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Although, when they sweep it away, Thou art able to take it back from them and redeem it

— Mowlana Jalaluddin Balkhi (also know as Rumi)

To my parents. . .





Abstract

The international actions against global warming demands reductions in carbon emission

and more efficient use of energy. Energy efficiency in the conversion and use of electricity, as

an important form of energy in the modern life, has strong environmental and economical

impacts. Power electronic devices determining roles in the overall system efficiency in many

applications such as power converters and inverters. Gallium Nitride (GaN) devices have

emerged as an superior alternative to the silicon devices and enabled unprecedented efficien-

cies. GaN-based high electron-mobility transistors (HEMTs) offer excellent characteristics

such as high switching speed, low switching and conduction losses, small device size and

high power density capabilities. However, such significant increases in the power density and

the reduction of device size comes at the price of dramatic increases in the heat fluxes and

appearance of hot spots in the device footprint that cannot be addressed using conventional

methods. The integration of diamond and GaN has been highly pursued for thermal manage-

ment purposes as well as combining their exceptional complementary properties for power

electronics applications and novel semiconductor heterostructures.

In this thesis, we discuss the key hindrances towards realization of diamond on GaN substrates

and devices, and we propose novel solutions for improving the feasibility of diamond-on-GaN

integration for efficient thermal management of hot spots in GaN devices and development of

diamond devices integrated with GaN devices in the same chip.

The growth of diamond on GaN is challenging due to the high lattice and thermal expansion

mismatches. The weak adhesion of diamond to GaN and high residual stresses after the

deposition often result in the diamond film delamination or development of cracks, which

prevents the subsequent device fabrication. In this thesis, a new seed dibbling method is

presented for seeding and growing high-quality diamond films on cost-effective GaN-on-Si

substrates, which result in significantly larger diamond grains and lower residual stresses

(as low as 0.2 GPa) compared to conventional methods. Moreover, the excellent adhesion

obtained by this method enabled a reliable polishing of the as-grown diamond films on

GaN-on-Si without any delamination, resulting in smooth diamond-on-GaN substrates with
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sub-nanometer roughness.

The high temperature hot spots in GaN devices are addressed by the near-junction heat

spreaders using diamond films deposited on GaN. An analytical model for the heat spreading

is presented to analyse the performance and optimize the heat spreaders, considering the

geometry and thermal conductivity of the heat spreader and the substrate. Experimental

demonstration of diamond heat spreaders on vertical GaN diodes together with the thermal

characterization of their behaviour shows significant reduction of thermal spreading resis-

tances, hot spot temperatures and temperature gradients from the device footprint, which

highlights the impact of such heat spreaders for the thermal management of high power

density GaN devices.

The diamond films deposited on GaN were also used to demonstrate high-performance

diamond transistors integrated on AlGaN/GaN-on-Si substrates with characteristics such as

high breakdown voltage, high current density, and high on/off ratio, which opens many new

possibilities for the development of power ICs with complementary logics, gate drivers and

power switches to significantly enhance their performance and efficiency.

The findings in this thesis opens the door for numerous possibilities with a diamond on GaN

platform, and paves the way for the development of high-performance power electronic de-

vices and integrated circuits with excellent thermal management. In addition, this technology

could be extended to other substrates to combine the outstanding properties of diamond with

other kinds of devices.

Key words: Diamond on GaN, CVD diamond, seed dibbling, power ICs, power semiconductor

devices, wide bandgap, GaN HEMTs, GaN vertical devices, hot spots, thermal management,

diamond heat spreaders, near junction heat spreaders, diamond transistors, hydrogen termi-

nated diamond
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1 Introduction

The international actions against the global warming has imposed many restrictions to limit

the global temperature rise to a threshold of 1.5 °C, above which is considered as a "critical

point of no return", and carbon neutrality by 2050 has become essential [1]. Under the Paris

agreement, the EU has committed to the carbon neutrality by the second half of the 21st

century, and energy efficiency is the cornerstone of several actions in this context [2].

Electricity, one of the main forms of energy that we use in our modern life, is not freely

available in nature and it has to be generated and converted from other sources of energy,

and in these processes, relatively high amounts of this valuable energy can be lost. Moreover,

large amounts could be lost during various conversions that are required between alternating

currents (AC) and direct currents (DC), different voltage levels, frequencies and so forth, until

it is finally being consumed by the end user.

Information and communication technologies (ICT) consume more than 200 terawatt hour

(TWh) annually [3], which is as large as the total energy usage in Iran [4] or in the other words,

more than three times the electricity consumption in Switzerland per year [5]. Currently,

ICT is emitting about 1 billion ton CO2 per year, which puts it the same level as the entire

aviation industry that burns fossil fuels [6]. ICT is becoming an inseparable part of our lives

with cellphones, computers, entertainments, social networks, online meetings and classes,

especially after the recent COVID-19 crisis, the need to such technologies are felt more than

ever. It is predicted that the ICT electricity demand would rapidly increase to more than 8000

TWh by 2030, 21% of the total electricity in the world (Fig. 1.1), or 51% in a worst-case scenario

[7].

Therefore, every percentage improvement in the conversion and use of electricity will have

strong environmental and economical impacts [8], [9]. However, if we look at how the elec-

tricity is being used in the data centers today (Fig. 1.2), shockingly, about 13% of the total
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Figure 1.1 – The energy demand of ICT sector and future predictions. Reprinted with permis-
sion from Nature [3].

energy is lost in the converters and uninterrupted power supplies (UPS), and the cooling of

the dissipated heat contributes to 32% of total electricity usage [9]–[11]. This representative

example conveys two important messages, that in order to meet the growing demands and to

diminish carbon emissions and shifting to more efficient use of the energy,

• High performance power electronic devices are required to increase the efficiency of

power conversions and system performances,

• Efficient cooling methods, and more preferably, passive thermal-management solutions

are needed to cut the electricity drainage for cooling and ensure reliable operations.

In the coming pages of this chapter, first a review of the state of the art is presented, followed

by the challenges that are addressed in this thesis.

1.1 Wide bandgap power semiconductors

Power semiconductors devices play a key role in the power conversion systems as switching

and rectifying components, such as transistors, diodes and thyristors. For decades, Si power

devices served to increase the efficiency and power density before reaching to their limits [12].

Power Si devices are still used mostly in low frequency / high power applications due to their

cost efficiency and availability of high quality bulk silicon wafers and manufacturing with

large diameters up to 12-inch [13]. However, Si devices could be very bulky and generate high

switching losses as the switching frequency is increased [14], [15]. This limits the operating
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Figure 1.2 – Electricity usage in the data centers. The useful IT-related portion consists only
49%, and large amounts are used for cooling and lost in the UPS converters [9].

frequency, efficiency and the power density and does not allow enough system miniaturization,

since the size of passive components in the circuit is usually inversely proportional to the

frequency [16].

The emerging wide bandgap semiconductor devices such as SiC, GaN and diamond offer

significantly better solutions to achieve higher energy efficiency and power density to meet

the growing demands in diminishing carbon emission and shifting to renewable energy.

1.2 Power GaN industry, market and applications

The advent of commercial power GaN devices started at International Rectifier in 2010 with

the introduction of the 600 V depletion mode (D-mode) GaN devices. Soon after that Efficient

Power Conversions (EPC) entered the market with enhancement mode (E-mode) devices at

lower voltages. In 2012, Fujitsu started their GaN productions and at the same year Transphorm

introduced their first 600 V D-mode devices. In early 2013, Panasonic also introduced gate

injection transistors (GIT), an E-mode GaN HEMT.

Transphorm about one year and half after the release of their first product announced a

partnership with Fujitsu to provide normally-off devices by cascoding high voltage GaN and

low voltage Si devices in one package. In the same year GaN Systems entered the market with

their island technology, offering high performance discrete E-mode GaN devices.

Texas Instruments (TI) was the first to announce package-level integrated power stage as 80 V

in early 2015, combining their own Si gate drivers with EPC’s GaN HEMTs. Exagan, and ViscIC
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Table 1.1 – Type of the devices produced in the market.

started at the same year with discrete devices as well as gate driver ICs. In 2016, TI provided

their 600 V Integrated GaN Power stage, while two new companies Dialog Semiconductor and

Navitas entered the market with their GaN power ICs.

