cap was attached that guides the fluid in and out of the liquid cooled

IC (Fig. 4.17). The cap contains a flat surface that provides sealing to the microchannels, as

well as an inlet and outlet connection. Furthermore, the cap contains an elastomeric sealing

ring. The cap was placed in close contact with the chip using 4 mounting screws, such that

it directly touches the top surface of the chip, while the sealing ring creates a leak-tight seal

with the PCB. Next, a molding compound (EPO-TEK H70E-2) was injected into the remaining

voids around the device through one of the two holes present in the cap, while the second

hole allows air to be pushed out. After curing, this molding compound creates a leak-tight

and mechanically robust seal between the device and the cap. Connectors were then screwed

into threaded holes present in the cap to provide an inlet and outlet to the device. This

simple sealing method ensured leak-tight operation up to pressures exceeding 5 bar, while

not requiring precision alignment, bonding, or tight specification on surface flatness. The

proposed method is a low-cost, practical solution to overcome the challenge of bridging the

microscale and macroscale plumbing in microfluidic cooling, especially on such small scales.

Reflow solder Mount cap

Gasket

Epoxy inject & cure

SMD resistor

Capacitors
Injection hole

Epoxy out

Figure 4.17 – Packaging process, a plastic cap is mounted on the IC and an epoxy is injected
to create a leak-tight seal. Cavities are present inside the cap to accommodate components
that extend above the surface of the IC.
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Cooling structure design

The layout of the cooling structure requires special considerations due to the heterogeneous

heat map of the power IC. Figure. 4.18a shows an approximation of the device’s heat map

under a total heat load of 33 W. About 15 W of losses are generated on the two power transistors,

whereas the logic generates a background heat of about 3 W. The cooling is present inside

the substrate and enters the chip perpendicularly (Fig. 4.18b). The direction of entry, as well

as the channel layout has a significant impact on the heat map. A common design choice

in microchannel heat sinks is the use of a plenum to ensure a uniform inlet and outlet to all

microchannels. Two of such cases are evaluated (Fig. 4.18c), either with coolant entering on

the power-side, or with the coolant entering on the logic-side. A third case is evaluated with

the coolant entering at the power-side with no plenum, and a tapered plenum at the edges

to ensure a higher flow rate on the outermost channels. Conjugate heat transfer simulations

were performed in COMSOL, using a coolant inlet temperature of 300 K and a fixed flow rate

of 0.5 ml/s.

a c

b

d

Figure 4.18 – (a) Power dissipation in the IC, two power transistors dissipate 15 W and a
background power dissipation of 3 W for the logic. (b) Cross-sectional side view of the chip
with integrated cooling. (c) Three evaluated cooling layouts, double plenum with coolant
entering on the logic side, double plenum with coolant entering on the power side, and tapered
outlet plenum with coolant entering on the power side. (d) Heat maps to the corresponding
cooling layouts.
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Figure 4.18d shows the resulting temperature maps for the 3 cases. For a double-plenum

design with coolant impinging on the logic, a large hot-spot is found on the outermost power

device. This can be explained due to the lack of cooling fins under the hot spot, requiring heat

to spread through the thinned-down silicon substrate, resulting in a hot-spot temperature

of 85 ◦C. By switching the flow direction, coolant impinges on the power-side of the device,

causing a local higher heat transfer coefficient and ensures the cold fluid reaches the hot-spot

before absorbing additional heat in the chip. This results in a hot-spot temperature reduction

down to 76 ◦C. By removing the inlet plenum, impinging the coolant directly on the power-side,

and tapering the outlet plenum, the hot-spot temperature is reduced to 56 ◦C. This result

shows that microscale design of the cooling layout can affect the hot-spot thermal resistance

by over 50% and hence this should be approached carefully.

RTD calibration

After packaging, performing IR measurements or temperature probing directly at the chip is

not possible. Therefore, a resistance temperature detector (RTD) is positioned on the bottom

of the power stage PCB in close contact with the IC to measure temperatures. The temperature

measurement of the RTD was calibration under natural convection, by measuring the chip

temperature using an IR camera (Fluke TiS) while measuring the RTD resistance (Fig. 4.19a).

However, the same calibration cannot be performed while the cap is present during liquid-

cooled operation. Yet, in presence of microchannel cooling, the distribution of heat flux

is significantly different, with the majority of heat traveling upwards. The validity of using

RTD measurements, calibrated under natural convection, for determining the temperature

rise during liquid cooling, was therefore tested using simulations of steady-state conductive

heat transfer in COMSOL, by solving Poisson’s equation in 3-D, to investigate the difference

between chip and RTD temperature under natural convection and microchannel cooling.

A cross-section of this layout is shown in Fig. 4.19b. Fig. 4.19c corresponds to the case of

natural convection. The device was modeled as 3 layers, where the center layer represents the

junction as a volumetric heat source. The top layer corresponds to the silicon substrate of the

chip (k = 130 W/mK), and the bottom layer represents the solder bumps as a uniform isotropic

layer with an effective thermal resistance of 2.53 K/W. 70 µm copper layers were added on

both sides with a thermal conductivity of 400 W/mK and vias were modeled as a solid cylinder

with a diameter of 100 µm. The exposed surfaces of the PCB, as well as the surface of the chip

were subjected to natural convection with a heat transfer coefficient of 5 W/m2K. This case

was evaluated between 0.25 W and 1.25 W of power dissipation in the device.

The second case (Fig. 4.19d) considers liquid cooling from the top of the chip. To simplify the

model, the liquid domain was modeled as a quasi-1D heat transfer problem: An additional

layer was added on top of the chip to model the convective heat transfer. The effective thermal

conductivity (ke f f ) of this layer, with thickness t, was chosen according to (1) to avoid the

need for solving the fluid domain.
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a

b

c

d

DUT

RTD

Figure 4.19 – (a) Cross-section of the power stage board, showing the DUT on top and the
RTD mounted on the bottom off-center. (b) Schematic illustration of the cross section of the
power stage board. (c) Simulation model for the air-cooled case, where a natural convection
boundary condition was applied to the exposed faces of the PCB, as well as the surface of the
chip. (d) Simulation model for the microchannel liquid-cooled case. The silicon substrate was
thinned, to represent the distance between the channels and the device. An additional layer
was added on top of the chip to mimic the convective thermal resistance (Rconv ), and on top
of this layer a fixed temperature boundary condition was applied to represent the sensible
heat of the coolant.

An effective heat transfer coefficient of he f f = 2.0×105 W/m2K was selected based on previ-

ously reported values in the literature for 50 µm-wide straight microchannels described in the

previous chapters. Effects such as developing flow and flow maldistribution are not captured

in this method, but this is outside the scope of this work. The purpose is not to predict the

cooling performance of microchannels, but by knowing the cooling performance a priori,

evaluating the impact on temperature uniformity throughout the PCB. Finally, under the

assumption that all heat in the chip is captured by the liquid, a fixed temperature boundary

condition (Ttop ) was applied to the topside of the convective layer according to eq. 4.1.

Ttop = Tamb +
Qheat

ρcp f
(4.1)

Here, Tamb is the ambient temperature of the inlet coolant (20 ◦C), Qheat is the dissipated

power in the chip, and ρ, cp and f are the density, specific heat and flow rate of the fluid, re-

spectively. Water was used as a coolant at a flow rate of 0.5 ml/s. Note that this method implies

that all heat generated in the chip is transferred to sensible heat in the liquid, while in reality

a certain amount of heat travels downwards into the PCB. However, he f f of microchannel

cooling is 4 orders of magnitude larger than natural convection, this assumption is justified.

Secondly, this method does not consider the linear temperature gradient between the inlet

and outlet of the chip which occurs due to the heating of the coolant, so the results will provide

an overestimation of the temperature rise at the Inlet-side of the chip. This case was evaluated
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between 10 W and 50 W of dissipated power.

For both simulation cases, the temperature at the junction (Tchi p ) and the temperature at

the RTD (TRT D ) were observed. Fig. 4.20a shows the cross-section in the case of natural

convection cooling at a power dissipation of 1 W. The chip has a near-uniform temperature

of 96 ◦C, and a temperature gradient is observed throughout the PCB. Heat, generated in the

chip, spreads through the PCB where it rejects the heat through convection over the exposed

surfaces. In comparison, Fig. 4.20b shows a cross-section of the simulation result for the

case of embedded microchannel cooling at a power dissipation of 50 W. Here, the largest

temperature gradient can be observed above the chip, over the convective heat transfer layer.

This indicates that most heat now indeed travels upwards.

a

b

Figure 4.20 – Simulation results (a) Cross-section of simulation results in case 1: natural
convection at 1 W power dissipaton, temperatures in ◦C. (b) Cross-section of simulation
results in case 2: embedded microchannel cooling at 50 W, temperatures in ◦C.

Figure 4.21a shows the comparison between TRT D and Tchi p in the two cases. The dashed

black line shows the case where Tchi p is equal to TRT D . It can be seen that Tchi p shows a similar

deviation with respect to TRT D in both cases, thus confirming that a calibration under natural

convection can effectively be used to predict device temperatures during liquid cooling. The

final calibration curve used in the following experiments is shown in Figure 4.21b.

Measurement setup

An open-loop single-phase liquid cooling setup, schematically shown in Fig. 4.22a was used

for performing the liquid cooling experiments. A reservoir of de-ionized water was pressurized

with compressed air using a pressure controller (Elveflow OB1 MK3), causing it to flow towards

the chip. The flow rate of the coolant was measured using a thermal mass flow sensor (Sen-
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Figure 4.21 – (a) Simulation results to assess the validity of using an RTD to measure chip
temperature. RTD temperatures and the chip temperatures are shown in case of natural
convection and microchannel cooling. Note that the natural convection represents a power
dissipation between 0.25 W and 1.25 W, while microchannel cooling corresponds to a power
dissipation of 10 W to 50 W. (b) RTD calibration curve, resistance versus chip surface tem-
perature, measured using an IR camera. A linear fit was used to correlate the resistance to a
temperature.

sirion SLQ-QT500). A regulated power supply (TTI QPX1200) was used to supply the power to

the device.

Figure 4.22 – Schematic illustration of the open-loop cooling platform.

Thermal resistance measurement

Thermal resistance was measured by reverse-biasing the GaN device to dissipate a known

quantity of power. The threshold voltage in reverse bias ensures minimal losses occur over
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the traces and solder balls. Temperature of the device was deduced from calibrated RTD

measurements. Power dissipation was increased step-wise until a critical temperature was

observed and a linear fit through temperature-power plots yielded the thermal resistance.

For the liquid-cooled device, this procedure was repeated for varying flow rates to obtain

thermal resistance versus flow rate data. Due to the low on-resistance value of the of the power

HEMTs (RDS,ON = 8.5 mΩ), Forward IV curves were obtained using a 4-point measurement

to avoid the contribution of cables and traces. Each data point was collected after the device

temperature reached steady state.

Converter evaluation

The power module was externally connected to a 100 µH inductor with 32 mΩ DC resistance,

and a 220 nF output capacitor to form a buck converter. Input voltage was fixed at 48 V,

and a constant duty cycle of 50% was used, leading to an output voltage around 24 V. An

electronic load with variable resistor was used to regulate the output current from 0.25 A to 10

A. Input and output voltages were measured to calculate output power and efficiency for each

operating condition.

4.5.3 Power module: results

Figure 4.23 shows the three fabricated power modules. In Fig. 4.23a, an unprocessed die was

soldered on a printed circuit board (PCB) which relied purely on natural convection, which is

referred to as uncooled, and in a second reference device, a heat sink of comparable footprint

to the 3D-printed cap was mounted on an unprocessed device, whereas a fan was utilized

to generate forced convection cooling, referred to as heat sink + fan Fig. 4.23b). Finally, Fig.

4.23c shows the power module with in-chip microfluidic cooling and 3D-printed cap. Barbed

connectors with silicon tubing are connected to either side of the cap to provide an inlet and

outlet flow of the coolant.

DC evaluation

The steady-state temperature rise during power dissipation (Fig. 4.24a) shows three distinct

linear profiles. The uncooled reference could dissipate 2.0 W of power before reaching a

junction temperature rise of 100 ◦C at a thermal resistance of 50 K/W. Adding a heat sink

and fan results in a maximum dissipation of 5.2 W at a thermal resistance of 19.2 K/W. In

comparison, embedded microchannel cooling at a flow rate of 0.5 ml/s shows a temperature

rise of only 31 ◦C at a power dissipation of 35 W, at a thermal resistance of 0.88 K/W. Thus,

for a similar electrical device, a 22-fold reduction in temperature rise can be obtained by

integrated microchannel cooling in the substrate. Lower device temperatures can be achieved

by further modulating the flow rate (Fig. 4.24b), which effectively reduces the temperature

rise of the coolant. The thermal resistance obtained by integrating microchannel cooling
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Uncooled naf+knistaeH Liquid cooled

a b c

Figure 4.23 – (a) Reference uncooled power module, which relies on natural convection. This
board is referred to as uncooled. (b) Reference power stage with air-cooled heat sink, which is
subjected to an airflow of 1.5 m/s. This board is referred to as Fan + HS. (c) Packaged power
stage with 3D-printed cap. Blue color indicates the cold coolant entering the chip, and red
indicates the hot coolant leaving.

is lower than the junction-to-board thermal resistance (R j−b) of the device, demonstrating

that no bottom-side PCB cooling method can possibly extract as much heat as embedded

microchannels. An overview of the measurement conditions is shown in Table 4.4

Table 4.4 – Overview of thermal resistances for the evaluated cooling conditions

Component/Case Thermal resistance [K/W]

Natural convection 41
Fan + Heat sink 22
Microchannels 0.2 ml/s 1.44

0.3 ml/s 1.17
0.5 ml/s 0.89

No noticeable variation in RDS,ON was observed at a low forward voltage (Fig. 4.24c). Under

increasing forward voltage, the effect of self-heating on output becomes apparent in 4.24c. In

the case of the uncooled device, a rapid decrease in the output current slope is observed above

10 A. The heat sink & fan-cooled device shows a similar trend occurring below 20 A, while

the liquid-cooled IC shows a near-linear increase in output current up to 20 A with minimal

degradation. Thus, better cooling aids in two ways with increasing the current capability of

the power IC: Firstly, it raises the limit on how much power can be extracted, and secondly, at a

given current, it reduces the conduction losses due to the absence of self-heating degradation.

This combined effect (Fig. 4.24d), causes an exponential increase in current capability when

reducing thermal resistance. These results show that in-chip liquid cooling enables power

electronics to reach unprecedented levels of integration.
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Figure 4.24 – (a) Temperature rise versus power dissipation for the three evaluated cases. (b)
Thermal resistance versus flow rate of the liquid cooled chip (red markers). The horizontal
lines serve as a reference for the junction-to-board and junction-to-case thermal resistances
(R j−b , R j−c ), the thermal resistance under natural convection and the thermal resistance using
a heat sink + fan. (c) IV-characteristics and corresponding temperature rise. A significant
degradation in output current is observed with rising temperatures, whereas the liquid cooled
chip shows a near-linear output curve due to improved cooling. (d) Maximum output current
modeled based on the thermal resistance, considering both the effect on heat extraction and
the impact of self-heating on RDS,ON .

Power conversion

The liquid-cooled half-bridge IC was evaluated in a hard-switched synchronous buck topology

with 48 V input voltage (Fig. 4.25). The fast-switching capabilities of GaN HEMTs and the

integrated gate driver circuitry enabled operation up to 2 MHz (Fig. 4.25b). This high frequency

significantly reduces the requirements on inductor sizing, thus enabling an extremely compact

48 V to 24 V down-converter ideal for telecommunication and data center applications.
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Figure 4.25 – (a) Circuit of the evaluated buck-converter, wherein components marked in blue
are integrated within the liquid-cooled power IC. (b) Waveforms of the switching-node voltage
and output current at 2 MHz operation.

For the three evaluated cases, the temperature rise and conversion efficiency at 0.5 MHz, 1

MHz and 2.0 MHz are shown in 4.26. In the case of natural convection, at zero output current,

the switching, logic, and gate driver losses already caused a 37 ◦C temperature rise at 0.5 MHz,

without delivering any power. This effect worsens at higher switching frequency due to the

increased switching losses: at 1 MHz the temperature rise is 50 ◦C at zero output, and at 2

MHz this value increases to 100 ◦C. At 2.2 A, which corresponds to 48 W output power, the

device reaches 100 ◦C. For forced-air cooling, a maximum output current of 6.1 A could be

reached, corresponding to 146 W of output power. In contrast, due to the improved cooling

and reduced self-heating degradation, microchannel cooling enabled a much higher output

power. At an output current of 10 A, the device temperature remained below 55 ◦C, and up to

347 W of output power can be attained.

The power conversion efficiency between the three cases shows an identical pattern up to 3 A

output current, peaking around 95%. This confirms that the postprocessing did not damage

the performance of either the logic or the power HEMTs. Above 3 A, the efficiency between

forced-air cooling and microchannel cooling starts to deviate slightly. A part of this can be

accounted to the absence of self-heating degradation. Roughly a factor 2 increase in RDS,ON is

observed for a 100◦C temperature rise. At an output power of 8 A (192 W), this corresponds

to an increase in on-resistance of about 10 mΩ, which can cause a maximum increase in

efficiency of 0.33%. The remaining difference is most likely due to additional conduction

losses, potentially originating from variability in the soldering joints.

Fig. 4.27 shows the maximum output power for the three cooling methods to maintain a device

temperature below 100 ◦ (for Tamb = 22 ◦). A reduction in output power versus frequency can

be observed, as well as a large increase in power by switching to in-chip microfluidic cooling.

The reduced thermal resistance of in-chip microfluidic cooling leads to a 2.4-fold increase in
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Figure 4.26 – Temperature rise and efficiency for the three evaluated cases: Uncooled (red),
Fan + heat sink (blue) and microchannel cooling (green). (a,d): At 500 kHz switching frequency.
(b,e): At 1 MHz switching frequency. (c,f): At 2 MHz switching frequency.

output power compared to forced convection. At higher frequencies, where switching losses

play an increasingly important role, the benefits become even more apparent. At 2 MHz,

a 4.2-fold increase in output power can be achieved compared to forced-air-cooling, while

natural convection can no longer operate below 100 ◦C, even at zero output power.

4.5.4 Integrated DC-DC converter: results

Finally, to demonstrate the impact of embedded microchannel cooling on power density, a

highly compact buck converter was realized with an industry-standard 32nd brick form factor.

The power IC, inductor, capacitors, cap, and fluidic connectors were fitted within a 19 mm ×

23 mm footprint (Fig. 4.28). The challenge in this process is that both the inductor and power

IC generate heat. The switching frequency has a large influence on the distribution of losses

between these two components. This section will explore the optimization to achieve the

highest power density within this compact form factor.
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Figure 4.27 – Maximum converter output power for a chip temperature of 100 ◦C for the three
evaluated cases. At 2 MHz, the uncooled power stage could not remain below 100 ◦C.

48V DC (10 A)

24V DC (20 A)

Input power

Output power

⌀ 30 mm
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Figure 4.28 – 32nd -brick DC-DC converter, with embedded cooling, inductor and fluidic
connectors. The total volume of the PCB, electrical components, cap and connectors is 5 ml.

Inductor optimization

To ensure a compact design, the 32nd brick converter in Fig. 4.28 has only 1 cm3 of volume

dedicated to the inductor. This was made possible by the high-frequency operation of the half
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bridge. However, it introduces a challenge in inductor selection since its inductance and DC

resistance are inversely proportional within a given volume. Figure 4.29 shows the results of

the inductor evaluation process. Higher inductance values reduces the ripple (Fig. 4.29a,b),

but will cause increased conduction losses. Figure Fig. 4.29c shows the trade-off between

conduction losses. Increasing the switching frequency from 600 kHz to 2 MHz can decrease

the inductor losses by over factor two (Fig. 4.29d). However, the increase in switching losses

on the power IC can easily negate these effects.
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Figure 4.29 – Inductor optimization. (a) Ripple at the switching node for inductance values
between 1.0 µH and 6.8 µH. (b) Ripple magnitude versus inductance for an output current of
0.5 A, 1.0 A and 1.5 A. Dashed line indicated the result obtained using the analytical model. (c)
Inductor losses versus inductance values at 2 MHz switching frequency. The total losses (red)
are the sum of conduction losses (blue) and core + winding losses (green). (d) Total inductor
losses versus inductance for switching frequencies between 600 kHz and 2.0 MHz.

Converter evaluation

A sweep in the switching frequency found that at a fixed inductance of 2 µH, a peak efficiency

of 93.5% was observed at 1 MHz (Fig. 4.30a). Figures 4.30b,c show the temperature rise and
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Figure 4.30 – (a) Efficiency versus switching frequency, showing a maximum at 1 MHz as
a trade-off between inductor and device losses. (b) Temperature rise on the inductor for
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case of integrated liquid cooling, a 4x-higher power could be achieved while maintaining a
lower temperature. (d) Maximum power versus converter surface area for standard DOSA
brick power converters from online catalogs (in black) for 8th brick, 16th brick and 32nd brick
form factors.

efficiency versus output power for an input voltage of 48 V and a fixed 50% duty cycle. Up to

450 W of power could be delivered before reaching a temperature rise of 64 ◦C using this highly-

compact buck converter. In contrast, commercially available 32nd brick DC-DC converters

are currently limited to 60 W, while relying on external cooling systems (Fig. 4.30d). Thus,

embedded microfluidic cooling has the potential to reach unprecedented levels of integration

and deliver an over 7.5-fold increase in power density, which can have a major impact on

space and weight-sensitive applications such as automotive and aerospace.
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4.5.5 Conclusions and outlook

In this section, we have demonstrated the first switch-mode power supply based on in-chip

liquid-cooled power ICs with state-of-the-art electrical and thermal performance. A simple

wafer-scale post-processing method has the potential to be low cost and achieve high volume

production. The added cost of this deep reactive ion etching step, when performed on an

industry-standard 8-inch wafer, is expected to remain below 0.50 USD per chip, making

it highly cost-effective [137]. In addition, the 3D-printed cap can be manufactured using

injection molding for a unit price below 1 USD when sufficiently large volumes are requested.

The glob-top dispensing step used to seal the cavity is readily available as a low-cost step in

PCB assembly, so existing infrastructure can be utilized. The only remaining caveat is that

pressure needs to be applied during the curing process, which requires a process change.

However, in comparison, the heat sink used as a reference for forced-air cooling is sold for 8.00

USD, thus the proposed method has the potential to be cost-effective compared to existing

cooling solutions. In addition, we have demonstrated that embedded microchannel cooling

can reduce the thermal resistance by over 20 times. Over 40 W of heat was extracted from a

single IC, thus taking away existing design constraints that limit existing applications. In a

hard-switched buck-converter topology, we achieved over 4x higher output power compared

to forced-air cooling, at a minute flow rate of 0.5 ml/s. In applications where liquid cooling

loops are readily available, such as automotive applications, this technology can be key for

saving weight and volume. Finally, the fully integrated converter in 32nd brick form factor

demonstrated a 10-fold increase in output power versus commercial state-of-the-art power

supplies.