Soon after, the semiconductor technology giant, Infineon, sent an important message to the

GaN industry by acquiring International Rectifiers and its factory in Villach. Infineon has

joined Alpha & Omega Semiconductor GaN power semiconductors in mass production of

CoolGaN 400 V and 600 V E-Mode transistors and has announcements about the development

of devices in lower voltages. ON Semiconductor (having partnered with Transphorm) is also

entering the market as its GaN product development completes.

Currently, different GaN devices as discrete and power ICs at 3 voltage ranges of 100 V, 650V

and 900V are produced and available in the market (Table 1.1). These devices come at different

characteristics and performances (Fig. 1.3), highlighting the manufacturability and versatility

of GaN devices, which enabled them to diffuse into different markets and dominate the

emerging applications.

The power GaN industry is a combination of fabless companies, pure-play companies and

integrated device manufacturers (IDM). Unlike Si industries, there have been fewer merger

and acquisitions of the GaN companies by the large IDMs, and many startup companies

managed to grow by designing devices and relying on the pure-play companies, outsourcing

the wafer epitaxy, device manufacturing, testing and packaging. Companies such as TSMC
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Figure 1.3 – The main characteristics of the all commercially available devices in the market.

(Taiwan Semiconductor Manufacturing Company), X-Fab and Episil offer foundry services for

device productions using their standard platforms for 100 V and 650 V HEMTs. Fraunhofer

institute and imec also have available platforms for prototyping or smaller scale productions.

Fabless companies usually have two strategic partnerships to perform all of their productions.

To name a few, EPC has partnerships with Episil for the wafers and device fabrication and

another partner in Taiwan for packaging, GaN systems is partnered with TSMC for the device

fabrications and with AT&S for the packaging, Navitas also uses the platform of TSMC for

device fabrication and outsources the testing and packaging of their devices to Amkor.

The demands for more energy efficient products, the extensive electrification of products, and

with the fast adoption of GaN devices in many applications, a rapidly growing market for the

GaN market can be envisaged. GaN power device market size was estimated $10 M in Q1-2020

and with a growth of 16% quarter-to-quarter, it is projected to reach $350 M in 4 years [17].

The high switching speed low losses of GaN devices has been utilized in many applications

such as converters, point-of-load supplies, power-factor-corrected (PFC) converters for data

centers and photo voltaic (PV) and renewable energy systems [18], [19]. The high frequency

switching capability of GaN devices allows a significant reduction in the size of the passives,

which result in higher power density and compactness of the power converters [20], [21].
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In the automotive industry, GaN is becoming the semiconductor of choice for most of power

converters and on-board chargers especially in the 48 V mild-hybrid electric vehicles (EV)

[22], [23]. Creating GaN devices capable of switching at 100 A at 900 V is highly sought after to

expand the applications of GaN for drive applications [24]–[26].

There are many emerging applications that only GaN devices can offer practical solutions.

The fast GaN switches with high dV/dt enables significantly high resolutions in the light

detection and ranging (LIDAR) systems that are essential sensors for EV autonomy [27]. In the

space applications, which the efficiency, compactness and ruggedness in harsh environment

and high temperatures are extremely important, GaN devices can serve well, since they are

naturally robust against radiations and can operate at much higher temperatures than Si

devices [28]–[30].

A unique feature of lateral GaN HEMTs is the possibility of chip-level integration, allowing

high degrees of design flexibility and accommodating extra circuitry and features such as

protections, gate drivers, logics next to the power devices in the same chip, while maintaining

the parasitics at the minimum. This can potentially increase the reliability and efficiency,

reduce the size of the circuit boards and increase the power density.

Figure 1.4 – The technology trend of the power GaN towards power ICs. Reprinted with permis-
sion from system plus (report: GaN SystemsGS61004B reverse costing) and EPC (EPC2152).

The lateral device integration as a highly advantageous feature has been pursuited by most GaN

companies. Considering the timeline and the type of GaN devices that are being introduced

into the market, the technology trend is to move from discrete devices to integrated power
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ICs to offer more functionality, higher reliability, more switching speed and lower losses (Fig.

1.4). The discrete devices were replaced by multi-chip packaged devices that contain Si gate

drivers and the power GaN HEMTs, and with the advancement of the device technology, the

monolithic GaN power ICs are becoming more and more available.

1.3 State-of-the-art GaN devices

The inherent material properties of GaN offer many advantages compared to Si and SiC in

terms of larger breakdown field, higher electron mobility and saturation velocity, resulting in a

much larger Baliga’s Figure of Merit (BFOM) (Table 1.2).The BFOM couples the mobility to

critical electric field, hence it can represent a figure of merit for the performance of power

semiconductor devices [31].

The development of lateral power GaN devices mainly owes to the exceptional properties GaN

heterostructures in combination with a barrier material (typically AlGaN, InAlN, AlN, etc..),

which form 2-dimensional electron gases (2DEG) because of spontaneous polarization and

the piezoelectric properties of the GaN wurtzite crystal. The high electron mobility and carrier

density of 2DEG creates highly conductive electron channels without requiring any doping.

The AlGaN/GaN high electron-mobility transistors (HEMTs) have demonstrated outstanding

potential for high-voltage applications with low Ron , large breakdown voltage (VBR ), and high

switching frequencies. The Ron that is intrinsically determined by the electric conductivity

of the two-dimensional-electron-gas (2DEG) channel, benefits from the high sheet carrier

concentration (Ns) and mobility (µ) at the AlGaN/GaN interface. While power Si devices can

hardly switch at 250 kHz, GaN HEMTs can easily operate at MHz ranges due to their lower

capacitances and no reverse recovery charges since they don’t have a body diode[32].

The GaN-on-Si substrates was a key technology for the commercialization of various power

GaN devices in the market. The large GaN-on-Si substrates (available on 200 mm diameters)

significantly reduces the cost of epitaxy compared to freestanding GaN substrates and offers

much lower price per surface area compared to the other substrates such as GaN-on-SiC ,

by leveraging the Si processing fabs and the cheaper Si substrates [33]. Thus, GaN-on-Si has

become the well-accepted technology and almost all of the of power GaN device producers

make GaN HEMTs on such substrates.

Due to the large lattice mismatch between the Si and GaN, epitaxial growth of GaN on Si is

difficult and requires high-quality buffer layers to compensate for the stresses and provide

enough insulation to reduce the leakage currents and increase the breakdown voltages[35],

[36]. The maximum breakdown voltage of the lateral GaN-on-Si devices is limited by the

vertical breakdown of the epilayer. There are two standard buffer thicknesses of 3.2 µm-thick
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Table 1.2 – Bulk material properties of Si and selected wide bandgap materials [34].

for 200 V and 5.5 µm for 650 V applications [37]. Increasing the buffer thickness to reach higher

breakdown voltages generally results in higher stresses and dramatically reduced yield, which

is one of the reasons there are only few GaN devices in the market rated for higher than 650V

[38]. Another reason is that due to the lack of avalanche breakdown in lateral GaN devices, for

reliability concerns, the device breakdown voltages are rated at much lower voltages than their

actual breakdown to ensure reliable operation in case of over-voltages or ringing [39]–[41].

1.4 Thermal management: a key to power density and reliability

The reliability aspect of the GaN devices is one of the biggest challenges faced today. Some

reliability aspects of the device can be improved by changes in the internal layer distribution/-

composition, gate overdrive protection, etc. However, the failure mechanisms are usually a

complex function of different parameters such as electric field, current density, temperature,

defect density, material properties such as piezoelectricity, thermal expansion coefficients, etc

[42], [43]. Since many failure mechanisms are either directly temperature related or acceler-

ated by the heat, the reliability of GaN devices are also highly influenced by how well the device

temperature is managed [44], [45]. In this context, a common failure mechanism such as

electro-migration is a complex function of temperature, but it requires a spatial temperature

gradient to happen, therefore both the absolute temperatures and temperature gradients are

extremely important [46].