Significant room for improvement remains by optimizing the converter topology to reduce

switching losses, which was not within the scope of this work. Due to the heterogeneous power

map of GaN ICs, a large opportunity arises for microfluidic topology optimization to ensure

temperature uniformity. If this is correctly addressed, we foresee that high-frequency soft-

switching topologies combined with embedded microchannel cooling will enable a significant

increase in power density and efficiency. The presented approach highlights the possibilities

when heat sink and electronics design are no longer considered as separate entities, but as one

unified process. Altogether, the inclusion of microfluidic cooling and additive manufacturing

in the toolbox of the power electronics engineer has the potential to break existing thermal

limitations and enable an unprecedented level of integration. This extended toolbox can play

an important role in the development of smaller and lighter power converters that are key for

supporting the ongoing electrification of our society.

4.6 Chapter conclusions and overview

Figure 4.31 shows an overview to place the results in this chapter in context. Figure 4.31a shows

the breakdown of different components of the thermal resistance. The largest contributions to

the fixed thermal resistance for indirect cooling, (R j−c and RT I M ) have now been eliminated.
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Since the same 50 µm-wide channels like in Chapter 3 have been used, Rconv remained largely

unchanged. Whereas Rconv only accounted for about 20% of the fixed thermal resistance

in the last chapter, it now has become the dominant term in thermal resistance. Therefore,

the most viable path to removing the thermal limitations on GaN transistors is to either

improve convective thermal resistance. This latter will be the objective in the next chapter, by

co-designing the electronics and cooling together.

Figure 4.31b shows again the COP60 versus heat flux, Direct microchannel cooling offers a

large increase in maximum heat flux, at a comparable COP60 as indirect microchannel cooling.

In the next chapters we will explore how we can improve this benchmark by reducing pressure

drop using manifold structures.
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Thermal management is one of the main challenges for the future of electronics [119], [138]–

[141]. With the ever increasing rate of data generation and communication, as well as the

constant push to reduce the volume and costs of industrial converter systems, the power

density of electronics rises [142]. Consequently, cooling has an increasingly large environmen-

tal impact [143], [144], and new technologies are needed to efficiently handle the heat in a

sustainable and cost-effective way [145]. Embedding liquid cooling directly inside the chip is

a promising approach for a more efficient thermal management [90], [119], [146]. However,

even in state-of-the-art approaches, the electronics and cooling are treated separately, leaving

the full energy-saving potential of embedded cooling untapped. Here we demonstrate that

co-designing microfluidics and electronics into the same semiconductor substrate, to pro-

duce a monolithically-integrated manifold microchannel (mMMC) cooling structure, provides

efficiency beyond the state-of-the-art. Our results show that heat fluxes exceeding 1.7 kW/cm2

can be cooled down using only 0.57 W/cm2 of pumping power. We observed an unprecedented

coefficient of performance (> 104) for single-phase water-cooling of heat fluxes exceeding 1

kW/cm2, corresponding to a 50-fold increase compared to straight microchannels, as well as a

remarkably high average Nusselt number of 16.

5.1 Introduction

Data centers, in the US alone, consume 24 TWh of electricity and 100 billion liters of water to

satisfy their cooling demands [144], corresponding to the residential needs of a city of the size

of Philadelphia [147]–[149]. Their environmental impact is expected to increase dramatically

[145], accounting for 31% of the Ireland’s electricity demand by 2027 [150]. This development is

accompanied by the constant push to reduce the size of semiconductor devices, which results

in higher heat-fluxes that become increasingly challenging to cool down. A similar trend is

observed in power electronics, as the electrification of our society demands more powerful,

efficient and smaller energy conversion systems. Wide-band-gap semiconductors, such as

gallium nitride (GaN), are promising candidates for this purpose [14]. These materials enable

much smaller dies than traditional semiconductors as well as the monolithic integration
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of power devices, supporting the miniaturization of complete power converters on a single

chip [83]. However, to unlock its full potential, new strategies for sustainable cooling of high

heat-flux applications are required.

Substantial research efforts have focused on improving the thermal path between the hot-spot

and the coolant. However, their heat extraction capability is fundamentally limited by the

thermal resistance between the semiconductor die and packaging. Furthermore, relying on

large heat sinks hinders the power density and integration, since devices cannot be densely

packed. Bringing the coolant in direct contact with the device is an actively-investigated

strategy to break this limit. For example, impinging coolant on a bare die [78], or etching

micrometer-sized channels directly inside the device to turn the substrate into a heat-sink. The

latter demonstrated state-of-the-art cooling performance by exploiting the much-improved

heat transfer at the microscale [28], [30], [151]. The high pressure drop and large temperature

gradients associated with these straight, parallel microchannels (SPMCs) were overcome

by splitting the flow into multiple parallel sections and distributing the coolant over these

channels using manifolds [31]. Early investigations [45]–[48] and systematical numerical

studies [49]–[52] of manifold microchannel (MMC) heat sinks showed a significant reduction

in pumping power requirements and thermal resistance compared to SPMCs. Excellent heat

extraction has been demonstrated with copper microchannels [54], compact micro-fabricated

multi-layer silicon structures [56], [60], [103], [121], and by using additive manufacturing [58],

[59]. However, in all these approaches, the heat sink and electronic structure and fabrication

process are considered separately, either by integrating a simple resistive heater functioning

as heat source, or by bonding the MMC structure to a commercial device [53]. This leaves

the large potential of MMCs untapped. Improving the thermal coupling between the heat

source and cooling was investigated for hot-spot mitigation [81], [120], [152], but remained

unexplored for a complete device structure. Furthermore, despite the long history of MMC

heat-sinks research, the increasing complexity and associated reliability concerns due to

the multiple bonded layers required for coolant delivery have prevented its adoption in

commercial devices.

In this chapter, we address these concerns by demonstrating a new approach for cooling and

device design, in which a MMC heat-sink is designed and fabricated in conjunction with the

electronics. This led to a novel monolithically-integrated manifold microchannel (mMMC)

heat-sink in a single-crystalline silicon substrate without the need for cumbersome bonding

steps. Here the device design and heat-sink fabrication are combined within the same process,

with buried cooling channels embedded right below the active area of the chip. Coolant

impinging directly underneath the heat sources provides local and efficient heat extraction

(Fig. 5.1). Within this same substrate, the manifold channels spread the liquid over the die to

obtain high temperature-uniformity and low pressure drop, leading to a very low pumping-

power consumption and vastly improved cooling performance. Since the electronics and

microfluidics are fully coupled and aligned, this approach is denominated as microfluidic-

electronic co-design. We demonstrated this microfluidic-electronic co-design on GaN-on-Si, a

low-cost platform promising for realizing high-power converters on a chip comprising a few
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micrometer-thick GaN epilayer on a low-cost silicon substrate. The passive silicon substrate

typically lacks functionality, but by turning it into an active cooling layer, it has the potential

to extract extreme heat fluxes, without the added cost of high-thermal conductivity substrates.

Our results show that considering cooling as an integral part of device design can result in

orders-of-magnitude improvement in cooling performance.

Epilayer

Substrate

Warm 

coolant out

Cold 

coolant in
Manifold

Device

Source

Dra
in

Gate

Figure 5.1 – Monolithically integrated manifold microchannel cooling structure in a GaN-on-
Si power device

5.2 Methods

5.2.1 Co-design concept

Our proposed co-design approach is illustrated in Fig. 5.2. Each heat source is coupled to an

individual buried cooling channel serving as a local heat sink, which is particularly interesting

for lateral GaN power electronic applications: Typical source-drain spacing for high electron

mobility transistors in >1kV applications matches the optimum dimensions for microchannel

cooling of around 20 µm [28], [106], [108], [153]. Therefore, we investigated a GaN-on-Si device

structure in which liquid impinges directly onto the epilayer below each contact, ensuring a

minimal thermal resistance between the hot-spot and coolant. In this structure (Fig. 5.2a),

the GaN epilayer provides the power electronics (Fig. 5.2b), and the silicon functions as a

microchannel cooling and fluid distribution network in a 3D arrangement (Fig. 5.2c).
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Figure 5.2 – Co-designed microfluidically cooled electric device. (a) Schematic of the de-
vice structure, in which the AlGaN/GaN epilayer provides the electronic functions and the
silicon functions as cooling and fluid distribution manifold. Metal contacts seal the buried
microchannels embedded underneath. Coolant coming from the manifolds flows in the out-
of-plane orientation inside the microchannels to remove heat from the device. (b) Top view
of the co-designed device structure: each contact is aligned and seals the buried channel in
a scaled-up multi-finger structure. (c) Bottom view of the co-designed device structure: the
manifold structure distributes the flow over the microchannels. (d) Summary of the proposed
cooling method: a staggered pattern of narrow high-aspect-ratio slits is first etched through
the AlGaN/GaN epilayer into the silicon. Next, an isotropic gas etch widens the channels in
the silicon, coalescing under the epilayer. The openings in the epilayer are then sealed using
electroplating. (e) SEM image of the AlGaN/GaN surface after sealing the microchannels.
Contact pads hermetically seal the incisions in the AlGaN/GaN epilayer. (f) Cross-sectional
SEM image along C1, showing the incision in the epilayer sealed with electroplated copper. (g)
Cross-sectional SEM image along C2, showing an array of buried microchannels, as well as
a sidewall of the perpendicular manifold channel. (h) Close-up of the cross-sectional image
along C2, showing the exposed microchannel below the electroplated-copper sealing layer.

5.2.2 Fabrication

Fig. 5.2d gives a schematic overview of the fabrication method, outlined in detail in Fig. 5.3.

Fabrication started with an AlGaN/GaN-on-silicon wafer with, from top to bottom: 2.9 nm

GaN cap layer, 20 nm AlGaN barrier, 420 nm GaN channel, 4.2 µm buffer layer, on a 400
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µm-thick silicon. First, a mesa was etched to define the active area of the chip, followed by a 1

µm-thick plasma-enhanced chemical vapor deposition (PECVD) of SiO2 as an etching mask

to obtain sharp sidewalls after GaN etching. Photoresist was lithographically patterned on

top of the SiO2 layer, to define and open a staggered pattern of slits in the SiO2 mask using

inductively coupled plasma (ICP) etching using C4F8 chemistry. The staggered pattern, with 30

µm-long slits spaced 2 µm apart, prevented the epilayer from turning into a fragile cantilever

after performing an undercut in the silicon substrate. Instead, the 2 µm spacing between each

slit kept the epilayer together, resulting in good mechanical integrity of the epilayer during the

fabrication process. The photoresist was stripped using an O2 plasma and the exposed GaN

slits were consecutively etched using Cl2+Ar chemistry until the silicon substrate was reached,

which was confirmed by end-point detection. The chips were then dipped into 40% KOH at 60
◦C for 5 minutes to remove any remaining AlN-based material from the buffer [154], [155].

The Bosch process was used to etch the silicon slits to a depth of approximately 115 µm,

resulting in high aspect ratio slits. The microchannels in silicon were widened using an

isotropic xeF2 gas etch, which provided selectivity over GaN [156]. xeF2 gas etching was

performed in a pulsed manner: The sample was exposed to xeF2 at a controlled pressure

(1.33 mbar) for 30 seconds, followed by evacuation of the etching chamber. This process was

repeated for 45 cycles until the desired channel width was obtained. In-situ optical etching

tracking through the transparent GaN membrane was performed using a camera directly

mounted on the etching chamber, as shown in Fig. 5.2d. The proposed method enabled to

accurately obtain the desired channel width and to ensure that all slits were coalesced into

continuous channels underneath the epilayer. This way, 20-µm wide microchannels were

etched through the narrow openings in the epilayer. Next, the SiO2 hard mask was stripped

using 50% HF for 10 minutes, and the surface was further cleaned from all organic residues

using piranha treatment.

A Ti/Al/Ti/Ni/Au Ohmic contact stack was deposited using e-beam evaporation and pho-

tolithographically patterned by lift-off, followed by an annealing step at 850 ºC. The in- and

outlet channels were etched in the backside of the chip using the Bosch process, until the

channels from both sides coalesced, which was confirmed by optical microscopy. The slits

in the GaN epilayer were then sealed by electroplating approximately 7 µm of copper on top

of the Ohmic contacts. For the electroplating process, a uniform seed layer of chromium-

copper (20 nm/70 nm) was deposited on top of the device after the contact metallization step

using e-beam evaporation, where chromium served as an adhesion layer and copper as the

seed layer. Next, 10 µm of photoresist was patterned to define the area to be electroplated.

Electrical contact was made to the chip, which functions as the cathode, using an electrically

conductive adhesive that was applied over all edges of the chip. First, the chip was shortly

dipped in H2SO4 to remove any surface oxidation. Then, electroplating was performed using

a galvanostat at a current of 1 A for 7 min minutes in a solution containing CuSO4, H2SO4 and

Cl-, as well as an addition of Intervia 8510 (Dow), while using a CuP anode. As the galvanically

deposited copper film grows conformally and isotropically, the incisions in the GaN layer seal

as the copper layer bridges the gap and coalesces on top of the cavity. After electroplating,
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the photoresist was stripped, and the seed layer was etched by performing a short copper

wet-etch ((NH4)2S2O8 + H2SO4), followed by a chromium etch that is selective over copper

(KMnO4 + Na3PO4). Finally, the individual dies were separated using a dicing saw.

Figure 5.2e shows a scanning electron microscope (SEM) image of the device after the metal-

lization step with sealed channels. Because of the narrow incisions in the epilayer, the contacts

do not require significant oversizing. The microchannels are in direct contact with the active

area of the chip, thus providing excellent thermal coupling between the hot-spot and the

cooling channel (Fig. 5.2f). Through micron-sized openings in the AlGaN/GaN layer, 125

µm-deep and 20 µm-wide channels were realized in the silicon substrate (Fig. 5.2g,h).

A series of devices was fabricated with SPMCs with equal width and spacing of 100 µm, 50

µm and 25 µm, and a channel depth of 250 µm in GaN-on-Si power devices, functioning as

reference heat sinks (Fig. 5.4a) for evaluating the performance of the co-designed electronic-

microfluidic mMMC devices. mMMC chips with 2, 4, and 10 inlet and outlet manifold channels

and identical 20 × 125 µm microchannels were fabricated, referred to as 2x, 4x, and 10x-

manifold (Fig. 5.4b). Figure 5.4c shows a picture of the mMMC device with a 10x-manifold,

including a schematic (Fig 5.4d) to illustrate the flow path with coolant impinging directly

onto the bottom of the GaN epilayer.

5.2.3 Experimental setup for evaluation of cooling performance.

An open-loop single-phase liquid cooling setup, schematically shown in Fig. 5.6a was built

underneath an IR camera in order to perform liquid cooling experiments, as can be seen in

Fig. 5.6b. A reservoir of deionized (DI) water was pressurized with compressed air using a

pressure controller (Elveflow OB1 MK2), causing it to flow towards the test section manifold

machined out of polyetheretherketone (PEEK) (Fig. 5.6c). PEEK was chosen because of its

low thermal conductivity, preventing heat flux to leak out of the system by conduction, as

well as because of its high glass-transition temperature of 143 ºC [157]. The flow rate of the

coolant was measured using a thermal mass flow sensor (Sensirion SLQ-QT500). Chips are

mounted on laser-cut Poly(methyl methacrylate) (PMMA) carriers with double-sided adhesive

and connected to the test section using laser-cut silicone gaskets. 4 screws compress the

PMMA carrier to seal the gaskets. This way, no force needs to be applied directly onto the chip,

preventing the chips from breaking during mounting. Two pressure sensors (Elveflow MPS)

were used to measure the pressure at the inlet and outlet of the chip, and the inlet and outlet

fluid temperatures are measured using a type-K thermocouple (THERMOCAOX), integrated

right before the inlet and right after the outlet of the chip. The thermocouples were calibrated

using a thermostatic bath (Lauda RP855). The chips were connected to a power supply (TTI

QPX1200), which simultaneously applies a voltage and measures the current over the device

under test (DUT). Electrical connection with the DUT was made using 6 high-current-rated

spring-loaded pins, connected to a custom-made PCB with a hole in the center to allow
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Figure 5.3 – Fabrication process of the co-designed microfluidic-electric device. (a) AlGaN/-
GaN epilayer on a silicon substrate. (b) Hard-mask deposition. (c) Hard mask patterning
and opening. (d) Epilayer etching until reaching the substrate. (e) Anisotropic deep etching
of the silicon substrate through the epilayer opening. (f) Isotropic gas etching through the
epilayer opening to widen the slits under the epilayer. An in-situ optical etching tracking
was put in place to control the width of the channels. (g) Hard-mask removal. (h) Ohmic
contact deposition and annealing, seed layer deposition for electroplating and patterning the
electroplating mask. (i) Manifold channel etching from the back of the substrate. (j) Cr/Cu
seed layer deposition for electroplating. (k) Lithography step to define electroplating openings.
(l) Electroplating to seal the epilayer openings. (m) Photoresist removal. (n) Wet etch to remove
Cr/Cu seed layer. (o) Finish device fabrication with dielectric deposition, (p) and optional gate
metal deposition.
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Figure 5.4 – Microchannel cooling configurations. (a) SEM images of the backside of the
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Blue lines indicate the cold coolant flow entering the chip, and red lines indicate the hot
coolant leaving the chip.

infrared (IR) measurements.

Temperature rise on the surface of the chip was measured using a FLIR SRC3000 IR camera. A

LabVIEW automation program was developed to automate the data acquisition. The program

waits for the liquid outlet temperature to stabilize, then sends a trigger signal to the video

card of the PC connected to the IR camera to record 20 snapshots, and increases the power

dissipated on the chip until a critical surface temperature is reached. The surface of the chip

was painted black using spray paint to increase emissivity. To further improve the accuracy of

the IR thermography, a pixel-by-pixel emissivity calibration was performed by flowing water at

a controlled temperature using the thermostatic bath following the method described in [158].
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Figure 5.5 – Experimental setup for evaluating the thermo-hydraulic performance. (a)
Schematic overview of the measurement setup. An inlet reservoir of coolant is pressurized
using a pressure controller, whereas the temperature is controlled using a thermostatic bath.
Liquid flow through a flow-meter into the test section, containing the chip (DUT). Temper-
ature of the chip is monitored using an IR camera, and coolant temperature is monitored
using thermocouples (T). (b) Picture of the experimental setup for characterizing the thermal
performance. (c) Close-up picture of the test section.
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IR emission was measured at each temperature and a fit between temperature and IR emission

was established for each pixel of the photodetector, explained in more detail in Appendix

B, to achieve an accuracy of ± 0.22 ◦ C. Finally, a MATLAB script was developed in order to

automate the post-processing of the IR data, which extracted the mean and maximum surface

temperature rise. The latter was defined as the mean value of the 20 highest temperature

readings, to be less susceptible to noise.

5.2.4 Data reduction

The cooling performance of all chips was analyzed for power dissipation up to 75 W and

flow rates between 0.1-1.1 ml/s. The maximum surface temperature rise (∆Tsur f ace ) was

calculated by subtracting the coolant inlet temperature from the maximum IR-measured

surface temperature (eq. 5.1). The liquid temperature rise (∆Tl i qui d ) was calculated by

subtracting the inlet water temperature from the water outlet temperature, measured by

thermocouple (eq. 5.2). The wall temperature (∆Tw all ) was calculated by subtracting the

mean water temperature between the inlet and outlet from the average surface temperature

rise, and performing a correction for 1D conduction through the epilayer, thermal boundary

resistance and silicon in case of straight channels (eq. 5.3). A thermal boundary resistance

between the GaN and silicon substrate of 1.0×10−7W −1m2K was assumed [159]–[161]. The

effective applied power was calculated using an energy balance in eq. 5.4, where ρ and cp

are the density and heat capacity of water, respectively. This method eliminates the heat that

leaks out of the system from thermal calculations.

∆Tsur f ace = T max
sur f ace −Ti nlet (5.1)

∆Tl i qui d = Toutlet −Ti nlet (5.2)

∆Tw all = T mean
sur f ace −

(
Ti nlet +

∆Tl i qui d

2

)
−∆Tconducti on (5.3)

Pi n = ρcp∆Tl i qui d (5.4)

For all flow rates, the total thermal resistance (Rtot ), the caloric thermal resistance (Rcal )

and convective thermal resistance (Rconv ) were determined through a linear fit of ∆Tsur f ace ,

∆Tl i qui d and ∆Tw all versus Pi n , respectively. Thus, every reported thermal resistance was

derived from a wide range of measurements to ensure a high accuracy. Thermal resistance

was plotted against the inverse flow rate to highlight the linear relationship between Rcal and

f −1. As can be seen, most of the variation of Rtot with flow-rate can be accounted to Rcal ,

whereas Rconv shows little dependence on the flow rate.

COP was calculated according to Eq. 5.5, by dividing the maximum heat flux for a ∆Tmax of

60 degrees temperature rise by the required pumping power (Ppump ) to achieve this level of

cooling [162]. Ideal hydraulic pumping power was considered for Ppump , calculated as the
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product of flow rate ( f ) and pressure drop (∆p) according to eq. 5.6.

COP =
∆Tmax

Ppump Rtot
(5.5)

Ppump = f ∆p (5.6)

Effective base-area averaged heat transfer coefficient was calculated using eq. 5.7, where

Adevi ce represents the footprint area of the active area of the device, containing both the

electrical device and the cooling structure.

he f f =
1

Rconv Adevi ce
(5.7)

The average local heat transfer coefficient (hw all ) was determined by taking the fin efficiency

(η f i n) into account, which was calculated using η f i n = 1 as a starting point for iteratively

solving eq. 5.8 [42], [43].

η f i n =
tanh z

√
2hw all

ksi ww all

z
√

2hw all
ksi ww all

(5.8)

Here, z represents the channel depth, ww all the channel wall width and ksi is the thermal

conductivity of the silicon substrate, which was chosen to be 150 W/mK. Finally, based on

hw all , the average Nusselt number (Nu) was calculated for each measurement condition using

eq. 5.9, where Dh is the hydraulic diameter of the channel calculated using eq. 5.10 and kw ater

is the thermal conductivity of water at the mean measured temperature.

Nu =
hw all Dh

kw ater
(5.9)

Dh =
2wc z

wc + z
(5.10)

Non-dimensional channel length (L∗) was defined as the non-dimensional channel location

at the end location the coolant leaves the chip, using eq. 5.11. Here, Pr is the Prandtl number

that was fixed at 7.56 for water.