Widebandgap devices including GaN, offer outstanding power handling capabilities beyond Si

limits, and with a much smaller device size and chip footprint. Such size reductions are highly

desirable to maximize the performance and minimize the cost. However, the higher power

8



Introduction Chapter 1

density introduces new performances limitations that emanates from the smaller device size

that result in high heat fluxes. In addition, usually the heat generation is not very uniform

in the device active region and could very localized or confined (e.g. at drain side of the gate

in GaN HEMTs [47]), and result in hot spot temperature rises that can break the device or

sabotage its reliability. Such thermal limits are sometimes so harsh that can even curb the

device performance, long before reaching to its actual capabilities [48].

1.4.1 Conventional thermal management methods

The much higher power density in GaN devices compared to Si counterparts can lead to

a dramatically higher heat fluxes, hot spot temperatures and thermal gradients [49], [50].

However, GaN does not have any advantages over Si in terms of thermal conductivity to handle

such temperatures. In addition, GaN is usually grown on other substrates such as Si or sapphire

(with less than half the thermal conductivity of Si) and the interfacial thermal resistances

between GaN and the substrate can further impede the heat conduction and increase the

thermal resistances [51], [52].

On the other hand, the conventional thermal management methods cannot address the

compact heat sources in the novel GaN devices with heat fluxes that could even reach to

30 W /cm2 in the HEMT footprint [53] and 300 W /cm2 under the gate[52]. As a result, the

hot spot temperature rises can drastically impair the power density and reliability and it is

essential to develop thermal management solutions to eliminate the hot spots to and mitigate

the issues of high heat fluxes in the novel GaN devices.

The packaging requirements for power devices are generally about the thermal performance,

insulation, parasitics, operating frequency and the reliability. A standard package usually

include thermally conductive heat-sink pads and a ceramic, metal or plastic housings, capa-

bility for mounting to a heat sink and output connections sufficient to meet current carrying

capability requirements. Power transistor package options were mostly limited to the range of

TO220/247/257, 3-lead packages and some variants for surface mount (e.g. D2PAK). Power

modules, IGBT devices, switches and controllers, have usually custom formats that are larger

and specifically designed for power cable termination and suitable thermal management

systems.

On the other hand, for power IC’s there are several variants of the PQFN packages that are

often used. The PQFN is a surface mount plastic package with lead pads located on the

bottom surface of the package. All PQFN packages have either been designed with a single

or multiple exposed die pads depending on requirements and intended application [54].

Different companies have adopted different solutions for their products: Transphorm uses the

old standard packages of TO-247, TO-220 and D2PAK and has developed newer products with
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PQFN packaging. Navitas and Texas instruments both use variants of QFN packaging for their

GaN power integrated circuits, and Infineon has used Dual small-outline (DSO) packaging for

their CoolGaN series.

Considering the thermal management schemes in the conventionally packaged device the

heat fluxes have to be conducted through several thermal resistances such as the bulk substrate

material, thermal boundary resistances (TBRs), packaging and thermal interfacial materials

(TIMs), to be extracted from the chip (Fig. 1.5). For Si devices such solutions has been

working relatively well, however with the reduced size of GaN devices, presence of hot spots

and high heat fluxes, the conventional packaging arrangements cannot address the thermal

requirement of GaN devices.

In the backside cooling method (Fig. 1.5 (a)), usually a thermal pad/heat spreader is connected

to the backside of the chip to improve the cooling performance of the attached heat sink

by increasing the effective surface area for the heat when it reaches to the backside of the

chip. However, several layers are employed in between the heat spreader and the chip for

electrical isolation, CTE matching for reliability reasons and to reduce the thermal stresses of

temperature gradients and thermal cycles. The highly confined heat sources and hot spots

in the GaN devices not only face all of these layers until the heat spreader, but also has the

substrate in between, which is not a good thermal conductor in case of GaN-on-Si or GaN-on-

Sapphire substrates. Therefore, the conventional heat spreaders cannot provide enough heat

spreading for the hot spots of GaN and other high power density devices. As a result, the heat

fluxes conduct only through a small surface area, which can lead to high peak temperature

rise, large temperature gradients, high thermal resistances and reducing the cooling efficiency

of the heat sink.

Some companies such as EPC have adopted the wafer-level chip-scale packaging (WLCSP),

which in fact simply covers the chip sidewalls and backside with a very thin protective film and

creates electrical connections at the exposed die side using redistribution layers (RDL) and

finishes with solder bumps. These approach can reduce the price, parasitics and the device

size, however from the thermal management point of view the cooling of such power devices

in WLCSP is quite troublesome. The relatively small device size and lack of any packaging

materials or heat spreaders and relying on the heat conduction only through the small solder

bumps into the printed circuit board (PCB) can only degrade the thermal performances. In

addition, due to the absence of any heat spreaders or thermal pads at the backside, any effort

to make thermal contact to the backside of the chip by the end users, most probably result

in higher thermal resistances and less reliability than a conventional thermal pad fabricated

by a packaging company. Therefore, the flip-chip packaging approach (Fig. 1.5 (b)) leads to

much higher junction-to-case thermal resistance (RθJC ), as can also be seen in EPC products

compared to others [55].
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Figure 1.5 – The limited heat spreading in conventional packaging hinders the cooling in both
(a) backside and (b) topside cooled devices.

The emerging oxide semiconductor devices such as Ga2O3 have even more severe thermal

limits than GaN. Ga2O3 has a very high BFOM (almost four-times that of GaN) and can offer

much higher power density than GaN [56]. However, the extremely poor thermal conductivity

of Ga2O3 (ten-times lower than GaN) results in a low heat conduction and heat spreading [57],

and the large thermal resistances of the device can impose even a more severe limit on the

device performance and reliability [58], [59].

1.5 Heat spreading using high thermal conductivity materials

Diamond has the highest thermal conductivity among bulk materials and has always regarded

as an excellent material for thermal conduction and heat spreading purposes. The thermal

conductivity of single crystalline diamond at room temperature reaches to 2200 W/m.K, which

is about 15 times higher than that of GaN [34]. The use of high thermal conductivity sub-

strates, such as diamond and SiC has shown enhancements both in the thermal and electrical

performance of GaN devices [60]–[62]. Nonetheless, the potential advantages of such tech-

nologies considered together with the issues such as limited available size of these substrate

(especially diamond), CTE mismatch and high system-level cost, limits such substrates for
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commercialization and limits the use of such substrates only to very high-end applications

[38], [63], [64].

The use of near-junction heat spreaders is a cost-effective yet efficient thermal management

approach to eliminate the hot spots and localized heat sources and to spread away the heat

exactly at its source using high thermal conductivity materials [65]. Spreading the heat to larger

surfaces on the chip reduces the heat fluxes and increases the heat extraction efficiency, which

result in significantly lower temperature gradients and absolute temperatures, respectively.

1.5.1 Diamond heat spreaders

Early studies on the use of nanocrystalline diamond (NCD) as heat spreaders had focused more

on the improvement of electrical performances using blanket deposition of nanocrystalline

diamond films on top of fabricated GaN HEMTs (Fig. 1.6) [66], [67].

Figure 1.6 – (a) SEM image of a GaN HEMT covered with nanocrystalline diamond and (b) its
output characteristic showing a slight reduction of current collapse with an increase of on
resistance. Reprinted with permission from Elsevier Diamond and Related Materials [66]. (c) a
similar study to (a) showing the SEM image of the device with nanocrystalline diamond and
(d) its output characteristic with small improvements after diamond growth. Reprinted with
permission from Elsevier Diamond and Related Materials [67].

Later studies followed similar approach of depositing diamond on top of GaN but included

measurements of device temperature, demonstrating a temperature reduction with the addi-

tion of heat spreaders (Fig. 1.7) [68].

Another study has proposed "thermal vias" by backside etching of holes into the substrate and

coating of the sidewalls with diamond films, or in the other word, replacing a portion of the

substrate under the device with nanocrystalline diamond films (Fig. 1.8 (a)), demonstrating

improvements in the device temperature (Fig. 1.8 (b) and (c)) by such modifications of the

substrate [69], [70].

The more recent studies have adopted a more systematic approach towards the use diamond

films on GaN for thermal management purposes. Different aspects related to the deposition

and properties of such diamond films such as the crystalline quality, effective lateral thermal

12



Introduction Chapter 1

Figure 1.7 – (a) A schematic of the device structure with SiN passivation and diamond heat
spreader and its SEM image. (b) The output characteristics of the device with NCD layer show-
ing higher current density, attributed to the lower device temperature (c) Device temperature
at different power density showing 4 times lower device thermal resistance with the NCD films.
Reprinted with permission from IEEE CSCICS 2013 [68].

Figure 1.8 – (a) SEM image of the chip backside with a diamond via. (b) Device temperature
without and (c) with the thermal via. Reprinted with permission from IEEE [69].

conductivity, addition of interfacial materials between GaN and diamond to minimize the

thermal boundary resistances have been extensively evaluated.

In a study, polycrystalline diamond films grown onto AlGaN/GaN-on-Si HEMTs with film

thicknesses ranging from 155 to 1000 nm [71]. However, the measured thermal conductivity

were one-to-two orders of magnitude lower than that of bulk polycrystalline diamond with a

strong dependence on the layer thickness, attributed to the grain size evolution during the

thickness (Fig. 1.9).

That study was accompanied with simulation of a multifinger GaN HEMT covered with a dia-

mond film with same TBRs and thermal conductivity values predicting a minor 15% reduction

of the peak device temperature due to the low thermal conductivity of the diamond film (Fig.

1.10). As this study suggests, the effective thermal conductivity of the diamond film has a

strong impact on the cooling efficiency of the diamond heat spreaders.
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Figure 1.9 – (a) Thermal conductivity and TBR of the diamond films below 1000 nm thickness
and (b) their very small dependence to the temperature. (c) Transmission electron microscopy
image of the diamond and GaN with a very thin SiN interface. Reprinted with permission from
AIP Applied Physics Letters [71].

Figure 1.10 – (a) Simulated absolute temperature of the multifinger GaN HEMT with and
without the diamond films. (b) Simulation of the temperature reduction at different scenarios,
which the best case shows only 15% reduction. Reprinted with permission from AIP Applied
Physics Letters [71].

1.5.2 Thermal properties of diamond films deposited on GaN

Micro / nano crystalline diamond films can be grown on different substrates using chemical

vapour deposition (CVD) methods. The diamond CVD method usually involves a gas mixture

containing a source of carbon such as methane (CH4) and hydrogen, at a few hundred millibar

of pressure [72]. Hydrogen plays several important roles such as dissolution of carbon in the

gas, generation of condensable carbon radicals, removal of graphitic phases, and providing a

metastable growth condition for diamond [73].

To excite the molecules in the reactor several techniques have been developed, among which

microwave plasma CVD (MPCVD) has many advantages such as fast nucleation and growth

rate, high diamond purity and controlled doping and better uniformity on large substrates [74].

In the MPCVD reactors, a plasma generator at the range of few kilo watt for a 2-inch chamber

is required to provide a plasma power density around 20 W/cm2 [75]. The CVD temperature
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usually varies from 600 to 950 °C for polycrystalline diamond deposition and depending on the

other growth parameters such as the plasma power. It is challenging to deposit high quality

diamond at lower temperatures, and at higher temperatures the deposition of graphite would

increase [76], [77].

To grow diamond on GaN usually a seeding process is required to introduce diamond particles

to the GaN surface, acting as the nucleation sites during the diamond growth. An ultrasonic

seeding technique in a diamond particle suspension is usually used for the seeding of the

substrate. Different diamond micron grits have been proposed for seeding the silicon sub-

strates and it is observed that the particles below 250 nm are most effective in the nucleations

[78]. Ultra-sonication of chips in a suspension containing diamond nanoparticles with the

average size of 5-10 nm in methanol have been shown as a very reliable seeding method for

CVD diamond growth resulting in very good coverage and high seeding density [79]. Recent

studies have shown a combination of diamond nanoparticles and micron-sized particles for

seeding (Fig. 1.11), benefiting from the larger seeds to obtain larger grains to increase the

thermal conductivity, and the nanoparticles to fill the gaps in between the grains to reduce the

TBR between the diamond and GaN [80].

Figure 1.11 – Seeding of GaN chips with (a) nanoparticles, (b) micron-sized particles and (c)
mixed seeding of the GaN substrates for better thermal conductivity and lower TBR. Reprinted
with permission from Elsevier, Carbon [80].

During the growth, the carbon radicals in the reactor nucleate on the surface and form crystal

grains that grow bigger as the process continues. As a result, the diamond films deposited on

GaN have smaller grain size close to the interface, and larger grains are stretched to the top
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surface of the film. The quality of the grown film highly depends on the parameters such as

temperature, plasma power and gas ratio, the deposited film can vary from an amorphous

layer, often called diamond-like carbons (DLC) with 30% or more sp2 carbon bonds, to high

quality diamond layers with all sp3 carbons [81]. Moreover, the size of the grains is dependent

on the thickness of the deposited film and i usually with increasing the thickness, the grain

size and the crystalline quality increases.

The effective thermal conductivity of poly-crystalline diamond is strongly affected by the grain

size as well as the quality of the grains and can deteriorate with presence of defects in the

lattice[82], [83]. In the poly crystalline diamonds, in addition to the inter-grain quality, the

intra-grain thermal resistances have impacts on the heat conduction.

Figure 1.12 – The thermal conductivity of poly crystalline diamond as a function of the grain
size. Reprinted with permission from Nature Scientific Reports [83].

Therefore the size and distribution of the grains can determine the effective thermal conduc-

tivity (ETC) of a poly crystalline diamond and as shown in Fig. 1.12, below 1 µm grain size the

sensitivity of the diamond thermal conductivity to the grain size is much higher [83]. With

reducing size of grains from micro crystalline to nanocrystalline and ultra-nanocrystalline dia-

mond, due to the dominance of the intra-grain thermal resistances the thermal conductivity

can be drastically reduced, even if the crystalline quality of the individual grains are high (Fig.

1.13).

The variations of the grain size during the growth can result in non-uniformity of the ther-

mal conductivity along the thickness of deposited films, with lower conductivity near the

nucleation layer and more conductivity at the top surface. However, by controlling the growth

parameters to have fast growth of the grains the effective thermal conductivity of the layer can

be improved. At the grain size of 200 nm which can be obtained with 1.5 µm thick films the
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effective thermal conductivity of diamond reaches to that of GaN. Therefore, for the thermal

management of GaN devices, diamond films thicker than 1.5 µm are required to obtain higher

thermal conductivities.

The thermal characteristics of such diamond films can be categorized as:

• Effective lateral thermal conductivity, parallel to the film

• Effective vertical thermal conductivity, perpendicular to the film

• TBRs at the interface with the substrate

Figure 1.13 – The large impact of intra-grain resistances in nanocrystalline and ultra-
nanocrystalline diamond. Reprinted with permission from Nature Scientific Reports [83].

To measure the lateral thermal conductivity a common method is using free standing diamond

membranes with a resistive metallic heater at the center[84]. In this method the heater

generates a uniform heat flux in the membrane that result in a linear temperature drop away

from the heater, and by measuring the slope of the temperature drop and normalizing by

the cross sectional area of the film perpendicular to the heat conduction, the effective lateral

thermal conductivity can be determined (Fig. 1.14).

The vertical thermal conductivity can be characterized using 3ω or flash methods. The

3ωmethod is based on alternating heat waves generated by joule heating of a resistive heater

on top of the film with an electric current at frequency ω . The alternating current result in

heat dissipation and corresponding temperature oscillations in the resistor with twice the

frequency, which result in third harmonic voltage oscillation in the heater. By increasing

frequency, the penetration depth of the alternating heat waves can be reduced, which results
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Figure 1.14 – (a)Diamond membranes with a central heater to measure the effective thermal
conductivity. (b) measured temperature drop in the membrane at different dissipated heat and
expected temperature drop considering different thermal conductivity of diamond. Reprinted
with permission from Elsevier, Acta Materialia [84]

in a logarithmic reduction of the temperature amplitude and by sweeping the frequency, the

thermal conductivity can be determine. In the flash method, which is more common for

bulk materials rather than films, a flash of heat is applied to one side of the material and the

temperature is measured at both sides. using the temperature difference and time constant of

heat conduction from one side to another the thermal conductivity and thermal diffusivity

can be measured.