L∗ =
L

DhRePr
(5.11)

5.3 Results

5.3.1 Pressure test

Before evaluating the cooling performance, pressure tests were performed by increasing the

system pressure of up to 4 bar (above atmospheric) on each chip. This procedure was intended

as a burst test, but no failure was observed up to the maximum pressure capability of the

experimental facility. It should be noted that typically epitaxial growth of AlGaN/GaN on a
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silicon substrate using metal-organic chemical vapor deposition is performed at temperatures

around 1000 ºC. Due to the mismatch in coefficient of thermal expansion, the resulting stress

in the epilayer is typically in the order of 0.3 GPa, whereas the critical cracking stress lies

around 1.1 GPa [163]. Although the additional pressure inside the channels during liquid flow

does contribute to the total stress in the epilayer, 1 bar (typical operation) equals to only 0.1

MPa. This stress is more than three orders of magnitude smaller than the typical residual

stress in the epilayer, and is therefore not expected to cause failure. This finding agrees with

our observations, as well as with other works in the literature [164], [165].

5.3.2 Impact of hydrostatic pressure on electrical performance

Due to the piezoelectric properties of GaN, changes in pressure and the resulting strain in

the epilayer may affect the electrical performance of the device [164], [166]. To investigate

this phenomenon, the outlet of the test section in Fig. 5.5 was plugged. The hydrostatic

pressure applied to the test section was swept from 0 mbar to 1590 mbar and back. At each

step in pressure, a cyclic IV-measurement was performed, together with the measurement

of the water temperature in the test section. After the water reached ambient temperature,

the next measurement was performed. This was done to prevent any drift in temperature

during the 3-hour-long measurement, which might affect the resistance of the chip. The 14

IV-characteristics (Fig. 5.6a) show no clear impact on device performance.

Next, the on-resistance was derived from the IV curves using a linear fit at each pressure

condition. The observed variation in on-resistance remained within 1.5% of its initial value

at atmospheric pressure (Fig. 5.6b). These results show that the effect of the pressure range

considered here on the electrical properties of the devices is negligible for the purpose of

this work. The reason for the small impact of this effect on electrical performance could be

accounted to the fact that the microchannels are positioned below the pads, and covered

with metal. Any change in carrier density in this region of the chip due to strain would not

significantly affect the device performance, as most contribution to the device’s resistance is

in the area between the pads.

5.3.3 Thermal measurements

A thermo-hydraulic analysis, using de-ionized water as a coolant, was performed on the 6

cooling structures (Fig. 5.4a,b) to assess the cooling performance by measuring the thermal

resistances, pressure drop and the resulting cooling coefficient-of-performance (COP) at a

maximum temperature rise of 60 K (COP60), which indicates the energy efficiency of the heat

sink. Figure 5.7 shows an overview of the data reduction procedure for the 10x-manifold chip,

and Fig. 5.8 shows an overview of the temperature rises and thermal resistances obtained for

the remaining 25 µm/50 µm/100 µm-SPMC and 4x-mMMC devices.

Figure 5.9a shows a comparison of wall temperature rise for all measurement conditions on
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Figure 5.6 – Impact of pressure on electrical performance. (a) IV characteristics at hydrostatic
pressure between 0 mbar and 1590 mbar. (b) Normalized change in resistance versus pressure
during a sweep in pressure up to 1600 mbar and back. Each data point was extracted using a
linear fit through a cyclic IV measurement from 0 V to 0.5 V and back.

each evaluated device. The linear slope, corresponding to Rconv , shows a clear dependency

on the channel dimension and design. In contrast, the coolant temperature rise (Fig. 5.9b)

is completely defined by the flow rate and independent of the channel design as expected.

Figure 5.10e shows the Nusselt number and fin efficiency over the measured range of flow

speeds, and Fig. 5.10f shows both the effective base-area averaged and average local heat

transfer coefficients. In thermally-developing laminar internal flow, the observed average

Nusselt number is expected to increase with flow rate, due to the increased entrance length.

At higher flow rates, a longer entrance length will result in a higher heat transfer coefficient.

This general trend is observed in Fig. 5.9(d). For the 10x manifold, this effect saturates, likely

due to the short length of the channels, which in combination with a potential shift in coolant

distribution over the chip at higher Reynolds number, causes the Nusselt number to peak. A

complete overview of the fin efficiencies and Nusselt numbers for all devices can be found in

Fig. 5.9c-d. Figure 5.11 summarizes all dimensions and cooling performance of the chips.

Figure 5.9e shows Nu versus the non-dimensional channel length, L∗. A good correlation was

found between Nu and the non-dimensional channel length, confirming the high values for

Nu can explained by the contribution of thermally developing flow.

Fig. 5.10a shows the total thermal resistance (Rtot ) between the surface temperature-rise and

the inlet temperature for the evaluated structures. By reducing the SPMC channel dimensions

from 100 µm to 25 µm at identical flow rates, Rtot reduces, which can be attributed to the

increased surface area for heat transfer. However, the 4x- and 10x-mMMC heat sinks show

an additional significant reduction in Rtot compared to the 25 µm SPMC, approaching the

limit of single-phase water-cooling (defined by its heat capacity). A breakdown of Rtot is

shown in 5.10b, revealing a strong relation between Rconv and microchannel size, where

smaller channels reduce Rconv . A significant further decrease in Rconv was achieved with the

10x-manifold, resulting in an 85% and 76% reduction compared to 50 µm and 100 µm SPMC,

121



Chapter 5 Device level: Co-design of microfluidic cooling and GaN HEMTs

0 10 20 30 40 50 60
0

5

10)
C° (

r
et

a
w

T
Δ

Power (W)

f = 0.2 - 1.1 ml/s

Rheat

0.4 0.6 0.8 1.0
0

5

10

15

0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

)-(
u

N

Flowrate (ml/s)Flowrate (ml/s)

F
in

 e
ff
ic

ie
n

c
y
 (

-)

0 10 20 30 40 50 60

0

5

10

15

20

25

)
C°(

e
c

afr
u

s
T

Δ

Power (W)

f = 0.2 - 1.1 ml/s

Rtotal

0.4 0.6 0.8 1.0

105

106

hwall

m/
W(

h
2
K

)
Flowrate (ml/s)

heff

0 10 20 30 40 50 60
0

2

4

6

8

10

12

)
C°(

l l
a

w
T

Δ

Power (W)

Rconv

1.0 1.5 2.0
0.0

0.5

)
W/

K(
R

1/f (s/ml)

Rtotal

Rconv

Rheat

Rcond

a c

b d

e

f

f = 0.2 - 1.1 ml/s

Figure 5.7 – Example data reduction of thermal characterization experiments for the 10x-
manifold chip. (a) Peak surface temperature rise above the inlet temperature, measured
using IR-thermography at varying power dissipation. Slope of the linear fit through the data
points gives the total thermal resistance (Rtot ). (b) Water temperature rise, measured between
the inlet and outlet of the chip. Slope of the linear fit through the data points gives the
contribution of the total thermal resistance due to the temperature rise of the water (Rcal ). (c)
Wall temperature rise. Slope through these data points gives the convective thermal resistance.
(d) Total, caloric, convective and conductive thermal resistance versus the inverse flow rate.
(e) Nusselt number and fin efficiency. (f) Effective base-area averaged heat transfer coefficient
(he f f ) and wall-area averaged heat transfer coefficient (hw all ), taking the surface area of the
microchannels as well as the fin efficiency into account.

respectively. In combination with a very low Rcond for the co-designed manifolds, at a flow

rate of 1.0 ml/s, a thermal resistance of 0.43 K/W was achieved. The 10x-manifold design thus

allows heat fluxes up to 1723 W/cm2 for a maximum temperature rise of 60 K, which is more

than twice that of a 25µm-wide SPMC.

Narrow channels, however, require a higher pressure to achieve equal flow rate (Fig. 5.10c). For

a flow rate of 0.5 ml/s, microchannel widths of 100 µm, 50 µm and 25 µm require pressures

of 160 mbar, 260 mbar and 810 mbar, respectively. The manifold structure significantly

lowers the pressure drop by reducing the length of the flow path through the microchannel.

When splitting the flow in smaller sections with the 10x-manifold, the pressure drop reduced
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thermal resistance R for: (a) 100 µm-wide SPMC; (b) 50 µm-wide SPMC straight microchan-
nels; (c) 25 µm-wide SPMC straight microchannels; and (d) 4×- manifold.

significantly to 210 mbar. This highlights the benefit of the MMC structure: a lower thermal

resistance than SPMCs can be obtained at a reduced pumping power consumption. However,

although the manifold structure can reduce the pressure drop, the additional contractions

and turns of the fluid can hinder this reduction. For example, 20 µm-wide microchannels in a

4x-manifold require a significantly higher pressure of 1300 mbar compared to 25 µm-wide

SPMC, which in part can also be attributed to the higher fluid velocity as the mMMC channels

(125 µm) are not as deep as the SPMC (250 µm). These finding demonstrate the need for a

carefully optimized geometry of the microchannel and manifold.
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Fig. 5.10d shows a clear trend for SPMCs of increased effective base-area averaged heat

transfer coefficient (he f f ) for smaller microchannels. This is due to the combined effect

of the increased surface area and local heat transfer coefficient in fully-developed laminar

flow regime. The co-designed mMMC structure with 4x-manifold channels and 20 µm-wide

microchannels matches this trend with he f f = 3.1 × 105 W/m2K, but a large deviation from

this pattern is observed when the effective length through which the coolant flows in the

microchannel is reduced. For the 10x-manifold, he f f more than doubles to 7.3 × 105 W/m2K,

a rise that can be accounted to the elevated Nusselt number due to the developing flow in the

MMC structure [39], [49]. This effect becomes more pronounced by considering the wall-area

averaged heat transfer coefficient (hw all ) (Fig. 5.10e), which eliminates the contribution of the

increased surface area from the heat transfer coefficient, as well as accounts for the limited fin

efficiency of the channels. Over a 3-fold increase in hw all is observed between 25 µm-straight

microchannels and the 10-channel mMMC heat-sinks, up to 2.4 × 106 W/m2K. This value

corresponds to a remarkably high Nusselt number of 16, generally only achieved in larger-scale

systems, or in more complex two-phase cooling systems, highlighting the superior thermal

performance of this structure.
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Parameter Unit

SPMC mMMC

Manifold channels Nm [-] - - - 4 10

Channel Width wc [µm] 100 50 25 20 20

Channel Depth z [µm] 250 250 250 125 125

Hydraulic diameter Dh [µm] 142 83 45 34 34

Device/cooling

area
Ad [cm2] 0.099 0.099 0.099 0.081 0.081

Wetted area Awet [cm2] 0.348 0.598 1.09 0.476 0.476

Average

convective thermal

resistance

Rconv [W/K] 1.1 0.73 0.37 0.41 0.17

R’conv [W/cm2K] 1.1 × 10-1 7.2 × 10-2 3.7 × 10-2 3.3 × 10-2 1.4 × 10-2

Conductive

thermal resistance

R’cond [W/K] 1.2 × 10-2 1.2 × 10-2 1.2 × 10-2 1.5 × 10-3 1.5 × 10-3

R’cond [W/cm2K] 1.2 × 10-3 1.2 × 10-3 1.2 × 10-3 1.2 × 10-4 1.2 × 10-4

Average effective

heat transfer

coefficient

heff [W/m2K] 8.2 × 104 1.4 × 105 2.7 × 105 3.1 × 105 7.3 × 105

Average local heat

transfer coefficient
hwall [W/m2K] 2.5 × 104 2.6 × 104 3.3 × 104 6.9 × 104 2.4 × 105

Average fin

efficiency
η [-] 0.94 0.87 0.74 0.76 0.50

Maximum Nusselt

number
rh [-] 6.5 3.7 2.6 4.7 16

Hydraulic

resistance
rh

[mbar-

s/ml]
358 535 1692 2191 479

Figure 5.11 – Overview of all design parameters and measured values per chip.
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5.4 Benchmarking

The combination of improved heat transfer and reduced pressure drop leads to significantly

lower pumping power requirements. The cooling COP60 is defined as the ratio of extracted

power to the pumping power required to provide such a level of cooling, while maintaining

a maximum surface temperature rise of 60 K. Higher heat fluxes require higher flow rates,

reducing the COP60 due to the larger pumping power required. Figure 5.10f gives a summa-

rized benchmarks the evaluated devices, along with other experimental results found in the

literature. For SPMC, channel widths of 100 µm, 50 µm and 25 µm show a consecutively

higher COP60 for higher heat fluxes, with a COP60 in the range between 102 and 104 and heat

fluxes between 350 W/cm2 and 800 W/cm2. The 10x-manifold device vastly outperforms

these SPMCs. At an identical COP60 of 5.0 × 103, the 10x-manifold can sustain heat fluxes

up to 1.7 kW/cm2 at 1.0 ml/s, compared to 400 W/cm2, 450 W/cm2 and 550 W/cm2 for 100

µm, 50 µm and 25 µm SPMCs, respectively. Furthermore, at a heat flux of 780 W/cm2, the

10x-manifold provides a 50-fold increase in COP60 with respect to 25 µm SPMCs. Compared

to MMC heat sinks presented in the literature, the proposed mMMC device outperforms the

current state-of-the-art, and demonstrates a significant potential for energy-efficient cooling

by having a thermal-centered approach in the device design.
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Figure 5.12 – COP60 versus heat flux for a maximum surface temperature rise of 60 K. Solid
markers indicate experimental results and open markers indicate numerical or analytical
calculations. The results in this chapter are indicated by red stars. Dashed lines correspond to
predictions based on a constant heat transfer. References to all used datasets can be found in
Table 5.1 ??

In addition, a more extensive benchmarking effort of the mMMC’s performance was per-

formed versus a wide selection of experimental and numerical results in the literature that
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use water as a coolant (Fig. 5.12). The cooling approaches were classified as SPMC ([28],

[167]), pin-fins ([167], [168]), strip-fins ([101], [167], [169]), MMC ([51], [102], [170]–[173]),

impinging jets ([59], [167], [174], [175]), and mMMC (this chapter). A distinction was made

between: techniques where the water is in direct contact with the die and the die contains

cooling structures (embedded cooling), approaches where the water is in direct with the die,

but the die itself does not contain cooling structures (bare-die cooling), and indirect cooling,

which requires an additional thermal interface between the heat sink and the chip. A tabulated

overview with all data points used in the benchmarking study can be found in Table 5.1.
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Table 5.1 – Selected references for the benchmarking study.

Ref. Authors Year Approach Geometry Application Work

This chapter van Erp 2020 Embedded mMMC Power electronics Experimental
[28] Tuckerman & Pease 1981 Embedded SPMC Logic (VLSI) Experimental
[167] Ndao et al. 2009 - SPCM General Optimization
[167] Ndao et al. 2009 - In-line pin fin General Optimization
[167] Ndao et al. 2009 - Staggered pin fin General Optimization
[167] Ndao et al. 2009 - Offset strip fin General Optimization
[167] Ndao et al. 2009 - Single Jet General Optimization
[167] Ndao et al. 2009 - Muli-Jet General Optimization
[53] Everhart et al. 2007 Bare die MMC bare die cooling Power diode Experimental
[103] Escher et al. 2010 Embedded MMC Logic Experimental

[169] Colgan et al. 2005
Embedded

Offset strip fin Logic Experimental
or indirect

[173] Ditri et al. 2015 Bare die Multi-jet Bare die cooling Numerical & experimental

[68] Han et al. 2014
Indirect

Hybrid Jet/MMC RF power amplifier Numerical
(Chip included)

[101] Kandlikar & Upadye 2005 - Offset strip fin General Experimental
[174] Natarajan & Benzema 2007 Direct Multi-jet Logic Numerical
[176] Wei et al. 2017 Bare die Multi-jet Logic Experiment
[168] Brunschwiler et al. 2008 Embedded Pin-Fin Staggered 3D integration Experimental
[168] Brunschwiler et al. 2008 Embedded Distorted Pin-Fin staggered 3D integration Experimental
[168] Brunschwiler et al. 2008 Embedded In-line pin fin 3D integration Experimental
[51] Ryu et al. 2003 - MMC General Numerical

[177] Cetegen et al. 2013
Indirect

MMC General Numerical
(Chip not included)

[170] Jung et al. 2019 Direct MMC Vehicle power electronics Experimental
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5.5 Discussion and outlook

In this chapter, a new approach of co-designing microfluidics and electronics for energy-

efficient cooling was presented, and demonstrated on GaN-on-Si power devices by turning

the passive silicon substrate from a low-cost carrier into a high-performance heat sink. COP60

values above 104 for heat fluxes surpassing 1 kW/cm2 could be obtained by focusing on

cooling in an early stage of the device design. The entire mMMC cooling structure can be

monolithically integrated in the substrate, requiring only conventional fabrication procedures,

thus making this economically viable.

Figure 5.13 shows an overview to place the results in this chapter in context. Figure 5.13a shows

the breakdown of different components of the thermal resistance. The largest contributions to

the fixed thermal resistance for direct cooling, (Rconv ), has now been significantly reduced.

However, convection remains the largest bottleneck for extracting higher heat fluxes. In

addition, Rheat has been omitted in these benchmarking figures, but we’ve shown that this

contribution can no longer be ignored at this scale. Therefore, to address convective heat

transfer and sensible heat to further remove the thermal limitations on GaN transistors, it

becomes interesting to explore two-phase cooling. This latter will be the objective in Chapter 7.

Finally, Fig. 5.13b shows again the COP60 versus heat flux. The co-designed mMMC structure

offers a large increase in maximum heat flux, at a comparable COP60 as direct microchannel

cooling.
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Figure 5.13 – (a) Normalized thermal resistance components of indirect microchannel cool-
ing, direct microchannel cooling, and co-designed microfluidic cooling (this chapter) and a
reference case with an air-cooled TO-247 power resistor (b) Benchmark of cooling efficiency
(COP60) versus cooling capability (q) for a maximum temperature rise of 60 k.

To conclude, in order to provide maximum energy savings, cooling should be an integral step

in the entire electronic design chain, from the device to the system design, and not merely

an afterthought. The last three chapters have demonstrated a series of improvements, where

each subsequent bottleneck in heat transfer has been addressed. This chapter showed that

the co-design of microfluidic and electronics has the possibility to become a new paradigm
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in energy-efficient thermally-aware design of electronics. This may aid in solving critical

challenges in electronics applications, as well as enabling future integrated power converters

on a chip to support the electrification of our society in a sustainable manner. However,

despite the excellent thermal performance obtained with the co-designed microfluidic cooling

approach, changing a qualified manufacturing process poses a large barrier to adoption.

To facilitate the commercialization, we explored new substrate-based technologies where

buried microchannels are epitaxially integrated inside a GaN-on-Si substrate. We aim to

achieve a drop-in replacement wafer to standard GaN-on-Si substrates that offers the thermal

performance achieved in this chapter without requiring a change in qualified foundry process.
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6 Wafer-level: GaN substrates with
epitaxially-embedded microfluidic
cooling
The last 3 chapters explored microfluidic cooling solutions for GaN electronics. We have

demonstrated that integrating cooling directly in the silicon substrate of a GaN-on-Si power

device is a feasible method to increase the heat extraction capability. Chapter 4 showed that

cooling channels can be etched in the backside of the silicon substrate, to eliminate thermal

interface resistances using well-established manufacturing methods. Chapter 5 consequently

showed that, by introducing new fabrication methods, we can monolithically integrate an

MMC cooling structure inside a power device, co-designed with the electronic device, to

achieve state-of-the-art cooling performance and efficiency. However, this structure requires

changing a qualified foundry process, which is costly and poses a high barrier to adopting

such technology.

In this chapter, we investigate a new wafer-level method to obtain a similar monolithically-

integrated microchannel structure integrated into a GaN-on-Si device, without requiring a

change in foundry process. Whereas in the last chapter we used the metalization step to seal

slits in the epilayer, here we show the possibility of using epitaxial growth to create a uniform

crystalline seal that coalesces these slits. The resulting structure is a uniform, crystalline GaN

epilayer that can be processed like any regular GaN wafer as a drop-in replacement. However,

the embedded cooling channels can be easily accessed from the backside to obtain a similar

structure as demonstrated in Chapter 5.

6.1 Introduction

Thermal management is a severe challenge in GaN electronics and has received considerable

attention in the last decade from both industry and academia. These research efforts can be

divided into two distinct directions: Firstly, the usage of high thermal conductivity substrates,

such as diamond, that enable aggressive heat spreading to reduce hot-spot temperatures.

Conveniently, a change in substrate leaves the device manufacturing process unaltered and

hence takes away the thermal problem from foundries. However, despite the excellent ther-

mal results, this approach is prohibitively costly and will likely remain limited to the most
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demanding military applications.

Secondly, the usage of microscale liquid cooling to extract heat locally, close to the source.

Due to the high heat transfer coefficient in micro-convective cooling and the large surface-

to-volume ratio at the microscale, die-level heat fluxes exceeding 1 kW/cm2 can be easily

extracted. Since this approach does not rely on the spreading of heat to a larger surface

area, this removes the direct need for expensive thermally conductive substrates such as

diamond and SiC. Instead, low-cost silicon substrates can be a favorable choice, due to the well-

established micromachining toolbox available owing to decades of MEMS developments. In

the previous chapters, we have demonstrated extremely efficient and powerful heat extraction

by monolithically integrating a 3-dimensional manifold inside the silicon substrate where

microchannels were formed below the active region of the device through narrow incisions in

the epilayer. This approach has both the potential to be more powerful and lower cost than the

spreading-based solutions and has led to outstanding electrical and thermal performances.

However, the proposed fabrication method requires the introduction or alteration of steps in a

qualified foundry process, which is notoriously challenging and poses an enormous barrier to

adoption. In addition, the exact layout of the electrical device and cooling are coupled, which

significantly complicates the design process. It is desirable to achieve the same outstanding

thermal and electrical performance, without requiring a change in device fabrication method,

or introducing design constraints.

To avoid cumbersome bonding steps, the creation of a manifold structure in the silicon sub-

strate requires a two-sided etching step. Sealing the openings from the GaN-side is therefore

an essential part of this process. Closing the trenches by depositing a metal or a dielectric

layer inherently causes a need to adapt the device layout to the cooling structure, which is

undesirable. An alternative, that does not sacrifice device design freedom, would be to seal the

microchannel openings using a single-crystalline semiconductor layer. Such a process results

in a new kind of substrate with monolithically-integrated cooling channels (Fig. 6.1), that

enables the fabrication of devices without requiring knowledge of the layout of the underlying

cooling structure.

Cooling inside

Sub
stra

te

Active semiconductor

Figure 6.1 – GaN-on-Si substrate with embedded channels.
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A potential candidate to meet these goals, is the usage of metalorganic vapor-phase epitaxy

(MOVPE) to seal the microchannel structures. MOVPE is an epitaxial growth, where the

deposited material follows a well-defined crystalline structure. MOVPE is the process that is

typically used for fabricating GaN-on-Si substrates and is thus a well-accepted manufacturing

step. It is possible to seal the openings using the GaN epitaxial growth process by exploiting its

lateral growth capabilities. This process is commonly known as epitaxial lateral overgrowth

(ELOG), which is often used in the manufacturing of high-quality defect-free GaN layers

for optoelectronic purposes. In this chapter, we explore the possibility of creating buried

microchannels in a GaN-on-Si substrate using the ELOG process, to obtain a wafer with an

integrated heat sink. First, various manufacturing challenges and constraints are discussed,

followed by the related process optimization for two distinct methods to achieve wafers

with integrated cooling challenges. The new GaN-on-microchannel substrate presented in

this chapter yields near-junction liquid-cooled electric devices without requiring a process

modification. We, therefore, consider this substrate as a drop-in replacement to enable the

benefits of micro-convective cooling. The integration of microchannels directly inside the

silicon substrate in close proximity to the GaN layer will transform the low-cost substrate

into a high-performance heat sink and breaks the dependency between cost and thermal

performance of a substrate.