Time domain thermo-reflectance (TDTR) is a methods that can measure the TBRs, as well as

the vertical thermal conductivity and diffusivity. In the TDTR method, heat pulses are applied

to the top surface using a laser beam and the temperature at the excitation point is measured

in time domain. The measured temperature signal is a combined effect of the inertial heating

because of the heat capacity, temperature gradients along the thickness of the film depending

on the thermal conductivity as well as the reflected heat waves from the boundaries. Therefore,

in this method usually a parameter (e.g. thermal conductivity) is fitted in a complex model to

extract the all other required parameters [71].

The TBRs originates from the acoustic and diffuse thermal mismatches between two different

materials. For diamond deposition on GaN, inter-facial layers (interlayers) of Si3N4 or AlN

have been proposed to reduce the thermal mismatches, to improve the adhesion of diamond

and to protect GaN from decomposition during the diamond growth (Fig. 1.15). Usually

the combined effect of the interlayers and the nucleation layer - a thin layer of lower quality

diamond that forms at the interface - are considered in the TBRs.
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Figure 1.15 – The cross section of diamond films deposited on GaN with interlayers of (a) SiN
and (b) AlN compared with (c) direct deposition on GaN without interlayer. Reprinted with
permission from American Chemical Society [85].

The use of such interlayers have shown high impact on the reduction of TBR, while diamond

growth temperature has no effect on the resulting TBRs (Fig. 1.16 (a)). The lowest TBR

between diamond and GaN has been shown using 5 nm SiN interlayers resulting in a TBR of

6.5 m2 ·K /GW (Fig. 1.16 (b)) [85]. Similarly in another study AlN interlayer resulted in TBRs

below 10 m2 ·K /GW very close to the theoretical limits [86].

Figure 1.16 – (a) TBR of Diamond films on GaN with different interlayers grown at different
temperatures. (b) TBRs of diamond films grown on GaN with interlayers of AlN and SiN.
Reprinted with permission from American Chemical Society [85].

1.5.3 Heat spreaders using graphene and carbon nanotube

The studies on the heat transport in graphene and carbon nanotubes (CNTs), demonstrated

extremely high thermal conductivity at the range of 3080–5150 W /m ·K [87], [88]. This has

motivated many scientists to benefit the superior heat conduction capability of them for

thermal management purposes.

In a study, sheets of graphene named "graphene quilts" have been placed on top of a GaN

HEMT as heat spreader (Fig. 1.17 (a)), and claimed to reduce the device temperature as much
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as 20 °C at 13 W/mm operating power and slightly increase the device saturation current (Fig.

1.17 (b)) [89].

Figure 1.17 – (a) GaN HEMT with graphene layers as heat spreaders. (b) Output characteristics
of the device with graphene (dashed line) shows higher saturation current compared to the
device without graphene (solid line). Reprinted with permission from Nature Communications
[89].

In a similar approach a monolayer of graphene as a heat spreader has been shown to reduce

the temperature of a resistive heater 13 °C at a heat flux of 430 W ·cm−2 [90]. Graphene oxide

has been used as an embedded layer in a GaN LED structure acting as a heat spreader (Fig.

1.18 (a)), and has shown to reduce the device temperature (Fig. 1.18 (b),(c)), and increase the

output power of the LED (Fig. 1.18 (c)) [91].

Despite the high thermal conductivity of individual graphene layers, to conduct large amount

of heat in a real scaled-up device and providing enough heat spreading require thicknesses

much larger than just a monolayer of carbon. However stacking graphene layers to increase

the thickness significantly degrades its thermal conductivity after only 4 monolayers, reaching

to that of regular bulk graphite [92].

Figure 1.18 – (a) Fabrication process of GaN LED with embedded graphen oxide. (b) A
higher temperature profile in the LED without graphene compared to (c) the LED device
with graphene spreader the at 100 mA. (d) The light output power of the LED with graphene
heat spreader is improved. Reprinted with permission from Nature Communications [91].
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CNTs have high 1D thermal conductivity, however since such 1D conduction is not preferred

for lateral heat spreading, in a rather different study, vertical CNTs are bent to form lateral CNTs

and thermal characterizations shown better lateral heat conduction compared to vertical CNTs

(Fig. 1.19) [93]. However, the reported thermal conductivities are not only highly anisotropic,

but also have values around 150 W/m.K or less which are far less than the thermal conductivity

of individual CNTs. (Fig. 1.19 (d)).

Figure 1.19 – (a) Vertically aligned CNTs. (b) Lateral alignment of CNTs by mechanical de-
formation. (c) Test devices for measurement of effective thermal conductivity. (d) The effec-
tive thermal conductivity of CNT film based on the alignment and measurement direction.
Reprinted with permission from Nature, Scientific Reports [93].

There has been many efforts to use CNTs and graphene as heat spreading films. However, due

to the limited 1D or 2D heat conductions, high susceptibility to defects and quality degradation

after the growth (due to manipulations and transfer to the substrates), which can substantially

reduce the thermal conductivity, huge interfacial resistance of between graphenes, CNTs and

the substrate have raised some doubts about how practical these materials could be as near

junction heat spreaders [94]–[98].

1.6 Diamond for power semiconductor applications

Diamond has been widely considered as a unique potential for power electronic applications

due to its excellent properties, such as high critical breakdown field (10 MV/cm), carrier

mobility, and sturation velocity resulting in a large Baliga’s figure of merit (BFOM) of 9700

GW/cm2, simultaneously benefiting from its very high thermal conductivity at room temper-

ature (2000 W/m·K) [34]. However, the realization of high performing diamond devices has

been hampered mainly by the lack of efficient dopings. The common dopants currently used

for diamond are not very shallow and have relatively high activation energies, for example

Boron as an acceptor has an activation energy of 0.37 eV, and the donors such as Phosphorus
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and Nitrogen have even higher activation energies of 0.57 eV and 1.7 eV, respectively [99], [100].

Due to such deep-level ionisation energies, many of the impurities remain neutral and don’t

provide proper semiconductor behaviour at room temperature, which can severely affect the

device performance.

In the early 90’s, the negative electron affinity found in the hydrogenated diamond surfaces

[101], and observation of a high electrical conductivity at the surface of diamond without

incorporation of impurities[102], which was later attributed to the formation of a 2D hole gas

(2DHG) and confirmed by Seebeck measurements, highlighted the potential of such surface

acceptor levels for semiconducting applications of diamond and fabrication of field effect

transistors [103].

This mechanism can be explained by the adsorption of certain molecules on the surface of the

hydrogenated diamond, whose lowest unoccupied molecular orbitals (LUMO) are aligned with

the valence band maximum (VBM) of hydrogenated diamond with small energy differences

[104]. Due to negative electron affinity of hydrogenated diamond, the molecules attract

electrons from diamond and become negatively charged, leaving behind holes in diamond

and as a result bend the band structure upwards at the surface of diamond (Fig. 1.20 (a) and

(b)). Therefore, the confinement of the holes in the directions perpendicular to the diamond

surface creates a 2DHG that allows carrier transport only on the surface [105].

Figure 1.20 – (a)Band diagram of diamond surface with hydrogen termination. (b) Alignment
of adsorbate molecules acceptor levels and charge transfer doping, creating 2DHG in diamond
surface. (c) Defects in Al2O3 layer aligning below the valence band of diamond can induce
2DHG. Reprinted with permission from Nature Scientific Reports [106].