This chapter is structured in the following manner: First, we elaborate on the background

behind GaN-on-Si epitaxy, ELOG, and the challenges involved with using these methods for

embedding microstructures inside a substrate. Next, we present two fabrication methods,

the optimization process behind them, and assess their feasibility. The resulting GaN-on-

Si substrates with integrated channels are evaluated using various techniques, before this

chapter is concluded with recommendations and strategies for further improvements.

6.2 Background

6.2.1 GaN-on-Si epitaxy

Since bulk GaN substrates only come in small wafer diameters and are prohibitively expen-

sive, heteroepitaxial growth of GaN on non-native substrates has been an active topic of

investigation for the last decades. GaN growth on SiC, sapphire, and (111)-Si substrates have

all demonstrated successful results. However, achieving high-quality GaN layers on these

substrates is challenging. Firstly, GaN has a lattice constant of 3.19 Å, whereas SiC, sapphire,

and Si have a lattice constant of 3.08 Å, 4.76 Å, and 3.84 Å, respectively. The first nucleation

layer in epitaxial growth will therefore function as a transition layer, which introduces strain

and dislocations in the epilayer. Secondly, GaN growth typically happens at elevated tempera-

tures of around 1000 ◦C. GaN has a coefficient of thermal expansion (CTE) of 5.6×10−6K−1,

which varies from SiC (4.2×10−6K−1), sapphire (7.5×10−6K−1) and Si (2.6×10−6K−1). Therefore,

significant thermomechanical stress is introduced when the substrate cools down to room

temperature, which can cause cracking of the GaN layer.

135



Chapter 6 Wafer-level: GaN substrates with epitaxially-embedded microfluidic cooling

Ga

Ga

Ga

N N

N

Silicon wafer 
with channels

Epitaxial growth

Final substrate

Sili
con

Figure 6.2 – MOVPE for embedding microchannels inside a substrate.

Since it is difficult to grow GaN directly on Silicon, typically an AlN nucleation layer is used.

This AlN layer with a thickness of around 100 nm can be grown directly on a (111)-Si substrate

[178], and provides a uniform crystalline coverage due to its high bonding energy [179],

[180]. AlN has a closer lattice match to GaN (3.11 Å), and introduces compressive stress that

counteracts some of the thermally-induced tensile stress in the subsequently grown GaN layer

[181]. In addition, this AlN covers most of the silicon to prevent meltback etching, a chemical

reaction that can happen between GaN and Si during the MOVPE process [182].

After the AlN nucleation layer, a buffer layer is grown. The purpose of this buffer is twofold: It

functions as a transition and isolation layer between the substrate and the active area of the

device, and it provides strain management to prevent the epilayer from cracking. Common

buffers for GaN growth are either (a) step-graded AlGaN buffers, where during the growth

the Al-concentration reduces, (b) interlayer buffers, where the GaN buffer is interrupted by

AlN interlayers at well-defined positions to compensate stress, or (c) superlattice buffers that

employ a large quantity, in the range of 100s, of Al(Ga)N/GaN pairs densely packed together.

Superlattice buffers are the industry standard for high-voltage GaN-on-Si buffers. However,
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due to equipment limitations, we will only consider step-graded buffers and interlayers in this

chapter.

6.2.2 Epitaxial lateral overgrowth

The lattice mismatch in heteroepitaxial growth of GaN introduces dislocations. These dislo-

cations can negatively impact the performance of (opto-)electronic GaN devices via carrier

recombination, increased leakage currents, and decreased breakdown strengths [183]. ELOG

was originally developed as a method for reducing dislocation density to obtain better per-

forming devices with longer lifetimes [184]. Since then, ELOG has become an active subject of

research [185]–[190].

The growth rates of the various GaN crystal facets are dependent on growth parameters such

as temperature, gas composition, and pressure. ELOG exploits this fact to promote lateral

growth [191], [192]. During this process, two lateral (a-plane) facets bridge over the trench to

create a crystalline bond that seals the wafer. Most reports in the literature perform ELOG as

a regrowth over a patterned SiO2 or Si3N4 mask. The mask defines the openings on the GaN

epilayer, and a lateral film grows as it extends above this mask. However, this mask can be

a source of dislocation, thus several works have explored the use of air-gaps as a method to

eliminate the need for a growth mask. [193].

In addition to reducing dislocation density, some works in the literature have reported ELOG

to embed cavities inside a GaN epilayer that function as photonic crystals. An epitaxial method

to integrate air cavities inside the epilayer was described in [194], which were demonstrated

to be effective for improving the performance of optoelectric devices [195]. In theory, these

cavities could accommodate the flow of coolant. However, the maximum dimension of such

air cavities is limited to several tens of nanometers, which would cause prohibitively high

pressure drops. In Ref [185], ELOG is performed on substrates where the underlying silicon is

etched, showing the feasibility to coalesce a GaN epilayer on a patterned substrate. However,

the trenches in this work are too narrow and shallow to be used for cooling purposes.

Based on the findings in the previous chapters, the channel width should ideally be in the

range of tens of micrometers. Scaling up the ELOG process to these channel dimensions is not

trivial, both from a technical and economical point of view. First, a 10 µm lateral growth is time-

consuming and hence costly, negating the benefits of a low-cost, high-performance substrate.

Secondly, performing ELOG over a wide opening is challenging, as the two crystal faces form

free-standing cantilevers that are required to meet in a perfectly aligned manner to ensure

a crystalline interface. Lastly, due to the lattice and thermal expansion mismatch between

GaN and silicon, thick and long growths of GaN on a silicon substrate require extensive strain

engineering. Since MOVPE growth is performed at temperatures exceeding 1000 ◦C, thicker

epilayers are likely to crack during the cooling down process without a well-optimized strain

balancing structure. ELOG is often performed on a bulk GaN or GaN-on-Sapphire substrate,

that can accommodate thicker epilayers without cracking, whereas for GaN-on-Si, this process
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is less established. The usage of ELOG to seal cooling channels clearly favors narrow sub-

micron features, whereas from a thermo-hydraulic perspective structures of at least one order

of magnitude larger are preferred. A new manufacturing method is required to balance these

conflicting needs.

6.3 Epitaxial growth on an a GaN-on-Si substrate with undercut mi-

crochannels

In the last chapter, we have discussed a method to create a type of buried channel that is

confined between the silicon substrate and the GaN epilayer. The etching selectivity between

Si and GaN enables a fabrication method that uses the epilayer as a cap for cooling channels. In

theory, we can perform an epitaxial growth step on this undercut structure to seal the openings

and create a uniform surface with AlGaN-GaN heterostructure that can accommodate the

fabrication of transistors. However, the following fabrication constraints complicate this

process:

1. The initial epilayer should be sufficiently thick to prevent it from collapsing during the

manufacturing process. Ideally, in the range of micrometers.

2. The aspect ratio of GaN etching is relatively low, typically limited to around 3:1. Hence,

for a 3 µm-thick initial epilayer, openings below 1 µm are difficult to achieve.

3. Larger openings in the epilayer require thicker regrowths to coalesce. Assuming an

identical vertical and lateral growth rate, over 1 µm of growth is required to completely

seal the incision.

4. Consequently, we require a regrowth of several micrometers of GaN, on a template that

is several micrometers thick, with an underlying silicon substrate. Performing such

growth, without cracking the epilayer is very challenging.

In addition to these challenges, the regrowth interface is known to cause a leakage pathway

due to the presence of silicon contamination on the surface. Without properly addressing

this leakage pathway, the buffer that was grown in the first step of the process effectively does

not contribute to increasing the electrical performance of the wafer. This chapter will explore

the feasibility of the aforementioned process, which is outlined in detail in Fig. 6.3. Slits are

etched in the GaN epilayer, parallel to the [11̄00] crystalline direction, such that the (112̄0)

a-plane sidewalls are exposed, which are well-suited for ELOG [191].

6.3.1 Surface preparation

Both for the undercut process, as well as the silicon buried microchannel process, many

individual processing steps are required. To achieve good quality GaN growth, a pristine
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Figure 6.3 – Process flow for epitaxial growth on a GaN-on-Si substrate with undercut mi-
crochannels. (a) GaN-on-Si template, with 2 µm GaN epilayer. (b) SiO2 hard-mask deposition.
(c) Mask patterning. (d) Etching trenches through the epilayer. (e) Anisotropic deep-etching
in the Si substrate. (f) Isotropic undercut in the silicon substrate, the channel width during
etching is tracked using optical in-situ monitoring through the optically-transparent GaN
epilayer. (g) HF treatment to remove oxide. (h) MOVPE growth of GaN buffer and AlGaN/GaN
heterostructure to seal the trenches.

surface is crucial, as any residue can create dislocations that propagate to the active electronic

layer of the device. It is therefore important to systematically study how each of these steps

affects the quality of the surface for a subsequent MOVPE step. In this study, we prepared a set

of samples where for each sample, a single step was performed in either a different manner or

order. Figure 6.4 shows an overview of 9 samples and the order of processing steps performed.

Each sample’s surface was analyzed with atomic force microscopy before growth. Next, after

performing an MOVPE GaN growth step, the resulting surface and cross-section were analyzed

using SEM to deduce which steps and orders are important.

The starting substrate consists of a 2 µm-thick GaN epilayer on a silicon substrate. The steps

in Fig. 6.4 refer to the following procedures:

1. PECVD oxide: A 2µm-thick layer of SiO2 is deposited on the GaN surface using plasma-

enhanced chemical vapor deposition (PECVD).

2. Oxide etch: Slits are lithographically patterned on the surface of the substrate, and 1

µm-wide slits are etched in the SiO2 layer using ICP etching with C4F8/He chemistry

3. GaN etch: Through the oxide openings, the GaN epilayer was etched all the way through,

using ICP etching with Cl2 chemistry.

4. KOH: At the interface between GaN and silicon, a thin AlN nucleation layer is present to

accommodate the growth of GaN. A short 5-minute wet etching in 40% KOH solution at
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Figure 6.4 – Processing order before MOVPE GaN growth.

60 ◦C is performed to ensure this nucleation layer is cleared and the silicon substrate is

exposed. In addition, KOH can potentially be used to remove any silicon redeposition

on the surface after an etching step.

5. AMS: A DRIE step was performed to achieve a high aspect-ratio opening in the silicon

substrate.

6. XeF2: A XeF2 gas etch was utilized to create an isotropic etch through the GaN slit in the

underlying silicon substrate.

7. Clean: The cleaning procedure consisted of first a 10-minute bath of 50% HF, followed

by a 10-minute piranha treatment to remove any remaining organics.

8. O2 plasma: Oxygen plasma to clear the surface from any organic residuals.

9. Growth: Finally, an epitaxial growth is performed on the substrate after all aforemen-

tioned processing steps.

Before growth, the surface of the GaN template was analyzed using atomic force microscopy

(AFM), to detect any irregularities that can provide a correlation to the resulting regrowth

quality. Figure 6.5 shows an overview of the AFM measurements. A typical wavy step-flow

pattern is observed on the surface, which is characteristic for a GaN epilayer. The only

notable exception is sample 7, which clearly shows the presence of residuals. These dots likely

represent silicon that was redeposited on the surface while performing a XeF2 gas etch while

the GaN layer was exposed.

Next, a 2 µm GaN growth was performed at a temperature of 1050 ◦C and a pressure of 100

mbar. Figure 6.6 shows SEM images of the area around the epilayer opening for 7 samples.

Samples 1 and 2 were ignored since no etching was performed on the GaN layer. Apart
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Figure 6.5 – AFM measurements on the substrate surface before regrowth of the 9 evaluated
samples.

from some occasional pits in the surface, samples 3, 4, 5, 6, and 9 show a similar surface.

Sample 7 shows a clear differentiation: A large number of pits are present on the surface, and

patches with varying height can be observed. This corresponds to the irregularities found on

the surface of sample 7 in the AFM measurements. In sample 8, the GaN membrane likely

collapsed due to the second KOH etch. In conclusion, no isotropic silicon etching should be

performed when the GaN surface is exposed, and a KOH etch should not be performed after

the channel in the silicon substrate has undergone isotropic etching to maintain the structural

integrity of the epilayer.

Finally, Fig. 6.7 shows an overview of the cross-sections of the resulting GaN epilayers, created

using focused ion beam (FIB). Samples 3 and 4 show a relatively vertical sidewall of the

regrowth interface, but no coalescence was achieved. In addition, except for sample 4, all

cross-sections showed a v-shaped tapered opening at the surface, which was most pronounced

in samples 7 and 8. The same silicon redeposition, which occurred on the surface of sample 7,

may also happen on the exposed sidewalls. If this was the reason, this residue was not removed
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Figure 6.6 – SEM images of the samples after MOVPE growth.

by a KOH treatment, as sample 8 clearly shows. Around the slits, the surface also exhibits

a locally higher growth rate, as the surface was not exactly smooth. This effect was more

pronounced for the samples with an undercut, hinting that the internal stress in the epilayer

might have caused the membrane to bend after releasing the underlying silicon substrate.

6.3.2 Growth parameters optimization

In the last section, we have shown that surface quality depends strongly on the manufacturing

steps involved and their order. However, despite obtaining good surface quality, a pronounced

v-shaped groove with an s2-plane 112̄2-face is observed at the regrowth interface, alongside

the a-plane vertical sidewalls of GaN exposed. To obtain a flat surface, a higher lateral growth

rate should be promoted. It has been shown in the literature that the growth temperature

and pressure have a large impact on the ratio between lateral and vertical growth rate [191].
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Figure 6.7 – FIB cross-sectional SEM images of the samples after MOVPE growth.

Therefore, we explored 5 combinations of growth parameters to find the right condition for

lateral coalescence. Reactor pressure was varied between 50 and 100 mbar, and temperature

was varied between 1050 ◦C, 1110 ◦C and 1150 ◦C. Figure 6.8 shows an overview of the surfaces

of the GaN epilayer after growth for the 5 explored conditions.

For growth at a pressure of 100 mbar, significant degradation of epilayer quality was observed

at temperatures above 1050 ◦C. At 110 ◦C, the sidewalls of the slits demonstrated poor quality,

and at 1150 ◦C, high roughness and poor uniformity was observed. At a reduced pressure

of 50 mbar, the quality of the epilayer improved at 1110 ◦C. The best surface quality was

obtained for combinations of 1050 ◦C / 100 mbar, and 1110 ◦C / 50 mbar. Two insets show the

cross-sections for these two growth conditions.

Figure 6.9 show these cross-sections in more detail. These figures indicate the areas corre-

sponding to the initial GaN template layer (growth 1) and the regrown layer (growth 2). Note
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Figure 6.8 – SEM images of the surface after MOVPE GaN growth for varying temperature and
pressures. The insets show representative cross-sectional SEM images for two selected cases.

that the initial opening size in the epilayer was not identical, the cross-section in Fig. 6.9a

was taken at a larger slit width than Fig. 6.9b, but the cross-section was representative for the

complete sample. In Fig. 6.9, it can be seen that growth 2 only proceeds at the exposed surface,

and no material grows on the etched sidewalls. In Fig. 6.9, the second growth adheres to both

the surface and the sidewall, which is favored for the rapid coalescence of the slit. The lateral

growth on the sidewall initiates from about half of the height of the template layer onward.

This effect can be explained due to the step-graded aluminium composition in the template

that decreases with thickness.

The sidewall in Fig. 6.9 showed a very vertical sidewall and a flat surface compared to the

previously observed results, which shows promise for achieving a uniform epilayer. However,

regardless of the slit opening, the two epilayers did not coalesce, but a gap of approximately

50 nm in width remained. An explanation for this could be that the sidewalls were potentially

in contact during the growth, but did not create a crystalline bond. After cooling down the

from 1110 ◦C to room temperature, the shrinkage of the epilayer may have created this 50 nm

gap. Alternatively, it could also be that the regrowth interface did create a crystalline bond, but

the 50 nm gap is actually a crack that formed since this bond could not withstand the stress

upon cooling down the sample. However, since no observation can be made in-situ during

the growth process, these assumptions are challenging to test.
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Figure 6.9 – Cross-sectional SEM images after regrowth. (a) at 1050 ◦C and a pressure of 100
mbar, showing no growth initiated on the sidewalls and a low lateral growth rate, and (b) at
1110 ◦C and a pressure of 50 mbar, showing growth initiating on the edges of the template,
with significant lateral growth and a vertical sidewall profile

6.3.3 Sidewall preparation

Prior results have suggested that exposing the GaN substrate to various processing steps can

negatively impact the regrowth quality. Since the sidewalls are also exposed throughout the

processing, any contamination or damage on these GaN sidewalls may be the cause of poor

lateral growth and/or the lack of coalescence. In addition, the tapered sidewalls may prevent

the regrowth interface from approaching under the right angle to create a crystalline interface.

For this reason, we have evaluated the possibility of performing a sidewall preparation step.

KOH and Tetramethylammonium hydroxide (TMAH) are known for smoothening GaN facets,

typically used to reduce irregularities on the sidewalls after an etching process. Here, we study

the impact of KOH and TMAH treatments on the quality of regrowth.

First, three cases were compared: A GaN-on-Si substrate, where the GaN layer was etched

completely through until the silicon substrate was reached using ICP etching with Cl2 chem-

istry (Fig. 6.10a). The same procedure, followed by a 10 min dip in a 25% TMAH solution at 85
◦C (Fig 6.10b), as well as the etched GaN epilayer followed by a 10 minute dip in a 40 % KOH

solution heated to 60 ◦C (Fig. 6.10c). A tapered GaN sidewall can be observed in Fig. 6.10a,

whereas both the TMAH and KOH treatment resulted in a perfectly vertical GaN sidewall.

However, during the GaN etching, a slight over-etching in the silicon substrate occurred. The

KOH treatment created a significant undercut in the silicon substrate of over 5 µm on both

sides. This undercut creates a fragile GaN cantilever, which will become even less supported

after the subsequent isotropic etching steps. Hot TMAH is therefore the favorable solution for

sidewall smoothening.
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Figure 6.10 – Sidewall preparation methods. (a) Reference sample after GaN etching, with no
sidewall treatment. (b) Cross-section after a 10-minute TMAH treatment, showing vertical
sidewalls. (c) Cross-section after a 10-minute KOH treatment, showing vertical sidewalls, as
well as a significant undercut in the silicon substrate.

6 variations of fabrication methods were evaluated, outlined in Fig. 6.11. For all samples,

fabrication started with a 2 µm GaN-on-Si template. An SiO2 hard-mask was deposited,

patterned, and etched. Through this mask, slits were etched in the GaN epilayer. Then, before

performing MOVPE growth, the following steps were performed from top to bottom:

1. DRIE, followed by a XeF2 isotropic etch, similar to the process described earlier in this

chapter and functions as a control.

2. KOH sidewall smoothening, followed by a DRIE

3. TMAH sidewall smoothening, followed by DRIE and XeF2. This combination explores

whether smoothening of the sidewalls prevent the

4. Only DRIE, no sidewall smoothening or isotropic etching.

5. DRIE followed by KOH for sidewall smoothening and trench widening.

6. DRIE followed by TMAH for sidewall smoothening and trench widening

Figure 6.11 shows the surface and cross-section after regrowth for each of these 6 conditions.
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Figure 6.11 – SEM images after MOVPE GaN growth for 6 sample preparation processes. The
left column shows a star pattern, with slits at multiples of a 15-degree rotation to highlight the
dependency on crystal orientation. The center column shows an array of slits with, from left
to right, increasing slit widths, and the right column shows cross-sectional profiles.

147



Chapter 6 Wafer-level: GaN substrates with epitaxially-embedded microfluidic cooling

The SEM images in Fig. 6.11 contain several noteworthy details. Performing a regrowth on a

sample without sidewall preparation, and without an undercut channel (sample 4) results in

good surface quality, with a growth that initiates on the sidewalls, but no good lateral growth

of the a-plane was observed. Smoothening the sidewalls with KOH before growth (sample 2)

resulted in significantly better coalescence. Depending on the crystalline orientation, it can be

seen that along certain crystalline orientations, the surface has coalesced completely. However,

despite the good surface quality, these samples do not yet have an undercut channel where the

coolant can flow through. Performing a XeF2 gas etch to obtain this undercut channel degrades

both the coalescence and surface quality, regardless of the sidewall smoothening (sample

1 + 3). Note that the XeF2 etch was performed before stripping the SiO2 layer. Even with a

completely protected surface, significant degradation in surface quality can be observed. This

concludes that XeF2 as an isotropic etching step should be completely avoided as a process

step in epitaxially-embedded microchannels.

As an alternative method to create undercut channels, wet etching using KOH or TMAH can

be employed after the DRIE process, to widen the channels and simultaneously smoothen the

sidewalls. The results of these two processes are shown in samples 5 & 6. Interestingly, after

these two steps, the coalescence has deteriorated. Since no new processing step is introduced

in these samples, we can conclude that this deterioration is most likely the result of the local

silicon removal under the epilayer. This undercut induces a tilt in the suspended epilayer,

which is clearly visible in sample 6. This tilt causes a misalignment between the two sidewalls

that therefore do not create a uniform coalesced surface.

6.3.4 Conclusion

Using MOVPE regrowth on an undercut GaN-on-Si substrate has proven to be very challenging.

Despite a carefully optimized surface and sidewall preparation, as well as optimized growth

conditions, two main challenges remain. Firstly, no coalescence between the two GaN layers

was observed. The suspended GaN cantilevers might be in contact during the growth process,

but when removing the sample from the reactor an opening in the range of tens of nanometers

is observed. The tilt in the suspended epilayer, which is induced by removing the silicon

substrate, causes an additional misalignment which was shown to deteriorate coalescence.

Secondly, the v-shaped grooves at the surface of the substrate are challenging to overcome.

Extending the growth duration might potentially solve this problem, but this is challenging

in terms of strain management. None of the samples have remained crack-free, which is

a fundamental problem with this method. In addition, the MOVPE step is the most costly

process in the realization of a GaN-on-Si power device. Hence, using the first 2 µm of GaN

merely as a template will add a significant cost to the final substrate. We, therefore, conclude

that this method is not suitable for creating epitaxially-embedded microfluidic cooling. The

next section will explore alternative methods to address these concerns.
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6.4 Epitaxial growth on silicon buried microchannels

In contrast to the undercut process, it is favorable to move the majority, if not all, of the GaN

growth to the final step of the epitaxy. This avoids the severity of the leakage interface and

allows more of the limited growth bandwidth to be dedicated to coalescence. To achieve

this, we require microchannels to be buried in a silicon substrate through a small aperture.

However, on a pure silicon wafer, we can no longer exploit the etching selectivity between GaN

and Si. Instead, we can employ a silicon buried microchannels etching method, as previously

demonstrated in [196]–[198]. In this process, narrow slits are etched in the silicon surface

through an SiO2 mask. All exposed surfaces are oxidized, and using a well-timed directional

oxide etching process, only the oxide in the bottom of the trenches is cleared. Finally, a

combination of anisotropic and isotropic etching is performed to form a buried channel below

the surface of the wafer, which can be significantly wider than the slit opening.

In the original buried microchannel process [196], these slits are then filled by depositing

a secondary material, such as SiO2, amorphous silicon, or parylene. Despite the success

these methods have in creating a hermetic seal, the resulting top layer no longer consists of a

uniform crystalline semiconductor material that can host an integrated circuit. In this chapter,

we propose a new method where ELOG of GaN using MOVPE is used to seal the trenches in

the silicon substrate with a crystalline semiconductor layer.

6.4.1 Direct MOVPE growth on a patterned silicon substrate

The simplest process to grow on a patterned silicon substrate, both from a technical and

economical point of view, would be to perform the entire MOVPE process in a single step.

This process consists of an AlN nucleation layer, followed by a graded AlGaN buffer and a

GaN epilayer. However, When the AlN nucleation step is performed on a patterned wafer,

nucleation sites form on the silicon sidewalls that create uncontrolled and unpredictable

growth. An example of this is shown in 6.12. Flakes of GaN were formed on the sidewalls, that

interfere with the lateral faces which should coalesce.

2 μm2 μm

500 nm

ca

b

Figure 6.12 – SEM images after direct MOVPE growth of GaN on a patterend silicon substrate.
a,b. Surface, (c) Nucleation on the sidewalls.
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To prevent the nucleation and growth of GaN on the sidewalls of the channels, we perform

this process directly on an AlN-on-Si template. Epitaxy-ready AlN layers can be deposited

cost-effectively using optimized sputtering or pulsed laser deposition to avoid the need for

two costly MOVPE steps, which can make this method competitive with existing processes.

However, in this work, we exclusively focus on MOVPE-deposited AlN-on-Si templates with

the process outlined in Fig. 6.13.

In this section, we first demonstrate the process development for buried channel fabrication

and regrowth on patterned AlN substrates, as well as strategies for growing a sufficiently

thick epilayer without cracking. Then, we combine these elements to realize an epitaxially-

embedded buried microchannel substrate.

Si

AlN Template

Si

2-DEG

Si

SiO2

Sia b c d

h

1 μm-wide trench

e f g h

i j k

Figure 6.13 – Process flow for epitaxially-embedded buried microchannels on AlN-on-Si
templates. (a) 100 nm AlN on a 111-Si substrate. (b) SiO2 hard-mask deposition. (c) Mask
patterning. (d) Etching trenches through the epilayer. (e) First anisotropic deep-etching in the
Si substrate. (f) Wet oxidation. (g) Oxide removal from the bottom of the trenches. (h) Second
anisotropic deep-etch in the Si substrate. (i) Isotropic etching step. (j) HF treatment to remove
oxide. (h) MOVPE growth of GaN buffer and AlGaN/GaN heterostructure to seal the trenches.

6.4.2 Buried channel fabrication

The silicon buried microchannel process was first optimized on a bare silicon wafer using the

following process. First, a 2 µm-thick layer of SiO2 was formed on the surface of the wafer using

wet oxidation. Next, a layer of photoresist was coated on the wafer and slits were patterned

using direct laser writing lithography. Next, SiO2 was locally removed through the openings

of the photoresist using inductively-couple plasma (ICP) etching with C4F8/He chemistry.
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Through the openings in the oxide layer, about 15 µm-deep slits were etched in the silicon

wafer DRIE. Due to an etch-lag effect, the exact depth depends on the slit width, with larger

openings demonstrating a higher etch rate. After stripping the remaining photoresist, a 50 nm

wet oxidation step is performed to create a layer of SiO2 on all exposed silicon surfaces. Next,

a short C4F8/He ICP etching step is performed to locally clear the SiO2 at the bottom of the

trenches. The presence of a bias voltage during the ICP etching step causes an anisotropic etch

rate which enables the removal of SiO2 from the bottom of the trenches while leaving the oxide

on the sidewalls largely untouched. Next, another DRIE step is performed to further deepen

the trenches. Next, a near-isotropic silicon etching step is performed using SF6 chemistry to

widen the channels. Since the sidewalls of the trenches are partially covered with SiO2, the

resulting channels will be buried below the surface.

After wet-ox

15’ anisotropic

15’ isotropic

5’ isotropic

3.00 μm 2.75 μm 2.50 μm 2.25 μm 2.00 μm 1.75 μm     1.50 μm     1.25 μm 1.00 μm

Figure 6.14 – Cross-section during various points throughout the buried channel fabrica-
tion process. from top to bottom: After the first anisotropic etching step, after the second
anisotropic etching step, after a 5-min anisotropic etching step followed by a 5-min isotropic
etching step, after a 15-min anisotropic etching step followed by a 15-min isotropic etching
step.

Figure 6.14 shows cross-sectional SEM images of various steps in the buried channel formation

process. The first, shallow trenches after a 5-min DRIE process is shown in Fig. 6.14a. Next,

after clearing the oxide layer on the trench bottom, the further extended trenches after a 15-

minute DRIE are shown in Fig. 6.14b. Here, a clear etch-lag can be observed where the narrow

openings demonstrate a smaller depth. Figure 6.14c shows the final buried channels after a

5-minute anisotropic and 5-minute isotropic etching process, whereas Fig. 6.14d shows the

final buried channels after a 15-minute anisotropic and 15-minute isotropic etching process.

The individual etching steps give good control over both the aspect ratio and depth of the
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buried channels.

6.4.3 Growth on a patterned AlN substrate

In the previous section, we have shown that buried channels can be fabricated through narrow

slits, as small as 100 nm in width. We also showed that it is not feasible to directly perform a

regrowth on a patterned silicon substrate. Hence, we will evaluate the possibility of performing

an MOVPE GaN regrowth on an AlN-on-Si substrate, where slits are made in the 100 nm AlN

epilayer and the underlying silicon substrate. We are interested in evaluating both the surface

quality, flatness, and the possibility of creating a fully coalesced GaN epilayer on top.

Slits between 400 nm and 1500 nm were lithographically patterned on two 100 nm AlN-on-Si

substrates. AlN was etched using ICP etching with chlorine chemistry, followed by a short

anisotropic DRIE step in the Si substrate. Next, after cleaning the surface, an MOVPE growth

step was performed on both samples. For both samples, this growth comprised a 1 µm-thick

graded AlGaN buffer, with stepwise reducing Al content, followed by a 1 µm-thick GaN layer in

sample 1, and a 2 µm-thick GaN layer in sample 2.
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Figure 6.15 – (a) Cross-sectional SEM images of samples 1 and 2 after MOVPE. Numbers
correspond to the opening widths in nm. (b,c) close-up of the regrowth interface of samples 1
and 2. False colouring in red indicates the AlGaN buffer, and the area marked in blue indicates
the GaN layer. in sample 1, a v-shaped groove can be observed. (d) SEM image of the surface
of sample 2 after MOVPE. The layer has completely coalesced, but both pits along the regrowth
interface as well as cracks can be observed on the surface.

Figure 6.15a shows the cross-sections of both samples after growth. For both samples, a uni-

form, coalesced epilayer is observed, showing a big improvement compared to the undercut
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samples. A dependency on slit width is nonetheless clearly visible: The etch-lag effect can

be observed in the anisotropic slits etched in the Si substrate, and for larger slit openings

the v-shaped grooves become visible again. Figure 6.15b & c show a close-up of samples 1

and sample 2, respectively. No wing tilt is observed like in the undercut samples. However,

it should be noted that these samples were in the absence of buried channels, which may

introduce additional compliance. Increasing the GaN thickness is an effective strategy to

reduce the v-shaped grooves on the surface. These grooves started to appear for slit widths

larger than 700 nm and 900 nm for samples 1 and 2, respectively.

These results conclude that regrowth on a patterned AlN-on-Si substrate is a viable strategy for

obtaining epitaxially-embedded microfluidics. However, the remaining challenge is to obtain

a crack-free epilayer. Figure 6.15d shows an SEM image of the surface of sample 2 after growth.

Individual pits remain on the surface that require a longer GaN growth, while at the same

time the epilayer was severely cracked. Optimizing the strain management is thus essential to

obtain a crack-free epilayer.

6.4.4 AlN interlayers for crack-free epitaxy

Growing thick GaN layers on a silicon substrate is challenging due to the lattice mismatch

and differences in thermal expansion coefficients. Strain engineering is required to obtain

GaN epilayers with thicknesses exceeding 2 µm on a silicon substrate. Advances in this

field have been key for the commercialization of low-cost GaN electronics in the last decade.

Hence, several strategies exist in the literature for obtaining a crack-free GaN epilayers. These

approaches typically rely on superlattice structures that balance compressive and tensile stress.

AlN, or high Al-content AlGaN, can be used to counteract the stress introduced by the GaN

layers. However, the interface between Al(Ga)N and GaN can create unwanted conductive

channels that introduce leakage. The most commonly accepted approach is to grow an

optimized superlattice structure close to the silicon surface, that consists of multiple thin

GaN and Al(Ga)N layers, that function as a buffer layer that accommodates several microns of

GaN growth on top. However, optimization of such structure is notoriously difficult, so in this

section, we explore an alternative approach with uniform, equidistant AlN interlayers.

The following stack was investigated: On top of the patterned AlN template, a 250 nm-thick

layer of GaN was grown. Next, a 10 nm-thick AlN interlayer was grown followed by a 500

nm-thick layer of GaN. The combination of AlN interlayer and 500 nm of GaN was repeated

for a total of 6 times, to obtain a total thickness of around 3.3 µm.

The epilayer did not crack after the growth, and good coalescence was obtained. Figure 6.16a

shows a cross-section of the substrate after growth, with a close-up of the epilayer in Fig. 6.16b.

The individual AlN interlayers create a clear contrast during SEM imaging, which enables a

chronological reconstruction of the growth profile. Figure 6.16c shows a reconstructed time

series of the epilayer growth, which can be separated into the following steps: First, GaN

grows on the two individual AlN surfaces, making the epilayer expand both vertically and
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Figure 6.16 – (a) Cross-sectional SEM of the GaN-on-Si substrate with buried microchannels.
Scale bar is 25 µm. (b) Close-up of the epilayer, with false coloring indicating the periodic
AlN/GaN superlattice. Scale bar is 1.5 µm (c) Reconstructed time evolution throughout the
growth process.

laterally. After about 1.75 µm of growth, the two wings make contact, and coalescence initiates.

After an additional 500 nm of GaN growth, the distinct v-shaped groove can be observed,

which becomes more shallow as the growth continues. Finally, after about 3 µm of growth, the

surface has become completely flat and the groove has disappeared. This confirms that the

capability of growing thicker GaN was indeed key to achieve a flat, coalesced surface.

4 μm

a b c d

Figure 6.17 – Cross-sections after growth using an AlN/GaN superlattice with a period of 500
nm for varying slit widths in the AlN template of: (a) 1.70 µm, (b) 1.54 µm, (c) 1.09 µm and (d)
0.89 µm.

Figure 6.16 also suggests that the width of the opening in the AlN template has an important

aspect on the depth of the v-shaped groove. It took about 1.75 µm of vertical growth before

the GaN layers bridged a horizontal distance of 500 nm, and an additional 1.25 µm of vertical
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growth before a flat surface was obtained. Similar growth profiles for AlN slit widths of 1.70

µm, 1.54 µm, 1.09 µm and 0.89 µm are shown in Fig. 6.17a,b,c and d, respectively. In Fig.

6.17a, no contact was made between the two sidewalls. In Fig. 6.17, the sidewalls touch

but the v-shaped grooves remain, and in Fig. 6.17c and d, a flat surface was obtained. In

conclusion, the periodic AlN/GaN superlattice structure is a suitable technique to epitaxially

seal a patterned AlN-on-Si wafer, given that the growth condition is tailored to the slit width.

This structure is the subject of the rest of this chapter.

6.4.5 Crack-free epitaxy on an AlN-on-Si buried microchannel substrate

Finally, we can connect all pieces together to perform a thick, crack-free epitaxial growth over

a patterned AlN-on-Si buried microchannel template wafer. A series of slits was patterned on

an AlN-on-Si substrate using electron beam lithography to achieve sub-micrometer resolution.

After performing the buried microchannel process, a 3.5 µm-thick AlN/GaN superlattice

growth was performed. The results of this process are summarized in Fig. 6.18.
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Figure 6.18 – (a) Cross-section before MOVPE, showing the impact of etch lag for buried
microchannels with sub-micron openings. (b) SEM image of the surface after MOVPE, with
from left to right wider openings in the AlN template. (c) Pit density versus slit opening. (d)
Vertical and lateral etch rate versus slit opening.

Figure 6.18a shows an overview of buried channels fabricated through slits between 100
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nm and 1200 nm. Both the lateral and vertical etch rate significantly drops with decreasing

opening sizes, as shown in Fig. 6.18d. Especially below 300 nm, a sharp decrease in the etch

rate is observed. Hence, wider openings are favorable to obtain sufficiently wide channels

without depleting the limited SiO2 hard mask during the etching process. However, a trade-off

exists in this process between the etch lag on the microchannels and the dislocation density

on the surface after regrowth. Figure 6.18b shows an SEM image of the surface after growth.

For channels of 500 nm and wider, occasional pits can be observed on the surface. Such

dislocations can be detrimental for electrical performance and should be avoided. Based on

SEM observations, the line density of these pits has been quantified in Fig. 6.18c. A clear

increase in pit density can be observed up to 800 nm. For wider openings, the epilayer was no

longer completely coalesced and pit density can no longer be used as a meaningful metric for

surface quality.

Based on this analysis we can conclude that, under the evaluated conditions, slit widths around

400 nm are the preferred choice to balance the low dislocation density with a reasonable etch

rate. If higher etch rates are desirable, thicker epilayers are required. For mass production,

the balance between these two steps will depend on the individual process costs and the

throughput per machine.

6.4.6 Conclusions

Buried microchannels on AlN-on-Si template wafers are a viable method for epitaxially inte-

grating microfluidic cooling in a GaN substrate. We have demonstrated coalescence with a

high-quality crack-free epilayer over buried channels. Epilayers as thin as 4 µm eliminated the

v-shaped grooves and pits on the surface. By using AlN interlayers, the growth process could

be reconstructed from cross-sectional images, showing that the slit width is the key parameter

impacting surface dislocation density.

6.5 Substrate characterization

In the previous sections, we have successfully optimized a novel epitaxial technique to in-

tegrate buried microchannels in a GaN-on-Si substrate. The regrowth and coalescence can

introduce defects in the epilayer that may affect its electrical performance. This section will

describe several studies that were performed to characterize these effects in order to assess

the viability of the selected epitaxial process.

6.5.1 X-ray tomography

Since the buried channels are embedded inside the wafer, they cannot be observed using

optical microscopy. Destructive methods, such as cleaving the sample to make cross-sectional

SEMs are useful for measuring the channel dimensions, but only give limited information
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about the uniformity of the channels over their length. However, it is important to confirm that

all channels are continuously connected, without any interruptions. To address this challenge

in a non-destructive manner, X-ray micro-computed tomography (XRT) was employed. Mea-

surements were performed on an RX-SOLUTIONS Ultratom system, with a voxel resolution

down to a single micrometer. Contrast between the silicon and air in the CT scan gives a clear

3-dimensional picture of the buried channels.

Figure 6.19 shows a 3D-reconstruction of the XRT measurement on a sample with buried

channels. A single chip was diced to a size of 1.5 mm by 2.0 mm (Fig. 6.19a). Underneath the

surface, an array of parallel pear-shaped channels of up to 10 µm-wide channels are found,

that extend down to 40 µm into the silicon substrate (Fig. 6.19b). The XRT scan confirms that

the channels are continuous and can be utilized for cooling purposes (Fig. 6.19c).
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Figure 6.19 – High-resolution X-ray tomography (XRT) image of the substrate with buried
channels. (a) Complete chip. (b) Close-up of a 180 µm by 180 µm section near the GaN surface.
(c) Reconstruction of the fluid path (in blue) through the parallel channels in the chip.
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6.5.2 Surface morphology

We have demonstrated an epitaxial method to coalesce the epilayer free of cracks and pits. The

surface quality of the regrowth interface and the resulting surface morphology is the subject

of the next study. Figure 6.5a shows an SEM image of the GaN surface after regrowth on a 300

nm-wide opening. The white dashed lines indicate the region of interest, where coalescence

took place. A close-up of this region is shown in Fig. 6.5b. A noticeable contrast is observed in

this region, which indicates the presence of dislocations and surface height variations. This

area was further investigated using AFM. Figures 6.5c, d and e show AFM measurements

of the coalescence region for slit widths of 75nm, 100nm, and 300m. These measurements

show that, for wider slit openings, more height difference can be observed. However, even for

75nm-wide slits, a high density of threading dislocations is observed. For 100nm and wider

slits, an additional step of around 25 nm is found at the regrowth interface. The origin of this

step is not confirmed, but could potentially be due to the openings in the silicon substrate

disrupting the flow of gasses on the surface during the MOVPE process.

6.5.3 Stress analysis

The residual stress in the epilayer was measured using Raman spectroscopy. The shift in E2

peak of GaN, which is 567.6 cm−1 under stress-free conditions, can be directly correlated to

biaxial stress in the epilayer (σxx ) using σxx = ∆w
K , where ∆w is the Raman shift and K is the

linear proportionality factor between the shift in the E2 (high) phonon mode and the stress. In

our analysis K = 4.2 ± 0.3 cm−1/GPa was assumed [199], [200]. Measurements were taken for

various slit widths, both directly on the regrowth interface, as well as in between two slits (i.e.,

5 µm away from the trenches).

Raman spectroscopy measurements show an E2 peak in Raman shift of 567.6 cm−1 for samples

without microchannels (Fig. 6.21a), corresponding to a stress-free layer (Fig. Fig. 6.21b). This

observation confirms that the AlN interlayer epitaxy successfully mitigates the stresses in

the epilayer due to lattice and CTE mismatch. Similarly, Raman measurements on top of,

and in between 75 nm channels show a minute variation in stress. However, for increasing

slit widths, a significant change in Raman shift is observed, down to 566.38 cm−1, which

corresponds to a biaxial tensile stress of 290 MPa. The increased stress at larger openings can

be explained by the fact that the epilayer laterally joins at a temperature in excess of 1000 ◦C.

When cooling down, this laterally overgrown layer shrinks, and the epilayer will locally be

subjected to tensile stress. This additional tensile stress can potentially cause cracks in the

epilayer, or alter electrical properties since the stress has an impact on mobility and carrier

concentration. Based on this stress analysis, channel widths below 100 nm are preferred for

crack-free epilayers.
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Figure 6.20 – (a) SEM image of the GaN surface after regrowth. Dashed lines indicate the
region with an underlying buried channel. (b) Close-up SEM image of the regrowth interface.
(c,d,e) AMF measurements of the regrowth interface, within the area surrounded by the dashed
lines in (a,b), for 75 nm, 100 nm and 300 nm wide openings in the epilayer.

6.5.4 Electrical characteristics

Apart from coalescence, which is essential to prevent the coolant to leak through the surface of

the ship, it is equally important that the regrowth interface does not deteriorate the electrical

performance. We investigated both the sheet resistance of the 2DEG channel, as well as

the leakage between two isolated paths. Regrowth interfaces can cause dislocations that

may cause pathways for leakage. In addition, the interface may as well locally disrupt the

2DEG and increase sheet resistance. Sheet resistance was determined using transmission line

measurements (TLM) with 90 µm-wide pads with spacings between 1 µm and 20 µm. Three

cases were analyzed, as shown in Fig. 6.22a: A reference structure with no microchannels
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Figure 6.21 – (a) Raman peaks for various trench widths, normalized by intensity (b) Tensile
stress in the epilayer, for measurement points on top of the slits (red) and between the slits
(blue).

underneath. A TLM structure where channels pass parallel to the direction of the current,

and a TLM structure where channels pass perpendicular to the direction of the current. This

setup was repeated for opening widths between 75 nm and 500 nm to investigate the impact

of the regrowth interface on sheet resistance. Leakage current was observed between two 90

µm-wide pads spaced 20 µm apart, with 2DEG etched away (200 nm deep) between the pads.

20 V was applied between the two pads and the resulting current was recorded.

Figure 6.22b shows the relative change in sheet resistance. At 75 nm openings, sheet resistance

remains unaffected, and for larger openings, a relative increase of up to 60% was observed due

to the presence of channels underneath the active region. Interestingly, no clear distinction

could be observed between the parallel and perpendicular positioning of the slits. Instead, a

similar pattern was observed where sheet resistance increases, but no correlation between slit

widths and degradation was found. The presence of parallel slits did not cause a noticeable

change in leakage current (Fig. 6.22c). These findings refute that the potential presence of

dislocations along the regrowth interface creates a significant leakage pathway. However,

parallel slits surprisingly caused a slight increase in leakage current with a generally increasing

degradation for larger slit widths. Hence, the presence of this regrowth interface neither aided

in blocking leakage currents.

In summary, the epitaxial integration of cooling channels in a GaN substrate creates a notice-

able deviation of electrical properties for slit openings exceeding 100nm. The absence of clear

distinction between parallel and perpendicular channels suggests that the change in electrical

characteristics does not originate from the regrowth interface, but from other effects such

as the increased stress in the epilayer. Tensile stress in the epilayer shows a sharp increase

for increasing slit widths above 100 nm and immediately saturates, which corresponds to the
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Figure 6.22 – (a) Schematic overview of the analyzed TLMs, with parallel and perpedicular
trenches. (b) Relative change in sheet resistance, compared to a reference with no trenches,
versus the slit opening width. (c) Relative change in leakage current, compared to a reference
with no trenches, versus slit opening width.

changes observed on sheet resistance. The magnitude of change in electrical characteristics is

within acceptable margins for direct use and offers a clear roadmap for process optimization

to realize state-of-the-art GaN devices. In addition, the absence of directionality in electrical

properties is favorable for the device design, as it confirms that the positioning of the channels

does not need to be adapted to the channel layout, which is important when considering this

substrate as a drop-in replacement.

6.6 Conclusions

In this chapter, we have introduced the concept of GaN-on-Si substrates with embedded

cooling channels. We have evaluated two methods for integrating microfluidic channels inside

a GaN-on-Si substrate using epitaxial techniques. Firstly, using the undercut method, which

builds upon the work done in Chapter 5, and secondly, a buried microchannel approach.