The exposure of hydrogenated diamond to the air can result in the adsorption of air molecules

on the surface of diamond and form 2DHGs (mostly attributed to CO2 and H2O [107]) with a

sheet carrier density of about 1013 cm-2 (Fig. 1.21), which can significantly reduce the sheet

resistance of diamond [108]. However, there are some reliability issues regarding air doping of

diamond, including the environment that the diamond is kept, instability of the 2DHG at high

temperatures. A moderate temperature rise from room temperature to 100 °C, can drop the
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carrier density by orders of magnitude and significantly increase the resistivity(Fig. 1.22), and

even at the temperatures above 200 °C revert it back to an insulator [109]. Activation of the

hydrogenated diamond surface using high electron-affinity adsorbates such as NO2 [110], has

resulted in 2DHGs with very high sheet carrier densities (~1014 cm-2) [111], however the high

toxicity of NO2 makes the use of these method difficult.

Figure 1.21 – (a) The evolution of sheet hole concentration and mobility of h-terminated
diamond exposed to air, and (b) the resulting sheet resistance. Reprinted with permission
from AIP Journal of Applied Physics [109].

Transition metal oxides such as MoO3 [112] and V2O5 [113] with high work-function have

been proposed as surface acceptors that can result in carrier densities about 6 times higher

than that of air-exposed (Fig. 1.22 (a) ). However, the drastic reduction of the carrier mobility

at such high carrier densities (Fig. 1.22 (b)), and the difficulty of deposition and integration

of such materials for a the amount of improvements gained is what makes these methods

questionable 1.22 (c)). It is believed that ALD deposition of Al2O3 on the hydrogenated

diamond after removal of absorbate molecules can also dope the layer [114]. The negatively-

charged deep-level defects in the Al2O3 that align below the valence band of diamond (Fig.

1.20 (c)) can induce holes in the 2DHG.

The sheet carrier density of ~1013 cm-2 and mobility of below 100 cm2/(V.s) are normal values

reported in the literature [115]. Such values are about an order of magnitude smaller than

the highest bulk mobilities reported for diamond, however they actually correspond to a bulk

doping of 1018 cm-2 for a thickness of 10 nm, which can be effectively used to fabricate high

performance devices [34].
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Figure 1.22 – (a) Sheet hole density, (b) mobility and (c) resulting sheet resistance of hydro-
genated diamond surface-charge-transfer doped with different materials, and their tempera-
ture reliability up to 400 °C. Reprinted with permission from AIP Journal of Applied Physics
[109].

1.6.1 H-terminated diamond transistors

The 2DHG in the hydrogenated diamond surface can be modulated by field effect using a

gate, and can be used to fabricated a field-effect transistor (FET) with the 2DHG acting as

a p-type channel for normally-on FETs [103]. A simple H-terminated diamond transistor

(HTDT) structure consists of two ohmic contacts to the 2DHG as source and drain contacts

which is usually formed by titanium carbide (TiC), gold, or other high work function metals

such as palladium (Pd) [116], [117].

The device isolation can be done by changing the hydrogen termination to oxygen termination

around the device by exposure to an oxygen plasma or ozone generator [118], [119]. The

change of hydrogen termination to oxygen termination removes the 2DHG and bends the

band diagram of diamond downwards creating a large barrier for the holes. Therefore, it can

significantly increase the sheet resistance of the diamond surface to the range of few MΩ and

provides an excellent isolation on an undoped substrate [120].
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It has been shown that hydrogen-terminated diamond surfaces can be reliably passivated with

Al2O3 films using atomic layer deposition (ALD), and stabilize the 2DHG even at high tem-

perature up to 450 °C [121], [122], which not only can stabilize the adsorbates, also the Al2O3

layer can be utilized as a reliable gate oxide for the fabrication of field effect transistors. Boron

doped diamond with an activation energy of 0.37 eV shows a large temperature dependence

of the conductivity, however the 2DHGs passivated with more than 20 nm-thick Al2O3 show

negligible temperature dependence until 500 °C, highlighting the high temperature reliability

of the HTDTs [114].

Due to the high sheet carrier density of 2DHG ( ~1013 cm-2), the threshold voltage of the

normally-on HTDTs usually falls between 10 to 20 V depending also on the gate oxide. To

fabricate normally-off devices some methods are proposed in the literature including partial

oxidation of the diamond under the gate, high k oxide double layers [120], [123], [124].

The transfer characteristics of the HTDTs fabricated on monocrystalline diamond show on/off

ratio of 8 orders of magnitude at room temperature as the highest value. By increasing the

temperature the leakage currents increases, reducing the on/off ratio to 4 orders of magnitude

at 300 °C [114]. The output characteristics of the HTDTs show current densities higher than

1 A/mm for a sub-micron sized device [125]. However, for the high voltage devices with the

larger gate-to-drain spacing (LGD) around 10 µm, the current density of device reaches to

around 100 mA/mm [114].

The studies on the blocking voltage of HTDTs show lateral breakdown field of about 1 MV/cm

for single crystalline diamond [126]. This value is much lower than the bulk breakdown field

of diamond (10 MV/cm), however it is compareable to that of AlGaN/GaN HEMTs (1 MV/cm).

The breakdown field in diamond devices has been measured in a JFET with the LGD of 1.5 µm

and could only reach to 6 MV/cm [127].

Figure 1.23 – (a) HTDTs based on hydrogenated fin structures to increase the effective lateral
current density. Reprinted with permission from Nature Scientific Reports [128]. (b) Vertical-
type HTDTs with a trench gate, to increase the current density per surface area. Reprinted
with permission from AIP Applied Physics Letters [129].

Since the diamond substates are small and expensive, to gain in the device performance per

25



Chapter 1 Introduction

surface area, 3D HTDTs structures are proposed relying on fact that diamond hydrogenation

can be formed on any crystalline orientation of diamond. It has been shown that the 2DHG can

be formed on the side walls of a trench, as well as on the top surfaces without any degradation

on the sheet conductivity. HTDTs with hydrogenated fins parallel to the source to drain current

path demonstrated 3x times higher current density compared to a planar HTDTs (Fig. 1.23(a)).

In addition due to the 3-sides control of the gate on the fins, two-orders of magnitude lower

leakage current has been reported [128].

In another study, vertical-type diamond transistors are proposed using hydrogenated trench-

gates conducting the current vertically to the drain at the chip backside with through a highly

doped diamond layer (Fig. 1.23(b)), in order to increase the current density per device [129].

The excellent performance of HTDTs have been demonstrated on diamond substrates from

high quality monocrystalline substrates to polycrystalline and low quality substrates known

as "black diamond" [130]. Moreover, the integration of diamond with other semiconductors

and substrates has been also pursued. In a study, HTDTs were fabricated on diamond hetero-

epitaxial films deposited on SiC substrates, showing high voltage capability of such diamond

devices on foreign substrates (Fig. 1.24 (a)) [131]. The growth of GaN on diamond substrates

also has been long suggested by different groups to utilize from high thermal conductivity of

diamond for thermal management of GaN [132].

Figure 1.24 – (a) High voltage HTDTs on heteroepitaxial diamond on SiC. Reprinted with
permission from IEEE Electron Device Letters [131]. (b) The concept of GaN on diamond
complementary circuits. Reprinted with permission from Nature Scientific reports [114]. (c)
Diamond chips glued to GaN substrates and wire bonded to form inverter circuits. Reprinted
with permission from IEEE [133].

In a study, the concept of GaN growth on diamond has been proposed for thermal management

purposes as well as to fabricate complementary circuits (Fig. 1.24 (b)), without any practical

demonstration of such structures [114]. The difficulty of GaN heteroepitaxy on diamond and

the small size of diamond substrates, resulting in high costs are among the main challenges

and limitations for this technology. To avoid the difficulty of GaN or diamond heteroepitaxy, in

a recent study diamond chip were glued to GaN chips (Fig. 1.24 (c)), and the HTDTs were wire

bonded to GaN HEMTs to form a complementary inverter [133]. Although the initial possiblity

of cmos logics with the diamond/ GaN has been shown, the reliability of the adhesives in

26



Introduction Chapter 1

thermal cycles and its high thermal resistances, the high inductance of wire bonds limiting

the switching speed, the high cost of diamond chips and the area it occupies from the GaN

chip are among the shortcomings of this method.

1.7 Challenges

This thesis targets several challenges towards realization of high performance diamond and

GaN power ICs, including initial material growth and preparation of diamond on GaN sub-

strates, device fabrication and thermal management.

1.7.1 Difficulty of growth and polishing of Diamond on GaN

Due to the CTE and lattice mismatch of diamond and GaN, the growth of diamond on GaN

is difficult and results in the large residual stress after the growth. A poor adhesion at the

interface can result in the cracking or delamination of the layer. Moreover, diamond films

deposited on GaN with microcrystalline grains have extremely rough surfaces. The polishing

of diamond films requires a large amount of mechanical stress on the substrate and if the

adhesion of diamond to GaN is not strong enough, or the residual stress of the film is too high,

it cannot maintain during the harsh polishing steps. Due to such challenges there is no report

of polished diamond layers grown on GaN-on-Si substrates. Such roughness might not be an

issue for the heat spreading applications of diamond films, however it can become problematic

if the diamond films needs to go through other fabrication processing afterwards, especially

the photo-lithography. In addition, to fabricate reliable electronic devices on such diamond

films with predictable statistical characteristics, the diamond surface needs to be polished

to create a uniform layer. On the other hand, the polishing of diamond might induce defects

onto the final surface, from microscopic craters to lattice defects, or it can lead to residual

stress at the top surface where the diamond devices are fabricated, therefore it requires an

careful process processing and evaluation of the film.

1.7.2 Lack of HTDTs on GaN-on-Si substrates

The excellent material properties of diamond and GaN reveals the potential of integrating

these two materials for complementary circuits and power ICs. The main focus of the research

community has been only on the integration of GaN devices on the diamond substrates with

electronics-grade quality, which could be very small and expensive. Lower quality diamonds,

sometimes known as "black diamonds", have been mostly regarded as thermal-management-

grade diamond and are not used for electronics applications. The micro/nano-crystalline

diamond films deposited on other substrates also usually have such qualities and cannot be
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used for the fabrication of HTDTs. However, the crystalline quality of diamond films are highly

process dependent and can be improved and the but due to the negative attitude towards

such diamond films, there has been only few efforts on the improvement of the quality of

diamond films deposited on other substrates for electronics application. Therefore, there

is very limited knowledge on the fabrication and characteristics of HTDTs on such films. In

addition, GaN-on-Si substrates due to the large diameter and cost effectiveness are excellent

candidate platforms for the integration of diamond and GaN, however due to the challenges

and the limitations mentioned earlier, there has been no report of HTDTs on GaN-on-Si

substrates.

1.7.3 Limited knowledge on diamond heat spreader design

The high thermal conductivity of diamond has been regarded as a great potential for heat

spreader applications for low thermal conductivity semiconductor devices such as GaN. The

current studies have been mostly focused on the reduction of the TBRs between diamond

and GaN and improvement of the effective thermal conductivity of diamond. There are

only few studies that have demonstrated diamond heat spreaders for GaN devices, however

their improper design and characterizations, the potential of such heat spreaders has been

largely undermined. Therefore, there is limited knowledge on the design and effectiveness of

diamond films as heat spreaders and there are no models or guidelines on the near junction

heat spreaders to be able to optimize the design of near-junction diamond heat spreader. The

main characteristics that has been used to compare the effectiveness of the near-junction

heat spreaders in the literature are either the absolute temperature rise or the reduction of the

device temperature before and after the use of the heat spreader, which all lack generality and

cannot be used to compare different studies, since they highly depend on the size of the chip

and device and heating profile, the cooling, and many other parameters. Therefore, there is no

figure of performance to benchmark the effectiveness of such heat spreaders in a general way.

1.8 Thesis outline

Chapter 2 reveals an innovative method of diamond seeding and growth on the GaN-on-Si

substrates using a method called "seed dibbling". This method allows an efficient growth

of diamond films with a high adhesion to the GaN that resulted in very low residual stresses

characterized by Raman spectroscopy. The high quality diamond film and its surface were

characterized using different methods such as XPS ,AES, XRT and Raman. The high shear

strength of the film, originating from the seed dibbling technique, allowed the polishing

of the pristine diamond films with roughnesses in microns range to smooth layers with

sub-nanometer roughnesses. This creates an excellent platform for the realization of high
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performance diamond and GaN ICs in a very cost-effective approach.

Chapter 3 reports the seminal works on the fabrication of HTDTs using hydrogenated CVD

diamond films deposited on GaN substrates. To show the feasibility and the remarkable

potential of integrating them with n-channel GaN HEMTs as complementary switches, the

diamond was deposited on AlGaN/GaN-on-Si substrates, which also points out the scalability

of such diamond-on-GaN platform. The excellent characteristics of the devices, despite

being fabricated on the as-grown polycrystalline diamond films without polishing, show the

adaptability of the process and high quality of the grown diamond. The device characteristics

on the polished substrates have been also studied and and compared with those on diamond

films with different thickness and grain size, providing a bigger picture on the performance

and design of such HTDTs to integrate with GaN.

Chapter 4 discloses an analytical thermal model developed for the devices with near-junction

heat spreaders, focusing on the thermal behavior of the hot spots in the power semiconductor

devices. Using this model, the thermal spreading resistances are formulated to evaluate the

device thermal performance on different substrates such as GaN, SiC and diamond and heat

spreaders with different sizes and properties. The analysis of the results, provided useful design

guidelines to maximize the performance of heat spreaders in reducing the peak temperatures

and the thermal resistances. In addition, a "dimensionless heat spreading resistance" has

been proposed as a general figure of performance for the near junction heat spreaders and

has been used to compare different heat spreaders on different substrates, which sheds a light

on the requirements and performances of such heat spreaders.

In Chapter 5, the experimental results on the heat spreaders designed and fabricated for

vertical GaN diodes are studied. Based on the results of previous chapter, two sets of heat

spreaders using copper and CVD diamond were fabricated and thermally evaluated using a

high resolution IR microscope. Combined with finite element simulations using COMSOL,

the peak temperature and the heat spreading resistances are evaluated at different anode and

heat spreaders sizes. The results show a significant reduction of temperatures and spreading

resistances using few-microns-thick diamond heat spreaders. The results show that the cost-

effective GaN-on-Si substrates with thin diamond heat spreaders and optimized size, can

thermally perform similar to the expensive substrates such as diamond and SiC, highlighting

the advantages and effectiveness of such thermal management solution.
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of diamond films on GaN substrates

The integration of chemical vapor-phase deposited (CVD) diamond and GaN has been long

sought to combine their best properties for the realization of high-performance power elec-

tronics devices. Diamond has been regarded as a potentially excellent material for power

electronics applications due to excellent properties such as high thermal conductivity, wide

bandgap, large breakdown field, high hole mobility [34]. On the other hand, GaN is also a wide

bandgap semiconductor with large critical electric field, high electron mobility and saturation

velocity, and with large-scale fabrication capabilities on the cost-effective GaN-on-Si wafers

[38].

High performance n-type GaN devices such as high electron mobility transistors (HEMTs)

with high voltage capabilities are currently used in many power electronics applications [134].

However, GaN technology lacks proper p-channel devices, thus it cannot offer complementary

device operations [135]. On the other hand, diamond has the best material properties for

the fabrication of p-type power electronic devices but lacks proper n-type doping [136]. The

integration of diamond with GaN can open new possibilities for novel devices and integrated

circuits (ICs) combining the complementary properties of diamond as p-type, and GaN as

n-type semiconductors.

Moreover, the high thermal conductivity of microcrystalline diamond films [84], [137] has

been utilized as heat spreaders for the thermal management of power electronic devices and

demonstrated remarkable reduction of thermal resistances and elimination hot spots and

temperature gradients from both GaN HEMTs [67], [70], [138]–[141] as well as vertical GaN

devices [142].