The main challenges encountered in the epitaxial integration of microfluidic cooling were

coalescence of the epilayer without pits and cracks. The undercut method has proven to be
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challenging and did not lead to good coalescence. Optimizing growth conditions and sidewall

preparation led to small improvements in surface quality, but good coalescence could not be

achieved. Results suggested that wing tilt of the freestanding GaN membrane may have been

the cause of poor coalescence, and caused a weak interface that during cool-down caused

the epilayer to crack. The buried microchannel approach on an AlN template wafer solves

this issue by eliminating the freestanding epilayer membrane. In addition, by growing on a

thin AlN template, this approach leaves all of the limited growth bandwidth to contribute to

lateral growth. We have shown that 2.5 µm of GaN growth is sufficient to coalesce the epilayer

with slits up to 500 nm in width. Finally, AlN interlayers were used during the growth, spaced

500 nm apart, to enable crack-free epilayers up to 5 µm. The resulting structure was a fully

coalesced, crack-free epilayer with buried microchannels in the silicon substrate. In addition,

the interlayers provided a useful visual guide in determining the growth profile.

High-resolution XRT scans confirmed, in a non-destructive manner, that the buried channels

created a continuous network. Surface analysis showed that, despite the good coalescence,

dislocations remain present above the regrowth interface. We have shown that the roughness

of this area depends on the initial opening width in the AlN template. These dislocations are a

topic of improvement, as they can introduce undesirable electrical characteristics. However,

TLM measurements have shown that even in the current condition, the increase in sheet

resistance remained within 70% of its nominal value and leakage current remained in most

evaluated cases below a 2-fold increase. Future work is required to characterize the impact

of the regrowth interface on dynamic performance and gate control, as the dislocations may

introduce trap states close to the active area of the device. Nevertheless, this first demonstra-

tion has confirmed the feasibility of using epitaxial methods for the integration of cooling

structures inside a low-cost GaN-on-Si substrate, making it a cost-effective alternative for

high-performance substrates such as GaN-on-SiC or GaN-on-diamond.
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7.1 Introduction

The previous chapter in this thesis addressed the thermal bottlenecks in GaN devices owing

to thermal interfaces, conduction, and convective heat transfer. The final point to address

in this thesis is the temperature rise due to the sensible heat of the coolant. In liquid state,

any increase in enthalpy causes a temperature rise of the coolant dictated by its specific heat.

Water in liquid phase possesses one of the highest known specific heat and is thus an excellent

coolant. However, as seen in previous chapters, at high heat fluxes this sensible heat causes

a significant temperature rise, which limits its cooling performance. In addition since the

temperature rise of the coolant occurs between the inlet and the outlet of the device, this

induces thermal gradients that may raise reliability concerns. Increasing the flow rate is a

trivial solution to reduce the coolant temperature rise, but causes a linear increase in pressure

drop and a quadratic increase in pumping power. Hence, the temperature rise of the coolant

in single-phase cooling causes a trade-off between cooling performance and efficiency.

In addition, DI water was used in the previous chapters as a coolant. We have demonstrated

that water is a suitable medium for cooling of power ICs, but when operating at higher fre-

quencies, such as in the radiofrequency (RF) regime, the high dielectric constant of water (78)

will introduce significant insertion losses into the system which degrades the device’s effi-

ciency [69]. Therefore, to make near-junction in-chip liquid cooling, or epitaxially-integrated

GaN-on-Si wafers feasible for RF GaN devices as well, coolants with a lower dielectric constant

are required. Fortunately, dielectric coolants, like 3M Novec explored in Chapter 4, have a

significantly lower dielectric constant (around 7), making them more suitable for these appli-

cations. However, since their specific heat is around 4 times lower than water, the problem of

sensible heat for liquid-cooled GaN devices becomes even more pronounced.

The temperature rise of the coolant can be eliminated by exploiting the liquid to gas phase

change. A large amount of energy is absorbed in this liquid-to-gas transition while the temper-

ature remains constant. During this transition, as the enthalpy increases, the ratio of gaseous

fraction present in the fluid increases. Two-phase cooling exploits this property of fluids to
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enhance heat transfer, increase cooling efficiency, and improve temperature uniformity [201].

Two-phase cooling is extensively used in the cooling of electronics with the use of heat pipes

and vapor chambers, which are effective means to transport heat. In addition, two-phase

cooling can also be employed as an enhancement to single-phase pumped liquid cooling.

Pumped two-phase cooling, or flow boiling, in mini and microchannels has been investigated

by various groups over the last decades, including the application of in-chip cooling of elec-

tronics [60], [202]–[204]. In flow boiling, a high heat transfer coefficient and high temperature

uniformity can be obtained at low flow rates. Hence, this method is suitable for the efficient

extraction of high heat fluxes.

In this chapter, we experimentally investigate two-phase cooling in microchannels, with the

purpose of comparing the cooling performance versus the single-phase results. The goal of

this chapter is to widen the technology benchmark developed over the last chapters and obtain

a better understanding of whether flow boiling could be a good candidate for efficient cooling

of high heat flux devices. We first explore the fabrication of a two-phase cooling experimental

setup and a test section to evaluate flow boiling in microchannels. Then, we evaluate the

thermal and hydraulic performance, followed by a comparison with the data in the previous

chapters.

7.2 Experimental design

7.2.1 Two-phase test setup

Previously in this thesis, all experiments were performed in an open-loop configuration,

predominantly using water as a coolant. A new test bench is required to investigate two-phase

cooling on GaN devices, which differs significantly from the simple open-loop test setup. First

of all, a closed-loop system is required, in which the refrigerant evaporates in the test section

and consecutively condenses back to a liquid state in a condenser. A mechanically pumped

system was selected for this purpose. Secondly, a great deal of attention is required to make

this system leak-tight, to prevent refrigerant vapor to leave the system as well as to be able to

properly evacuate all non-condensable gasses from the loop. Figure 7.1 shows a diagram of

the proposed mechanically pumped two-phase cooling test bench. This section describes the

design and fabrication of this test facility in detail.

In the proposed design, the piping is assembled on a solid concrete table, supported on

an aluminum frame. The reservoir and heat exchanger are mounted in a vertical position,

whereas the flowmeter, pump, and test section are mounted in a horizontal position on the

solid table. Figure 7.3 shows a render of the proposed setup that was designed in the context

of this chapter. A detailed outline of all the piping and dimensions in the setup is given in

Appendix C.1, and the schematics of the electrical connections are given in C.2.
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Figure 7.1 – Diagram of the two-phase experimental setup.

Figure 7.2 – Envisioned two-phase experimental setup.
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Figure 7.3 – Final two-phase experimental setup.

7.2.2 Parts

Refrigerant is stored in a 2-liter stainless steel reservoir (Festo CRVZS-2). A 7 µm pore-size

filter is installed upstream of a gear pump (Micropump GA-V21), followed by a Coriolis mass

flow meter (Bronkhorst Cori-Flow M54). Next, a pressure sensor (Keller PAA-33) and ther-

mocouple (Jumo, K-type) are installed before and after an electric coil pre-heater (WGM

Metal). Refrigerant then continues into the test section that is described in more detail below,

where thermocouples (Thermocoax, K-type) measure the inlet and outlet temperatures, and

a differential pressure sensor (Keller PD-39) measures the temperature drop between the

inlet and outlet port. Surface temperature of the chip was measured using a high-resolution

infrared camera (Infratec ImageIR 9400). After leaving the test section, refrigerant enters into

a parallel plate condenser (WCR FG3x8-12). The heat exchanger is connected to a circulating

chiller (Lauda Proline RP 855) that provides a constant temperature of cold water to control

the temperature of the heat exchanger.

The system was connected to a compressed helium line at 10 bar and a vacuum line to

perform pressure tests and evacuate individual sections of the loop. A power supply was

connected to the chip (ITECH IT6523D) to provide heat input. Pressures and temperatures of

the refrigerant at various points, voltage, current, and mass flow rate were acquired using a data

acquisition system (NI CDAQ), and connected to a computer with a custom LabVIEW program.

A proportional controller in the LabVIEW program regulated the pulse width modulation to

the pump to ensure a constant flow rate. In addition, for each test condition, the program
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Table 7.1 – List of components in the two-phase experimental test facility

Component Brand Type

Pump Micropump GA-V21 DEMSE
Flow meter Bronkhorst Cori-Flow M54-AAD-33-0-S
IR microscope Infratec ImageIR 9400
Absolute pressure sensor Keller PAA-33
Differential pressure sensor Keller PD-39
Thermocouples Jumo K-type
RTD Misumi TCPT3.2-65 PT100
Data acquisition National Instruments cDAQ-9174
Thermocouple readout National Instruments cDAQ-9212
RTD readout National Instruments cDAQ-9216
Analog input National Instruments cDAQ-9209
Digital IO National Instruments cDAQ-9401
Preheater WGM Metal -
Heat exchanger WCR WCR-FG3x8-12
Reservoir Festo CRVZS-2
Filter Swagelok SS-6TF-MM-7
Power supply ITECH IT6523D
Chiller Lauda Proline RP 855

continuously measured the derivatives of all temperatures and pressures until steady state

was obtained. Once reached, the system triggers the IR camera to record a snapshot before

shifting to the next measurement condition. Hence, the entire platform was fully automated

and could obtain measurements without any intervention.

7.2.3 Test section

In the previous chapters, chips were attached using double-sided adhesive and 3D printed

plastic parts. Due to limitations on material compatibilities with refrigerants, a new test

section was realized for two-phase cooling. An exploded view of the test section is shown in

Fig. 7.4a. An assembled compact test section for pressure testing is shown in Fig. 7.4b, and

a test section with additional ports for pressure and temperature sensing is shown in 7.4c.

Inside this test section, a die with microfluidic cooling attached to a carrier substrate is located

(Fig. 7.4(d)) The carrier substrate is an anodically-bonded silicon-glass piece with two circular

inlet and outlet holes (Fig. 7.4e), with internal channels that guide refrigerant to two narrow

rectangular slits which are aligned with the openings in the chip (Fig. 7.4f). The device under

test (DUT) was placed on an aluminum base (red piece in Fig. 7.4a), isolated with a 0.5 mm

sheet of silicone for thermal isolation. Then, a PCB was screwed on top of the base to keep the

DUT in place, and electrical connections were wire-bonded between the device and the PCB

pads to make an electrical connection to the chip. Next, inlet and outlet connectors (blue in

Fig. 7.4a) were screwed onto the base and sealed to the DUT using o-rings. The device under
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Figure 7.4 – Test section. (a) Exploded view of the test section, with the important components
labeled. (b) Assembled compact test section with inlet and outlet tubing. (c) Assembled test
section with inlet and outlet connectors that house pressure and temperature sensing ports.
(d) Device under test, consisting of a carrier substrate and a device. (e) Silicon-glass bonded
carrier substrate (top and bottom), with 2 circular inlet and outlet holes that guide the coolant
to rectangular slits positioned under the chip. (f) Device with integrated channels.

test contains 8 parallel 100 µm-wide channels, spaced 100 µm apart, etched to a depth of

approximately 400 µm. The channels extend over a length of 3.56 mm. A serpentine Cr-Au

thin-film heater was deposited on the surface of the chip, and covers a region of 3.3 mm by 1.7

mm.

7.2.4 Refrigerant

The two-phase setup can withstand pressures up to 16 bar, which makes it compatible with

many commercially available refrigerants. However, all refrigerants have varying properties,

so a selection of refrigerants was compared to make a choice. R123, R1234ZE(E), R1243zf,

R1234ZE(Z), R1234YF, R245FA, and R1233ZD(E) were considered in this evaluation. Ther-

mophysical properties were extracted using the open-source CoolProp package [205]. Re-

quirements for the refrigerant are as follows: First of all, despite the high pressure rating of

the setup, the chips can be fragile and burst under high pressures. Therefore, a low-pressure

refrigerant is preferred. Figure 7.5a shows that the saturation vapor pressure for the evaluated

refrigerants versus temperature. R1234ZE(E), R1243ZF, and R1234YF all exceed the system

pressure limit for the setup at a temperature of 80 ◦C, and are thus discarded. Secondly, latent

heat of evaporation defines how much heat can be absorbed by the refrigerant during the

phase transition, which is an important parameter for extracting high heat fluxes. Figure 7.5b

shows a comparison of latent heat for the evaluated refrigerants. Refrigerants with a high

latent heat of evaporation as preferred. Table 7.2 summarizes the saturation pressure and

latent heat at a temperature of 50 ◦C.

Finally, the safety of the system is essential. For this aspect, the American Society of Heating,

Refrigerating and Air Conditioning Engineers (ASHRAE) safety classification has been used,

and noted in Table 7.2. R123 has a B1 classification, which means it is a toxic chemical.
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Figure 7.5 – (a) Saturation vapor pressure versus temperature. (b) Latent heat of evaporation
versus temperature.

R1234ZE(E), R1243ZF, R1234ZE(Z), and R1234YF are classified as flammable and are thus

also discarded. Finally, R245FA and R1233ZD(E) are the only two remaining refrigerants in

this evaluation. R245FA, however, has a global warming potential (GWP) of 1030, which is

about 1000 times higher than R1233ZD(E). Hence, the latter was selected as refrigerant for the

two-phase experimental setup.

Table 7.2 – Refrigerant comparisson table

Refrigerant Pressure Latent heat Toxicity ODP GWP Flammable
Unit Bar KJ/kg ASHRAE [-] [-] [-]
R123 2.1149 161 B1 0 76 No
R1234ZE(E) 9.9329 146 A2L 0 <1 Yes
R1243ZF 11.2994 157 A2 0 <1 Yes
R1234ZE(Z) 3.8924 190 A2L 0 <1 Yes
R1234YF 12.9767 122 A2L 4 0 Yes
R245FA 3.4263 176 A1 0 1030 No
R1233ZDE 2.9202 177 A1 0 1 No

7.3 Data reduction

Temperature data obtained using the IR camera was pixel-by-pixel calibrated between room

temperature and 60 ◦C. Measured IR maps were corrected using this calibration, to determine

the surface temperature of the chip (Tsur f ). Outlet pressure of the chip (pout ) was determined

by subtracting the differential pressure drop measured over the test section (∆p) from the

inlet pressure (pi n). Heat input (Qi n) was determined from the power supply, assuming all

heat was absorbed by the chip since the surface area of the active device (Aacti ve ) is very

small. Heat flux (q) was calculated by dividing the total heat input by the surface area of
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the heater (5.61 × 10−2 cm2), which matched the area with microchannels. In the reservoir,

pump, pre-heater, and before entering the chip, pressure and temperature were measured and

enthalpy was calculated using CoolProp. The enthalpy change between the inlet and the outlet

of the chip (∆h) was calculated based on the heat load and mass flow rate (∆h = Qi n/Ṁ).

The outlet enthalpy (hout ) was then determined by adding the enthalpy difference to the

inlet enthalpy (hout = hi n +∆h). Outlet vapor quality was calculated using CoolProp, using

the outlet pressure and enthalpy. COP was calculated based on the actual dissipated power

divided by the ideal hydraulic pumping power. Hence, no extrapolation to 60 K temperature

rise was performed here like in previous chapters. Maximum surface temperature (Tsur f ) was

extracted from the IR measurements. Wall temperature (Tw all was calculated based on Tsur f ,

by using a correction for 1D conduction on the surface of Aacti ve , with a wall thickness of

200 µm and a value of 150 W/mK for the thermal conductivity of silicon. Wall temperature

rise, Tw all −Tsat was determined by subtracting the outlet coolant temperature rise from the

wall temperature rise. Finally, the effective footprint-averaged heat transfer coefficient was

determined using he f f = q/(Tw all −Tsat ).

7.4 Results

Figure 7.6a shows the temperature rise versus power dissipation for mass flow rates of 10

g/min, 15 g/min, 20 g/min, and 25 g/min. At low heat loads, a single-phase regime is observed

where the surface temperature rise depends on the mass flow rate due to the temperature rise

of the refrigerant. A close-up of this single-phase region for 10 g/min and 25 g/min is given in

Fig. 7.6b to highlight this phenomena. A clear distinction in temperature rise and its derivative

between the two mass flow rates can be observed, followed by a slight peak corresponding to a

temperature overshoot before the onset of boiling. After about 5 W of heat load, the refrigerant

transitioned into the two-phase regime and the surface temperature rise for both mass flow

rates followed an identical trend. This identical surface temperature rise extends up until 20

W, as shown in Fig. 7.6a. After this point, sharp peaks in temperature rise are observed at 20 W,

33 W, 37 W, and 42 W for 10 g/min, 15 g/min, 20 g/min, and 25 g/min, respectively.

Figure 7.7a shows the adiabatic single-phase pressure drop, with a dashed line indicating

the contribution of the linear, fully-developed microchannel section based on the analytical

description of pressure drop in parallel microchannels. In the two-phase regime, the pressure

drop significantly increases as described by various correlations in the literature such as the

ones by Lockhart-Martinelli [206], Chisholm [207] and Friedel [208]. The Diabatic pressure

drop for 4 flow rates at increasing heat loads is given in Fig. 7.7b. Higher heat loads lead to a

steep increase in pressure drop over the chip, outweighing the impact of mass flow rate.

In contrast to the single-phase results in the earlier chapters, mass flow rate does not affect

the thermal resistance but the maximum heat load. Nevertheless, a coolant temperature

rise between the inlet and the outlet of the chip can be observed, shown in Figure 7.8a. For

increasing heat loads, the coolant temperature rise stabilized at values up to 5 K. A slight
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Figure 7.6 – (a) Surface temperature rise. (b) Close up of the low-power single-phase region.

0 5 10 15 20 25 30 35 40 45
0.0

0.5

1.0

1.5
 25 g/min
 20 g/min
 15 g/min
 10 g/min

Pr
es

su
re

 d
ro

p 
(b

ar
)

Power (W)

0.01 0.02 0.03

0.00

0.01

0.02

0.03

0.04

0.05

Pr
es

su
re

 d
ro

p 
(b

ar
)

Flow rate (kg/min)

Analytica
l

a b

Figure 7.7 – (a) Adiabatic single-phase pressure drop. (b) Two-phase pressure drop.

variation between the four cases is observed, but they all follow a similar trend. Despite the

refrigerant being at its saturation pressure at the liquid-vapor interface in the reservoir, the

two-phase flow is driven by a pump that introduces a significant pressure increase. Figure.

7.8b shows a pressure-enthalpy diagram with 4 selected heat loads and a mass flow rate of 25

g/min. The subcooling upstream of the pump is 7.0 degC, 10.5 degC, 13.7 degC and 16.7 degC,

for a heat load of 8.4 W, 17.7 W, 26.3 W and 34.4 W, respectively, due to the increased pressure

drop at higher powers.

The adiabatic increase in pressure by the pump brings the refrigerant in a subcooled state

(arrow a in Fig. 7.8b). A certain increase in enthalpy is required before the refrigerant enters the

two-phase regime. Next, arrow b indicates the evaporation process in the chip. As the enthalpy

increases and enters into the two-phase regime, the vapor quality increases, indicated by

dashed lines in Fig. 7.8b. For higher heat loads, an increase in vapor quality up to around
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Figure 7.8 – (a) Outlet coolant temperature rise versus heat load. (b) Pressure-enthalpy dia-
gram of the cooling loop. Arrow a indicates the pump, arrow b indicates the evaporator, arrow
c is the transport from evaporator to condenser, and arrow d represents the condenser.

0.45 is observed. An additional pressure drop is observed as the refrigerant passes from the

evaporator to the condenser (arrow c), before the condenser lowers the enthalpy and the

refrigerant returns to liquid state (arrow d). Since the condenser was significantly oversized

for the application, a negligible pressure drop was observed.

The phase diagram in Fig. 7.8b demonstrates the increased complexity in two-phase cooling

versus single-phase: System pressure is defined by the operating temperature, pressure drop

is defined by both the mass flow rate and the heat load, and the maximum heat load is

determined by the mass flow rate. This interplay between various parameters requires good

knowledge of the system to ensure stable and reliable operation.

Since temperature rise versus power in the two-phase regime is no longer linear, the thermal

resistance is a function of heat flux. Figure 7.9a shows thermal resistance versus heat flux for

the 4 mass flow rates. At low heat fluxes, the thermal resistance starts around 0.15 cm2K/W.

Then, by increasing the heat flux, thermal resistance decreases until critical heat flux is reached.

For 25 g/min, a minimum thermal resistance of 0.05 cm2K/W is obtained, a 3x reduction

compared to the low heat flux limit. not linear shows the thermal resistance

For two-phase cooling, the thermal resistance reduces with increasing heat load, but the

pressure drop increases in parallel. Therefore, it is interesting to observe how this affects COP.

COP can not be calculated in the same way as in the other chapters of this thesis, since the

temperature rise can not be linearly extrapolated due to the nonlinear thermal resistance.

Hence, Fig. 7.9b shows the COP versus heat flux, without any temperature extrapolation, I.e.,

the actual heat extracted from the system divided by the actual pumping power. It can be seen

that, due to the varying thermal resistance and pressure drop, a very flat profile is obtained for

COP in two-phase regime.
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a b

Figure 7.9 – (a) Thermal resistance versus heat flux. (b) Coefficient of performance versus
heat flux.

Figure 7.10a show the boiling curves at varying mass flow rates. Critical heat flux was observed

at 496 W/cm2, 616 W/cm2, 704 W/cm2 and 790 W/cm2, for 10 g/min, 15 g/min, 20 g/min, and

25 g/min, respectively. Finally, the effective heat transfer coefficient based on the footprint

of the device was extracted from the measurement data (Fig. 7.10b). When entering the

two-phase regime, the heat transfer coefficient doubles from around 3×105 W/cm2K to nearly

6×105 W/cm2K, before dryout occurs and this value rapidly drops.

a b

Figure 7.10 – (a) Boiling curves, heat flux versus temperature. (b) Footprint-averaged effective
heat transfer coefficient versus heat load.

7.5 Comparison with single-phase cooling

In this chapter, we have evaluated two-phase flow boiling in silicon microchannels. The

devices evaluated in this chapter have similar 100 µm parallel straight microchannels, but
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vary in exact dimensions and test section. Therefore, we will not draw general conclusions

based on a comparison between these dissimilar experiments but observations that can place

the performance and efficiency of two-phase cooling in context with the rest of this thesis.

Figure 7.11a shows the effective footprint-averaged heat transfer coefficient versus channel

width for straight parallel microchannels in Chapter 4, co-designed mMMC heat sinks from

Chapter 5, and two-phase cooling in this chapter. A 6-fold increase in the effective heat transfer

coefficient was observed in this chapter with two-phase cooling, compared to single-phase

cooling in 100 µm-wide microchannels. The values obtained with two-phase cooling are

comparable to the co-designed mMMC heat sinks in chapter 5, while the channel width was 5

times larger.

Figure 7.11b compares COP versus maximum heat flux for both single-phase and two-phase

cooling. For two-phase cooling, a single data point at the critical heat flux was selected,

to represent the highest heat load for each mass flow rate. For single-phase cooling, COP

was calculated for extrapolation to a 60 ◦C temperature rise. Hence, the values for two-

phase cooling in figure 7.11b correspond to lower operating temperatures. Nevertheless, it

can be seen that two-phase cooling and the co-designed mMMC structure benchmark in

a comparable range: At around 800 W/cm2, the COP for both two-phase cooling and the

co-designed mMMC heat sink is around 2×104. Despite the lack of proper optimization of

these two-phase cooling results, these results suggest that, when following a similar rigorous

optimization as for the single phase work in this work, a high cooling performance can be

obtained.
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Figure 7.11 – (a) Heat transfer coefficient versus microchannel width for straight microchan-
nels (Chapter 4), Co-designed mMMC heat sink (Chapter 5) and two-phase cooling (this
chapter) (b) Benchmark of cooling efficiency (COP) versus cooling capability (q) for a maxi-
mum temperature rise of 60 K in chapter 3, 4, and 5, and for critical heat flux in this chapter.
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7.6 Conclusions

In this chapter, we have evaluated two-phase flow boiling in silicon microchannels, for devices

of comparable dimensions to GaN power ICs. A new, closed-loop setup was developed to

perform experiments with R1233ZD(E) as a refrigerant. We investigated the cooling perfor-

mance of straight parallel 100 µm-wide silicon channels. Based on these results, we can

conclude the following: for the evaluated conditions, two-phase cooling and co-designed

mMMC give comparable results in terms of he f f and COP. The co-designed mMMC structure

requires only a simple single-phase water cooling loop that is easy to construct and operate.

However, changing the chip design and manufacturing process as proposed in Chapter 5 likely

poses a high barrier to adoption. In comparison, Two-phase cooling with backside-etched

parallel microchannels does not require disruptive changes in the chip fabrication process,

but requires more system-level complexity, both in constructing, charging, and operating the

cooling system.

175





8 Conclusions and future perspectives

8.1 Summary and conclusions

The electrification of our society, pressured by the urgency of climate goals, and the rapid

adoption of renewable energy from solar and wind, have cemented the need for compact and

efficient power converters. GaN-based power ICs are a promising technology to achieve this

goal due to their unique properties. However, the level of integration and output power of such

devices is thermally limited. This thesis explored microfluidic cooling methods for GaN power

ICs, where GaN provides the electronics and the silicon substrate functions as a heat sink, to

overcome these limitations and unlock their full potential. We have investigated this approach

at varying levels of integration, ranging from system-level power converter topologies down

to the semiconductor substrate level. At each stage, a breakdown of the thermal resistance

was provided as well as a performance benchmark. The side-by-side comparison between

the levels of microfluidic cooling provides a road map for decision-making in the adoption of

microfluidic cooling for GaN power ICs.

At the system level, we have demonstrated that microfluidic cooling can be an effective

method to cool down power devices at low pumping power requirements. By employing a

hierarchical manifold design, multiple power devices can be cooled simultaneously at a low

coolant flow rate and low pressure drops. We have demonstrated a design methodology to

tailor microchannel dimensions to the heat load per device, to maximize COP. As a proof of

concept, we have demonstrated this approach on a kW-range dc-dc converter, demonstrating

a significant increase in power density.

At the packaging level, we have demonstrated the feasibility of integrating liquid cooling using

water or dielectric fluids directly inside the silicon substrate, without degrading the electrical

characteristics of the power device. Next, to converge the fields of power electronics and

heat transfer, we have demonstrated two practical prototype power converters with various

packaging and fluid delivery methods: a 120 W ac-dc converter based on integrated GaN-on-

Si full-wave bridge rectifiers with integrated liquid cooling and a 450 W synchronous buck

converter based on a GaN half-bridge power IC with integrated liquid cooling. Two new
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packaging concepts have been demonstrated, namely, a PCB-based coolant delivery approach

and additively manufactured caps sealed with epoxy that interface with the liquid-cooled ICs.

The obtained power densities using this approach exceed the values currently attainable using

conventional cooling methods.

At the device level, we have demonstrated a new design methodology where electronics and

microfluidic cooling are co-designed together. We showed a new manufacturing method to

monolithically integrate a manifold microchannel structure in a GaN-on-Si device, without

the need for bonding steps. The resulting device structure could extract up to 1.7 kW/cm2,

while keeping the junction temperature rise below 60 K. In addition, the manifold structure

offered a very low pressure drop and high COP60.

At the substrate level, we have demonstrated the feasibility of a new epitaxial method to

integrate a network of buried microchannels in a GaN-on-Si wafer. We have shown that a

fully-coalesced, crack and pit-free epilayer could be obtained by performing a buried channel

fabrication process on an AlN-on-Si template wafer, followed by a standard GaN epitaxy.

Despite the presence of an increased degree of dislocation at the coalescence interface, it

was found that the impact on sheet resistance and leakage current remained manageable.

Therefore, the fabrication of these GaN-on-Si microchannel wafers that function as a drop-in

replacement for power device manufacturing should be attainable.

Finally, we have compared single-phase cooling with an early exploration of two-phase cooling

using R1233ZD(E) as a refrigerant. We concluded in this preliminary study that two-phase

cooling and co-designed mMMC gave comparable results in terms of he f f and COP. Whereas

the co-designed mMMC structure requires only a simple single-phase water cooling loop,

but complicated chip fabrication methods, Two-phase cooling with backside-etched paral-

lel microchannels does not require disruptive changes in the chip fabrication process, but

requires more system-level complexity, both in constructing, charging, and operating the

cooling system. Hence, advanced cooling performance can be obtained for GaN power ICs

by either shifting the complexity towards the device level or the system level, offering two

distinct paths for the future. The combination between two-phase cooling and co-designed

electronics may perhaps lead to an even higher performance, but requires further work.

8.2 Outlook and future work

The research in this thesis commenced in 2017, one year before the first GaN power IC went

into commercial production by Navitas Semiconductor. This was rapidly followed by other

players in GaN space, such as EPC, as well as silicon incumbents like STMicroelectronics and

Power Integrations. Today, leading semiconductor foundries including TSMC have started

to offer GaN-on-Si process nodes, and imec offers a unique, monolithically integrated 650 V

GaN IC foundry service. Hence, over the course of this thesis, GaN power ICs have evolved

from promise to a commercial reality. These developments have steered the course of the

thesis significantly: The commercially-available GaN half-bridge ICs used in chapter 4 were
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only released in 2020. The rapid developments in industry throughout this thesis have been

instrumental to achieve relevant converter-level demonstrations of the evaluated microfluidic

cooling technologies.

In addition, these rapid developments also underpin the relevance of the work in this thesis.

The question has shifted from "Will we see integrated high power GaN ICs?" to "What level

of integration will we see in the future for GaN ICs". Advanced packaging and thermal man-

agement will play a crucial role in this question, and the contribution of this thesis has been

to give an overview of what microfluidic cooling can offer for the future of GaN ICs. Future

work required to bring in-chip liquid-cooled GaN power ICs to commercial reality consists of

manufacturing, reliability, and integration challenges:

8.2.1 Design and manufacturing

This thesis mostly focused on uniform heat sources. The co-design approach in Chapter 5

presented a method to design cooling in conjunction with the layout of the device. However,

this method did not account for heterogeneous power dissipation on the device. In power ICs,

power and logic components generate significantly different heat fluxes, and even between

individual power devices on an IC, such as the high-side and low-side of a half-bridge have

such a variation. With the expected rise in complexity and integration of power ICs, the cooling

design for heterogeneous heat sources may play an important role. The metrics presented

in this thesis, such as W/cm2 and COP may no longer suffice for such optimization as a

general benchmark. Chapter 4 briefly investigated the impact of heterogeneous power maps

on hot spot formation using CFD simulations. However, this is a topic that requires further

investigation. Since lithography and deep etching offer a high degree of design freedom, the

channel design has the potential to be tailored to the layout of the device. Ideally, this can

be integrated directly into the electronic design automation process where the power map is

already defined.

The feasibility of GaN-on-Si wafers with buried cooling channels has been demonstrated in

this work, but further work is required to ensure a high-quality GaN epilayer that is indis-

tinguishable from a regular GaN-on-Si wafer. Firstly, the high concentration of dislocations

and surface morphology around the regrowth interface require investigation. The current

interface caused a moderate increase in leakage current and sheet resistance. These degra-

dations should be addressed to enable the fabrication of high-performance GaN devices on

this substrate. In addition, the current buffer utilized AlN interlayers to achieve a crack-free

epilayer. However, the 2-DEGs introduced at the AlN/GaN interface cause leakage pathways

that limit high voltage operation. An optimized superlattice buffer is preferred to achieve high

voltage operation.

Since high-quality superlattice buffers require thorough process optimization and good pro-

cess control, it is challenging to reproduce this in a university cleanroom. Therefore, it would

be preferable to collaborate with GaN epitaxy foundries to achieve a device-quality wafer for
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further processing. Throughout this thesis work, the first steps have been made in this process.

The same holds for packaging: despite the various demonstration in this thesis on packaging

methods, there is still significant room for improvement on this aspect. Double-sided adhesive

works well as a proof of concept, but is not a method that translates to existing outsourced

semiconductor assembly and test (OSAT) companies. Additive manufacturing does not scale

to large volumes. Therefore, a low-cost high-throughput method like injection molding with

reliable sealing to the GaN IC is required to improve the manufacturability of these devices.

8.2.2 Passive liquid cooling

This thesis focused solely on the microfluidic cooling of the power device. However, in the

final system, a complete cooling loop is required. For pumped liquid cooling, this consists of

an additional reservoir, pump, and heat exchanger. All of these components add additional

volume, weight, and cost to the system and introduce integration challenges. Clearly, pumped

liquid cooling is not a suitable option for all applications. Instead, it favors applications

that already employ liquid cooling, such as automotive or data center power electronics.

However, instead of a pumped liquid cooling loop, a passive two-phase cooling system would

eliminate most of these concerns. If the channels inside the GaN IC act as the evaporator, and

surrounding packaging helps in spreading the heat to a larger condenser area, we can consider

the package like a passive vapor chamber. Due to their small dimensions, the microchannels

inside the chip can function as a wicking structure for a capillary-driven system. This approach

will eliminate the integration challenges associated with pumped liquid cooling systems.

8.2.3 Reliability

Power electronic devices require the pass tight standards to ensure long-term reliability. The

qualification plan of a power device follows various industrial standards, such as the new

JEDEC JC-70 standard for GaN devices, in addition to various packaging requirements. Stan-

dard packaging qualification requires thousands of temperature cycles (-55 ◦C / 150 ◦C), Power

cycles, and high humidity testing. The choice of material for packaging, as well as the interface

between the silicon substrate and the package should be optimized to withstand such a rigor-

ous procedure. First of all, materials with the right glass transition temperature (Tg ) should be

used. The additively manufactured packaging in chapter 4 has a Tg of around 60 ◦C, which is

clearly not acceptable for such a test. Secondly, either a compliant interface or CTE-matched

bond between the packaging and the die is required to prevent any form of delamination on

this interface, as this could cause cooling to leak out of the system.

In addition, whereas thermomechanical failure is well described by conventional accelerated

lifetime testing standards, there is no standard at the moment for microfluidic-specific failure

modes such as clogging, erosion, and corrosion. Investigating new ways to standardize and

accelerate these tests is paramount for the future of microfluidically cooled chips.
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8.2.4 Cost

Finally, cost should be an important consideration for the future development of cooling for

GaN ICs. The power electronic device market is highly cost competitive and price is one of

the main drivers for the adoption of new technologies. Etching microchannels inside the

GaN-on-Si devices at an 8-inch wafer scale can increase manufacturing costs by up to 1 USD

per power device. Although this number is low compared to the price of a heat sink, it is on par

with the manufacturing cost of traditional GaN power devices. In addition, the packaging and

connector costs should be considered as well. Throughout this thesis, we utilized miniature

barbed connectors that cost around 15 USD each, which are the most costly parts of the

prototypes we demonstrated. Investigating the possibility of making a complete low-cost

injection-molded package, and how this would integrate with the established processes at

OSAT companies will be important to reach a commercially interesting price point. However, if

a commercially interesting price point can be achieved, microfluidic cooling for GaN ICs may

become an interesting thermal management technology for certain demanding applications

with tight requirements on size, weight, and power.
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A Calorimetric calibrations and its use
for accurate loss-estimation

In this thesis, we have demonstrated the use of microfluidic cooling to efficiently extract

high heat fluxes in power electronics applications. Due to the low thermal resistance of

microfluidic heat sinks, they can effectively capture close to all heat generated in the system.

The temperature rise of the coolant can be accurately linked to the total power dissipated

in the device. This property of microfluidic heat sinks can be used for accurate device loss

estimation as well, which is a challenging topic in high frequency GaN converters. The

difficulty in accurately measuring losses in high-frequency power converters hinders the

accurate breakdown of losses which is essential for device and circuit optimization. Electrical

methods are often not adequate and calorimetric approaches found in the literature require

bulky systems, with long measurement times – between several hours to an entire day. Here

we demonstrate a compact microchannel-based flow-calorimeter to measure losses down

to 20 mW and up to 10 W with an error below 5% over a wide operating range. The close

proximity of the microchannel cold-plate, as well as its small heat capacity, enables rapid

measurements within 150 seconds, as well as fast calibration. We show the application of this

system in measuring losses in a GaN-based class-E resonant converter operating at 10 MHz,

by performing fast measurements over a wide range of operating conditions, and providing a

precise breakdown of losses between active and passive components. These results highlight

the potential for the accurate characterization of next-generation power converters, especially

at high switching frequencies.

A.1 Introduction

Wide-band-gap (WBG) semiconductors, such as GaN and SiC, enable highly efficient energy

conversion at frequencies reaching the MHz range. Reduced losses enable more compact

cooling systems, whereas higher switching frequencies allow a size reduction in passive

components. These properties make WBG devices prime candidates for a future generation of

compact power converters, supporting the electrification of society. However, the low losses

and high frequencies of these devices pose a challenge for system-level characterization [209].

The use of electrical measurements to determine the losses in circuit components operating
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at high frequencies are prone to errors, due to problems including bandwidth limitations of

the measurement equipment and signal offsets. Subtracting two similar values even with a

relatively small error can result in a measured loss with a large uncertainty [210]. As a result,

this causes spurious efficiency measurements and can cause observed efficiencies to exceed

100% [211].

Calorimetric methods directly correlate a heat output to the power dissipated in the circuit and

have been demonstrated in the literature as a powerful tool to characterize converters [212]–

[215]. The general approach is to isolate the converter completely from its surroundings using

an isolated container. A heat exchanger balances the power dissipated inside the container.

If well designed, this method can be completely independent of environmental conditions

and thus offers good repeatability. The problem is that such a system requires a steady-state

temperature distribution throughout the entire container, which may take several hours to

a full day due to the heat capacity of the materials involved. This makes the evaluation of

design choices and their efficiency extremely time-consuming. On top of that, fans used to

homogenize the air temperature dissipate power that can easily surpass the heat generated

in the converter and may obscure the measurements of low losses. Consequently, a new

approach is required for faster calorimetric measurements to assist the characterization of

next-generation power converters. The main requirements to achieve such calorimeter are:

1. Minimize the thermal resistance between hot spot and coolant, to ensure a lower steady-

state temperature in the calorimeter.

2. Minimize the heat capacity of the components inside the system between hot-spot and

coolant, such that steady state is obtained in a shorter time.

3. Increase the thermal isolation of the calorimeter.

In this chapter, we investigate a new design of a calorimeter that addressed these challenges.

The first two goals can be achieved by directly attaching a microchannel cold-plate to the

device under test (DUT), which enables high heat transfer in a small surface area due to its

high surface-to-volume ratio [28] This can be effectively used for extracting large amounts of

confined heat in a smaller form-factor than conventional macro-channel cold-plates [128].

Such microchannels have been demonstrated on GaN-based switches as a highly efficient

method to extract high heat fluxes [123], [124]. However, their reduced volume, and the

resulting lower heat capacity, are highly beneficial for a fast stabilization time in calorimetric

measures. When such a microchannel cold-plate is placed in close contact with the heat-

producing components of the converter, it can ensure fast measurements, as well as good

thermal coupling between the hot-spot and the coolant. The latter enables an additional

wide operating range, since the flow through the calorimeter functions as an efficient coolant,

even at low flow rates. Secondly, such microchannel cold-plate does not impose significant

constraints on the converter design, since it can simply replace an existing heat sink in the

system and be mounted in a similar manner.
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A.2 Design and fabrication

A.2.1 Calorimeter design

Figure A.1 shows a schematic overview of the proposed calorimeter. A pressure controller

regulates the pressure of the inlet reservoir. Deionized water passes from the inlet reservoir

through a flow meter before reaching the isolated chamber. The pressure in the chamber can

be regulated using a vacuum pump. Inside this container, the cold water enters an adapter

that guides the flow into a microchannel cold-plate. The cold-plate place is attached with a

thermal grease to a printed circuit board (PCB) which contains heat-generating components.

After extracting the heat in the cold-plate, the hot water enters back into the adapter before

being guided out of the chamber. Two thermocouples are mounted inside the adapter to

measure the water temperature difference (∆T ) at the inlet and outlet of the system. Table A.1

shows an overview of the instrumentation utilized in this work, including the accuracy when

applicable.

For a system completely isolated from its surroundings, where the heat generated in the

Tin ToutVac

Device

V- V+

PCB
Screw

Cold plate

Adapter

Flow meter

OutletInlet

Pressure 

controller

Figure A.1 – Schematic illustration of the calorimeter.

system (Pi n) is balanced with the heat extracted by a cooling liquid, and assuming no leakage

power (Pleak ), ∆T can be linked to Pi n using eq. A.1, where ρ is the coolant’s density and cp

its specific heat. If water is used as a coolant, a maximum temperature rise of 60 ◦C above

ambient (25 ◦C) can be assumed to prevent boiling. The minimum measurable ∆T due to

thermocouple noise typically lies around 0.1 ◦C. Based on these values, the dynamic range of

a flow calorimeter, Pmax /Pmi n , is 600.

Pi n = ρcp f ∆T +Pl eak (A.1)

Increasing the flow-rate ( f ) improves the cooling and reduces the junction temperature,

whereas decreasing f increases the signal-to-noise ratio by maximizing ∆T , giving the

calorimeter a wide range of operation. However, the extent to which this full range can

be utilized depends on the thermal resistance between the coolant and the DUT. The tem-
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perature rise of the DUT is the summation of the temperature rise of the coolant and the

temperature rise between the coolant and the DUT. Figure A.2 shows the thermal resistance

network. The total thermal resistance (Rtot ) can be separated into the following components:

Rheat

Rleak

Tambient Tjunction

RCP RTIM

Rj-bRPCB

RDUT

Figure A.2 – Thermal resistance network. RDU T is the summation of the components marked
in blue.

1. Heat generated in the junction of the device first travels through the packaging before

reaching the board, resulting in a junction-to-board thermal resistance (R j−b).

2. Next, the heat is conducted through the PCB with a thermal resistance (RPC B ) defined

by the thickness of the layers and the layout of the copper traces.

3. RT I M is the thermal resistance between the PCB and the surface of the cold-plate.

4. The thermal resistance of the cold plate (Rcp ) includes convective heat transfer as well

as a minor contribution due to conduction.

5. RDU T is the summation of the components that separate the fluid from the hot-spot, as

shown in eq. A.2.

6. Rheat is the thermal resistance due to the specific heat of the coolant and defines the

sensitivity of the sensor, which can be calculated using eq. A.3.

7. Finally, Rleak accounts for the amount of heat that leaves the calorimeter due to other

leakage pathways, such as non-ideal isolation. Ideally, Rleak is infinite such that all heat

dissipated in the enclosure is captured by the water. However, to account for any loss, a

calibration constant can be used.

Based on the the equivalent circuit in Fig. A.2, Rheat can be seen as a shunt resistance. The

temperature rise over the liquid gives a measure of power dissipation. To ensure a good

signal-to-noise ratio, the temperature rise of the water should be maximized. However, the

maximum DUT temperature rise, given by A.4, is limited to approximately 120 ◦C, which in

combination with a water inlet temperature of 30 ◦C results in the typical maximum operating

temperature of GaN transistors of around 150 ◦C. Therefore, RDU T will determine a second

upper limit of power (Pmax ,DU T ). Figure A.3 shows the dynamic range of the sensor. Pmi n

and Pmax are the upper and lower limits which are defined by the fluid and the temperature

sensors. As can be seen, when RDU T increases, the dynamic range of the calorimeter gradually

decreases. To fully benefit of the large dynamic range of the flow calorimeter, RDU T should

thus be minimized.

RDU T = R j−c +Rcond +RT I M +Rcp (A.2)
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Rheat =
1

ρcp f
(A.3)

∆TDU T = Pi n

(
1

ρcp f
+RDU T

)
(A.4)
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Figure A.3 – The dynamic range of the sensor versus flow rate and RDU T . The dynamic range
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maximum temperature rise of the DUT, increasing RDU T reduces the dynamic range of the
sensor.

A.2.2 Calorimeter fabrication

Figure A.4a shows the opened enclosure, with the adapter, cold plate, and thermocouples

mounted inside. The adapter (Fig. A.4b) was realized using additive manufacturing of Acry-

lonitrile Butadiene Styrene (ABS) by stereolithography. This piece is suspended inside the

enclosure to minimize conductive heat transfer. The silicon microchannel cold plate was

fabricated using deep reactive ion etching using a process previously described in [128]. The

cold-plate (Fig. A.4c) has 50 µm-wide and 400 µm-deep channels (Fig. A.4d), and was attached

to a laser-cut PMMA carrier using water-resistant double-sided adhesive. The PMMA was

sealed to the ABS adapter using gaskets, enabling to quickly swap the cold-plates to evaluate

multiple designs. Finally, a PCB with DUT was mounted on the cold-plate using thermal

grease under compression of two screws.

A.3 Results

A.3.1 Measurement procedure

The full calibration and measurement protocol is shown in Fig. A.5, and consists of the

following steps as labeled in the figure:
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Figure A.4 – Realized calorimeter, (a) overview of the complete system. Tin and Tout point to
the location of the thermocouples. (b) DUT, consisting of a GaN switch and gate driver, as
well as the silicon cold-plate on PMMA carrier attached to the 3D-printed adapter. (c) Picture
of the channels inside the cold-plate, (d) Scanning electron microscopy cross-section of the
silicon microchannel cold plate, through which the water flows.

1. Idle: The calorimeter starts in idle mode (Fig. A.5a). No liquid is flowing, and the entire

system might not be isothermal. This can be seen in Fig. A.5b: A temperature drift

on both thermocouples can be observed, which can for example be due to a previous

measurement.

2. Set flow: First, the liquid flow rate is set (Fig. A.5a). The target flow rate might depend

on the predicted heat load during the measurements, to match the dynamic range of

the calorimeter as shown in Fig. A.5c. In this case, a value of 3 ml/min was selected and

a PID controller holds the temperature at a constant value. Once the flow starts, the

system quickly reaches isothermal conditions. Even though the individual readings of

the thermocouples might fluctuate due to the environmental temperature change of

the water, ∆T reaches a constant value. This temperature difference is a fixed offset

(To f f set ) due to the slight variation between the two thermocouples, in this case about

0.2◦C. Due to To f f set , an erroneous power of approximately 50 mW was measured while

no actual power is dissipated (Fig. A.5d).

3. Cal: A fixed offset is subtracted from the outlet temperature to reduce ∆T to zero. Good

stability was observed over a period of 100 seconds, confirming that the system is indeed

in thermal equilibrium and well-calibrated.

4. 4. P1, P2: After this calibration procedure, the calorimeter can be employed to measure

dissipated power. In this case, we evaluated two measurement conditions with a reverse

bias voltage on the GaN transistors in off-state. Since the current in this condition

is dependent on the temperature of the device, a characteristic exponential decay in

power is observed (black line Fig. A.5d) that stabilizes over the course of 2 minutes.

The measured power accurately tracks this steady-state power dissipation as can be

observed in Fig. A.5d after the power stabilizes in about 150 seconds.
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calorimeter, and (d) the measured power, in red, and the actual dissipated power, in black.
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Table A.1 – Overview of measurement equipment and accuracy

Instrument Type Accuracy

Pressure regulator Elveflow OB1 MK2 -
Liquid flow meter Elveflow MFS 5 5%
Type K thermocouples Thermocoax 1.1 ºC
Regulated power supply TTI QPX 1200SP 0.5% (V&I)

Optionally, when a discrepancy between the measured power and the actual power is observed

in step 4, a calibration factor α can be introduced to correct for this error. This error can be

due to a fixed error in the flow meter reading, as well as due to the leakage of heat to the

environment. The final measured power is calculated using eq. A.5. The temperature offset

(To f f set ) and calibration factor (α) account for the finite accuracy of the sensors. Based

on the values in Table A.1, without such calibration procedure, the error margin on the

measured power using the calorimeter cannot be below 5%, and for very low ∆T , the error

on the thermocouples might easily obscure the measured temperature rise. By applying the

corrections in Eq. A.5, the accuracy of the calorimeter becomes independent of systematic

offsets in the sensors, but instead only dependent on the repeatability and stability of the

instruments.

Pmeas = αρcp f
(
∆T −To f f set

)
(A.5)

A.3.2 Response and sensitivity

The key benefit of the microchannel-based flow calorimeter is a fast response time and high

sensitivity. The sensitivity of the calorimeter is defined by the flow rate and the specific heat of

the coolant. Figure A.6a shows the observed temperature rise of the water for two different

flow rates. A low flow rate will result in an increased ∆T for a given power dissipation, thus

increasing the signal-to-noise ratio, whereas a higher flow rate will reduce DUT temperature

rise. The slope in Fig. A.6a is defined as Rheat . As f increases, Rheat decreases (Fig. A.6b).

The inverse relation between Rheat and f yields a linear curve in Fig. A.6b, approaching

zero at f −1 = 0, which corresponds to the theoretical limit of an infinitely high flow rate. Fig.

A.6b also shows the total thermal resistance between the DUT and the inlet temperature of

the coolant, Rtot , which was determined using an infrared camera to measure the transistor

temperature and a thermocouple to measure the coolant inlet temperature, while a known

power was dissipated in the system. Rtot also shows a similar dependency on f, again due

to the temperature rise of the water. The offset between Rtot and Rheat in Fig. A.6b gives an

estimation for RDU T , which in this case was approximately 10 K/W. Based on this observation,

we can conclude from Fig. A.2 that power dissipations between 1 mW and 10 W can be

measured using the microchannel-based flow calorimeter. A breakdown of the contribution of

thermal resistances is shown in Table A.2. Here, the value of R j−c was taken from the datasheet
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Figure A.6 – (a) Water temperature rise versus power dissipation, modulating the flow rate
affects the temperature response of the calorimeter. (b) Rtot and Rw ater versus flow rate. The
area marked in blue indicates RDU T , which is independent of the flow rate.

Table A.2 – Breakdown of RDU T

Instrument Type Source Value

Junction-to-case R j−c Datasheet 1.6 K/W
Conduction Rcond t/k A 2.2 K/W
Thermal interface RT I M Rtot −Rcond −Rconv −R j−c 6 K/W
Convection Rconv 1/he f f A 0.1 K/W
Total Rt ot IR measurement 10 K/W

of the DUT, Rcond was calculated using a thermal conductivity of 4 W/mK for the PCB material

and a surface area A of 1.8 cm2, which represents the footprint of the microchannels. To

calculate Rconv, an effective heat transfer coefficient of 8×104 W/m2K was assumed, which

is a typical value for high aspect ratio silicon microchannel cold plates with channel widths

between 50 µm and 100 µm, as previously shown in [122]. From Table A.2 it can be concluded

that the thermal interface material provides the largest thermal resistance and should be

reduced to increase the dynamic range of the calorimeter.

Figure A.7a shows the step-response in water temperature rise for a dissipated power of

35 mW, 750 mW and 2350 mW. As can be seen, stabilization time depends on the total heat

load, but does not exceed 150 seconds in the evaluated range. This shows that the calorimeter

enables fast loss measurement and calibration. Figure A.7b shows a response to stepwise

increase in power. Within a 30 minutes, 7 conditions were evaluated ranging between 43 mW

and 3.18 W.
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Figure A.7 – (a) Step-wise response in temperature rise, showing stabilization within 150
seconds. (b) Consecutive measurement of 7 conditions between 43 mW and 3.18 W within 30
minutes, showing the wide range of operation and fast measurement capability.

A.3.3 Accuracy and repeatability

The accuracy of the calorimeter was assessed by dissipating a known quantity of heat (Pi n). To

correct for the leakage pathways and systematic offset in flow rate measurements, a calibration

factor α was used. The value of α was determined by comparing Pi n with the value of Pmeas

obtained by Eq. A.5. It was found that this value depends mostly on the flow rate: α approaches

unity for flow rates above 2500 µl/min, indicating that calibration-free operation is possible.

However, below this flow rate, α increases significantly, due to the increased value of Rheat

(Fig. A.8). As a result, at low flow rates, a larger share of heat does not reach the water but

follows the leakage pathway. However, regardless of the magnitude of this calibration constant,

the important aspect is its consistency.

Uncertainty in the calorimeter power measurements can be introduced from errors in ∆T , f ,

0 1000 2000 3000 4000 5000

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Co
rre

ct
ion

 fa
ct

or
 (-

)

flow rate ( l/min)

Figure A.8 – Calibration factor α versus flow rate, approaching unity above 2.5 ml/min,
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and α. As discussed before, a calibration is performed to correct for a fixed offset between the

two thermocouples, giving ∆T an average value around zero (Fig. A.9a). Therefore, the only

source of error is the thermocouple noise that causes variations around the origin, shown in

Fig. A.9a. The uncertainty on ∆T is defined as 4 standard deviations, which gives ±0.00713 ◦C.

Note that this is much smaller than the 1.1 ◦C which the thermocouples offer by default.

Since α corrects for both the heat loss as well as the fixed offset in flow rate, we can consider its

error to be the remaining source of uncertainty. Repeating the calibration procedure for each

data point makes the calorimeters operation tedious. Therefore, α was fixed as the average

value over the operating range. The repeatability of α over the range of measurement and

during the timespan of the experiment thus defines the second uncertainty. This value was

found to be ±2%

Figure A.9b shows the measurement error based on the two uncertainties. As can be seen, at a

flow rate of 1 ml/min, an error smaller than 5% can be obtained down to 20 mW. The lower

bound of the measurement range depends on the flow rate, which, for 5 ml/min, is 90 mW.

The area marked in red in Fig. A.9b is the total range of accuracy and dynamic range that can

be evaluated with the calorimeter.

To confirm the accuracy of the calorimeter, a set of experiments was performed with power
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Figure A.9 – (a) Stability of ∆T over time. (c) Error in measured power versus dissipated power,
for 1 ml/min and 5 ml/min. The area marked in red gives the full range of the calorimeter.

dissipation in the range between 0 W and 2 W for a fixed flow rate of 0.083 ml/s. Figure A.10a

shows the input power versus the measured power. The remaining difference between Pi n and

Pmeas after calibration was defined as the error ε according to eq. A.6. The measured power

matches the input power well. A slight under-estimation is observed when moving towards a

higher power, which can be explained due to the fact that the test fixture heats up, resulting

in more convective heat transfer which contributes to heat leakage. Figure A.10b shows ε as

a function of the dissipated power. As can be seen, the experimental results fall within the

predicted error margin that was given in Fig. A.9b. For measurements above 100 mW, the error

was less than 5%.
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Figure A.10 – (a) Measured power versus input power, dashed lines indicate the 5% error range.
(b) Relative loss estimation error, demonstrating below 5% error over a wide range of operating
conditions.

ε =
|Pmeas −Pi n |

Pi n
(A.6)

A.4 Application to a class-E resonant converter

Finally, as a demonstration, the calorimeter was used to evaluate the active-device losses

in a GaN-based class-E resonant converter (Fig. A.11a), operating at 10 MHz. This circuit

offers an interesting test case: due to the limited resolution of the voltage probes for full-

range voltage swings, it is difficult to capture the total device losses with electrical methods,

especially in the MHz range, without altering the circuit by adding auxiliary components. In

contrast, a calorimeter can measure these losses without altering the converter operation. In

the class-E topology, power losses occur in the passive components (Ppas) as well as in the

active components (Pact ) which in turn comprise the gate driver and the power transistor. The

total system losses (Ptot ) can be measured using an electrical method by deducting the output

load power from the input power. For the load power, such an electrical method is appropriate

despite the high frequency, since the output waveform of the converter is near-sinusoidal.

However, the lack of accurate methods to distinguish between Pact and Ppas hinders the

converter characterization and optimization. However, the active component losses of the

converter, marked in red in Fig. A.11a, and the passive part marked in blue in Fig A.11a are

not required to be in close proximity for the class-E converter, since the inductance of the

wires can be compensated by tuning the values of L1 and L2. The active part can therefore be

placed inside the calorimeter and the passive part outside. This way, Ptot can be measured

electrically, Pact is measured with the calorimeter, and Ppas can be calculated according to eq.

A.7.

Ppas = Ptot −Pact (A.7)
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Figure A.11 – (a) Schematic of the analyzed class-E converter, of which the active part (in red)
was measured in the calorimeter and the total losses were measured using electrical methods.
(b) Outline of the measurement setup, showing the passive components positioned outside of
the calorimeter, and the active components inside.

The typical experimental setup for the evaluation of the class-E converter using the calorimeter

is shown in Fig. A.11b. L1 and L2, as well as the load resistance, are mounted outside of the

calorimeter. The DUT, which consists of the GaN switch and the gate driver is placed inside

the calorimeter. c2 is also present inside the calorimeter, however, this component is lossless,

and thus its presence does not affect the measurement. For the following analysis, a class-E

converter was evaluated [216], with a GaN Systems 650-V GaN HEMT (GS66504B); and a Texas

Instruments UCC27511 gate-driver IC was used. L1 and L2 have values of 10 µH and 540 nH,

respectively and C1 and C2 have values of 426 pF and 56 pF, respectively. A resistive load of 10

Ω was employed.

Figure A.12 shows the measurement procedure for determining Pact . This procedure is

separated in two sections: The first 10 minutes consist of an extensive calibration procedure,

where a controlled power was dissipated over a range of predicted power levels, to determine

To f f set and α. Next, for 7 minutes, the system was allowed to cool down again to ambient

temperature, after which the loss measurement started. Two distinctive powers were observed

in Fig. A.12: The first plateau at 130 mW corresponds to the gate driver losses, without any

input voltage applied to the converter. The second observed plateau corresponds to an input

condition of 38 V. As can be seen, the power (Pact ) stabilizes at a value of 610 mW when this

input voltage is applied. It can therefore be concluded that 480 mW of losses occur on the

GaN switch and 130 mW on the gate driver. Under the same operating condition, Ptot was

determined to be 2.78 W using electrical methods. Therefore, 22% of the losses in this class-E

converter thus occur in the active components The converter was evaluated up to an input of

47 W. Figure A.13 shows a breakdown of Pact and Ppas . It can be seen that a constant ratio of

active device losses to total losses was maintained over the operating range of the converter.

By employing the calorimeter, 7 measurement conditions could be obtained within one hour;
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Figure A.12 – Example of a calorimetric measurement on the class-E converter. First, a
calibration sequence was performed. During the measurement, two distinct power levels can
be observed, one corresponding to the gate drive losses, and one to the combined gate drive
and transistor.

demonstrating the rapid measurement capability of the calorimeter. These results highlight

the potential of a fast and accurate calorimetric platform for converter characterization.
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Figure A.13 – Total losses (measured electrically) and active device losses over the operating
range of the converter.

A.5 Conclusions

The flow calorimeter is a powerful tool for the power electronics engineer to estimate losses

in converters where conventional electric methods are not adapted. In this work, we have

demonstrated a flow calorimeter based on silicon microchannel cold plates, which are shown

to be a suitable candidate for rapid and high precision loss measurements. These properties

are enabled by the low heat capacity of microchannel cold plates, owing to their compact and

196



Calorimetric calibrations and its use for accurate loss-estimation Chapter A

efficient heat extraction. The microchannel calorimeter can obtain accurate results within 150

seconds in the range between of 35 mW and 3.2 W. Furthermore, we have demonstrated the

calibration and measurement procedures that enable an error smaller than 5% over a wide

dynamic range, down to 20 mW and up to 10 W, by modulating the water flow rate. The low

RDU T in the proposed flow calorimeter enables high maximum loss measurements up to 12

W, since the silicon microchannel cold plate simultaneously offers efficient cooling. We have

demonstrated the use of a microchannel flow calorimeter to separately determine the active

device losses from the total losses in a class-E resonant converter. An accurate characterization

over the full operating range of the converter was obtained within one hour, which confirms

that this design can be effectively used for the evaluation of power converters.
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B.1 Introduction

Infrared thermography is a useful tool to measure a high-resolution surface temperature

profile. All objects with a temperature above absolute zero emit infrared radiation, and the

intensity of this radiation is temperature-dependent, as shown in eq. B.1. Here, Wr ad is

the radiative energy flux leaving a certain surface, ε is the emissivity of the surface, σ is the

Stefan–Boltzmann constant and Tsur f is the absolute surface temperature in Kelvin. An ideal

black body has an emissivity of 1. However, in reality this number can vary between 0 and 1

with reflective surfaces yielding very low emissivity values. In addition, a semiconductor device

often consists of many layers of materials, such as metalization and passivation, which gives

rise to a heterogeneous emissivity map. To achieve high accuracy in infrared thermography

on a heterogeneous surface, each pixel of the camera should be calibrated against a series

of known temperatures. This section gives an overview of the pixel-by-pixel calibration used

throughout this thesis and the resulting accuracies obtained.

Wr ad = εσT 4
sur f (B.1)

B.2 Methods

Throughout the calibration and measurement procedure, the device under test is mounted at

a fixed position under the camera. Care should be taken that the sample does not move, since

the calibration is dependent on the position of the sample. First, with the sample installed

under the camera, and de-ionized water was pumped through the chip. The temperature of the

water was controlled using a circulating chiller (Lauda Proline RP 855), and the temperature

at the inlet and outlet of the chip was measured using k-type thermocouples (Thermocoax)

that were compensated to have zero offset at ambient temperature. To compensate for any

heat leaking out of the test section, the flow rate was increased, typically up to 1 ml/s, until the

difference between the inlet and outlet was far below 0.1 K. For each temperature point, after

reaching steady state, 20 infrared images were acquired of the surface of the chip. This process
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was repeated for 6 calibration temperatures, over the relevant temperature range, typically

between 20 ◦C and 80 ◦C.

The top row in Fig B.1 show the IR thermographs for a uniform emissivity, typically around

0.95, although the precise value is not important as long as it remains constant. The red

dashed outline indicates the region of interest, where the surface of the device was observed

through an aperture in a printed circuit board, which is defined as the region of interest (ROI).

The temperature outside of the ROI naturally deviates from the surface temperature of the

device, since it is not in good thermal contact with the device. However, this area is not of

interest throughout the study.
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Figure B.1 – Top: Uncalibrated IR thermographs, for an emissivity of 0.95. Bottom: Pixel-by-
pixel calibrated IR thermographs

For each pixel i , a linear regression was calculated between the expected calibrated tempera-

ture of the pixel (Texp ) and the measured, uncalibrated temperature (Tmeas) accroding to eq.

B.2. A first order least squares was used to obtain two matrices of fitting parameters. Matrix A

consists of the values of ai , and matrix B consists of the values bi . These two matrices together

form the calibration map, shown in Fig B.2a.

T i
exp = ai T i

meas +bi (B.2)

B.3 Results

By performing the operation in eq. B.2 to each pixel in the uncalibrated temperature map, a

nearly isothermal calibrated temperature map is obtained, as shown in the bottom of Fig. B.1.

Figure B.2b shows the calibrated temperatures of all pixels within the ROI versus the reference

temperature at which each point was calibrated. The dashed lines in Fig. B.2b show the 95%

confidence interval, demonstrating a temperature accuracy of ± 0.22 ◦C.
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for all data points within the ROI, with 95% prediction interval, showing the post-calibration
accuracy.

B.4 Conclusion

A simple method was presented for pixel-by-pixel calibration of an infrared thermography

setup. This method ensured that, as long as the relative position between the sample and

the camera is maintained, an accuracy of ± 0.22 ◦C was obtained. This approach has used

throughout this thesis. The downside of this approach is that, once the location of the sample

has shifted, a new calibration needs to be performed. To mitigate this issue, further improve-

ment can be done on aligning the calibration map with the infrared image, possibly using

alignment marks or other image recognition techniques.
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C Two-phase cooling setup technical
description

C.1 Piping

This section will describe the fabrication of the sub-assemblies for the two-phase experimental

setup. For each assembly, an overview is given for the pipe lengths required to make all

components fit. Stainless steel piping with 6 mm outer diameter and 1 mm wall thickness was

used for all pipes in contact with the refrigerant. All pipe bends where made with a 15 mm

radius. Swagelok compression fittings were used wherever possible. For threaded connections,

a sealing compound (LOCTITE 542) was used.
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C.1.1 Reservoir

The reservoir section houses a 2 liter stainless steel cylinder that stores the refrigerant, with

shutoff valves on either sides, a 10-bar relief valve and pressure sensors. Pipe Res_O is trans-

parent, and functions as a level indicator.

Figure C.1 – Reservoir section

Table C.1 – Piping overview of the reservoir section

RES_ D [mm] C1 [mm] L1 [mm] L2 [mm] L3 [mm] nT C2 [mm] Total

A 6 14 25 - - 0 14 53
B 6 14 47 - - 0 14 75
C 6 14 5 - - 0 14 33
D 6 14 5 - - 0 14 33
E 6 14 40 - - 0 14 68
F 6 14 11 - - 0 14 39
G 6 14 305.6 - - 0 14 333.6
H 6 14 50 - - 0 14 78
I 6 14 5 - - 0 14 33
J 6 14 5 - - 0 14 33
K 6 14 5 - - 0 14 33
L 6 14 7.2 - - 0 14 35.2
M 6 14 11 - - 0 14 39
N 6 14 30 - - 0 14 58
O 6 14 219.5 - - 0 14 247.5
P 6 14 7.2 - - 0 14 35.2
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C.1.2 Fluid control

The fluid control assembly contains the gear pump and Coriolis mass flow meter. A bypass

section is present around the flow meter.

Figure C.2 – Pump and flow meter

Table C.2 – Piping overview of the pump and flow meter section

PS_ D [mm] C1 [mm] L1 [mm] L2 [mm] L3 [mm] nT C2 [mm] Total

A 6 14 6 0 14 34
B 6 14 4 0 14 32
C 6 14 6 0 14 34
D 6 14 5 0 14 33
E 6 14 29 0 14 57
F 6 14 308 23 1 14 382.5
G 6 14 23 16 1 14 90.5
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C.1.3 Heat exchanger

A plate heat exchanger was used as a condenser. The two-phase mixuture enters on the top

through pipe HX_A, and moves downwards to exit at pipe HX_C. Cold water from the chiller

enters through pipe HX_G, and flows upward, exiting at pipe HX_E

Figure C.3 – Heat exchanger

Table C.3 – Piping overview of the condenser section

HX_ D [mm] C1 L1 L2 L3 nT C2 Total

A 6 14 370.8 102.7 - 1 14 525
B 6 14 40 - - 0 14 68
C 6 14 34 - - 0 14 62
D 6 14 24 53 32 2 14 184
E 10 16 7 - - 0 16 39
F 10 16 237 - - 0 16 269
G 10 16 86 - - 0 16 118
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C.1.4 Pre-heater

Figure C.4 shows the piping of the pre-heater section. A pressure sensor and thermocouple is

installed upstream and downstream of the coil heater, which is wrapped around the 6 mm

pipe (PH_C).

Figure C.4 – Pre-heater

Table C.4 – Piping overview of the pre-heater section

PH_ D [mm] C1 L1 L2 L3 nT C2 Total

A 6 14 48 35 - 1 14 134.5
B 6 14 46 - - 0 14 74
C 6 14 58 - - 0 14 86
D 6 14 15 - - 0 14 43
E 6 14 5 - - 0 14 33
F 6 14 13.5 - - 0 14 41.5
G 6 14 11 - - 0 14 39
H 6 14 11.5 - - 0 14 39.5
P1 6 14 5 - - 0 14 33
P2 6 14 5 - - 0 14 33
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C.1.5 Test section

Figure C.5 shows the piping around the test section. A bypass is installed, such that the

refrigerant can either pass through the test section, or follow pipes TS_A and TS_B to reach the

condenser.

Figure C.5 – Test section

Table C.5 – Piping overview of the testsection

TS_ D [mm] C1 [mm] L1 [mm] L2 [mm] L3 [mm] nT C2 [mm] Total

A 6 14 351 - - 0 14 379
B 6 14 673.5 - - 0 14 701.5
C 6 14 442.5 36 - 1 14 530
D 6 14 12 - - 0 14 40
E 6 14 23 - - 0 14 51
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C.1.6 Vacuum line

An evacuation/pressure test line is installed in the loop and can independently evacuate or

supply 10 bar helium to the reservoir, test section and heat exchanger.

Figure C.6 – Vacuum section

Table C.6 – Piping overview of the vacuum/helium section

VAC_ D [mm] C1 [mm] L1 [mm] L2 [mm] L3 [mm] L4 [mm] nT C2 [mm] Total

A 6 14 35 50 58 135.5 3 14 377
B 6 14 90 - - - 0 14 118
C 6 14 383 - - - 0 14 411
D 6 14 471 - - - 0 14 499
E 6 14 5 - - - 0 14 33
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C.2 Electronics

C.2.1 Power distribution

Figure C.7 shows the electrical schematics for the high-voltage power supply circuit, and Fig.

C.8 shows the associated wiring diagram in the control box.
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Figure C.7 – High-voltage circuit schematic
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Figure C.8 – High-voltage circuit wiring diagram 211
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C.2.2 Sensors

Figure C.9 shows the electrical schematics for the low-voltage sensors and control circuit, and

Fig. C.10 shows the associated wiring diagram in the control box.
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Figure C.9 – Low-voltage circuit schematic
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