Different strategies have been suggested for the diamond-GaN integration and the most com-

mon approach is the integration of GaN on diamond substrates [114], [143], [144]. However,

because of the small size of available diamond substrates and their high cost, GaN-on-diamond

31



Chapter 2 Seed dibbling method for the growth of diamond films on GaN substrates

substrates might be used only for the high-end applications [38]. In a different approach, the

diamond integration has been proposed on the cost-effective GaN-on-Si substrates, on which

diamond transistors were demonstrated on AlGaN/GaN-on-Si substrates with excellent device

characteristics, even without polishing of the rough diamond surfaces [145].

The high roughness of as-grown diamond imposes limitations for the wafer processing us-

ing planar fabrication methods. Therefore, polishing is an essential step to obtain smooth

diamond surfaces and reliable fabrication processes. However, due to the mismatches of the

coefficients of thermal expansion (CTE) between diamond and GaN (28% mismatch) [146],

the CVD diamond films can develop high residual stresses during growth (> 1.5 GPa) [147].

The weak attachment of diamond to GaN, mainly via weak van der Waals interactions [148],

and the presence of high stresses in the film have been serious issues making the diamond

film prone to delamination [147], [149]. Currently the low-stress high-adhesion growths of

diamond on GaN and its polishing has still remained as a big challenge.

Some studies have proposed the use of AlN, SiN or SiC interlayers to improve the adhesion,

owing to the formation of strong covalent carbide bonds [85], [86], [150], [151], which can also

protect GaN from decomposition in the CVD reactors at temperatures above 600 °C under

hydrogen plasmas [149]. However, the presence of extra thin films between GaN and diamond

can introduce high thermal boundary resistances (TBRs) and limit the heat conduction [152].

The diamond seeding step before the growth can also affect the quality of the diamond film,

grain size, thermal conductivity and TBRs [78], [153]. A high density seeding of the substrate

using diamond nanoseeds at densities above 1011 cm-2 can initiate a fast growth and diamond

film coalescence, which could minimize the decomposition of GaN in the hydrogen plasma

environment and thus improve the adhesion [154]. A recent study has experimented mixed-

sized diamond seeding using microseeds and nanoseeds to grow CVD diamond films on GaN

and AlN [80]. Although the diamond growth on GaN has been unsuccessful due to its poor

adhesion, it has shown a better attachment to AlN and TBRs as low as 6 m2K/GW, much lower

than the those grown using only nanoseeds. However, the higher mass of the microseeds

compared to the nanoseeds and the weak forces attaching them to the substrate resulted in

much lower microseed density and sparse coverage on the substrates.

Here, we present the seed dibbling method for efficient seeding and growth of diamond on

foreign substrates, in particular GaN-on-Si, which enables the growth of high-quality diamond

films with large grains, low residual stress and excellent adhesion to the substrate. This method

relies on the micro structuration of the substrate and seeding using both micro- and nano-

seeds. The seed dibbling method completely solves the issues of diamond film delamination

after the growth and enables a reliable polishing of diamond films grown on GaN substrates to

obtain smooth diamond-on-GaN substrates.
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2.1 Experimental details

In this chapter, AlGaN/GaN-on-Si substrates were used for seed dibbling and diamond growth

to demonstrate the integration of diamond on GaN-on-Si HEMTs for thermal management

and power electronics applications.

The seed dibbling starts with the deep etching of holes in the substrate before the growth

(step II in Fig. 2.1 (a)). The GaN etching step was performed using inductive-coupled plasma

(ICP) etching using Cl2/BCl3/Ar. Afterwards, a standard Bosch Si-etching process was used for

further etching of the substrate to adjust the aspect ratio of the holes. Here, the Si etching step

was done to form high aspect ratio holes only to study the effect of hole depth, however in the

rest of this study an optimized depth was used that did not require the Si etching step. A SiO2

was used as hard mask for all etching steps, deposited using plasma enhanced CVD (PECVD)

at 300 °C.

Then, the substrates were seeded with micro- and nano-seeds (step III in Fig. 2.1 (a)). The

nanoseeds were purchased from AdamasNano (Blueseeds - 5nm), and the microseeds powder

was from Van Moppes (monocrystalline micron diamond powerder, Syndia SYP). First, the

nanoseeding was done using a 0.5% wt. suspension of diamond nanoparticles of 5-10 nm in

methanol with ultrasonic agitation for 10 min followed by an IPA rinsing and drying using

nitrogen. Then, the microseeding was performed by immersion of the substrate in a 10% wt.

suspension of undoped diamond particles of 3-4 µm in isopropanol (IPA), and agitated by

ultrasonication for 10 minutes. The seed dibbling method resulted in the incorporation of

diamond microseeds on the patterned GaN-on-Si substrate (Fig. 2.1 (b)), which can efficiently

entrap the large microseeds inside the holes (Fig. 2.1 (c)). The diamond nanoseeds had also

covered the substrate with a high density (>1011 cm-1), as shown in Fig. 2.1 (d).

The polycrystalline diamond films were grown on the seeded substrates by the microwave

plasma chemical vapor deposition (MPCVD) method, using a reactor developed by Iplas

GmbH (2.45 GHz - Cyrannus©). The substrate temperatures were fixed at 850 °C, with average

plasma power of 4 kW and pressure of 130 mbar. The diamond growth rate was kept above 1

µm/h using high purity gasses (9N) with a standard gas ratio (95% H2, 5% CH4), and addition

of a small amount of nitrogen and/or argon (few ppm).

The as-grown diamond films usually have very high surface roughness (step IV in Fig. 2.1

(a)) and require a chemical/mechanical polishing steps to obtain smooth surfaces (step V in

Fig. 2.1 (a)). The diamond polishing was done at Almax Easylab, where the substrates were

mounted on a work head to hold against a horizontal diamond grinding wheel with large grits

for an initial fast material removal and planarization of diamond. Then the substrates were

polished using a lapping machine specifically designed for diamond polishing to obtain flat
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Figure 2.1 – (a) Schematic diagram of diamond-on-GaN substrate fabrication using seed
dibbling method I. GaN-on-Si substrates, II. Deep etching of holes in the GaN, III. Seed
dibbling using both nanoseeds and microseeds of diamond, IV. CVD diamond growth, and
V. diamond polishing. (b) Optical microscope image of the GaN on Si substrate with dibbled
diamond seeds. (c) higher magnification image showing microseeds are effectively positioned
inside the dibbled substrate. (d) an SEM image showing the nanoseeds covering the entire
substrate surface with a high density. Reprinted with permission from ACS Applied materials
and interfaces [155].

mirror finish. After the polishing, the substrates were cleaned using acetone and IPA followed

by a cleaning step using hot H2SO4/H2O2 mixture to remove the graphitic phases and all other

impurities.

2.2 Results and discussions

Although nanoseeds provide excellent surface coverage and high seeding densities, the low

thermal conductivity of the nanocrystalline diamond near the interface can result in high

TBRs. On the other hand, microseeds can result in larger grains and high thermal conductivity,

however the presence of voids between the grains near the interface can expose the GaN to

the hydrogen plasma in the CVD reactor and result in the etching of GaN [149], [156]. The use

of the mixed seeds in the proposed seed dibbling method offers the benefits of both methods,

resulting in larger grains, thus with higher thermal conductivity, along with lower TBR and no

damages to the GaN surface [80].
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To optimize the size and aspect ratio of the holes in the seed dibbling method, seeding steps

were performed on fabricated holes with opening size varying from 4 to 50 µm and high depth

(~30 µm), followed by the growth of approximately 30 µm-thick diamond layer. Figures 2.2

(a)-(d) show the cross-sectional SEM images of the sizes of 4, 10, 20 and 50 µm, respectively.

Although all the holes were subject to the same seeding process, the entrapment of the

microseeds was highly dependent on the hole size. The 4 µm holes were the most efficient in

capturing the microseeds (Fig. 2.2 (a)). However, the 10 µm holes captured fewer microseed

(Fig. 2.2 (b)), and there was almost no microseed captured in the larger holes (Fig. 2.2 (c) and

(d)).

Figure 2.2 – Cross-sectional SEM images of samples with high aspect ratio seed dibbling with
the opening sizes of (a) 4 µ, (b) 10 µ, (c) 20 µand (d) 50 µ. (e) SEM image of the samples with 4
µholes, showing the entrapment of microseeds in the entire depth of the holes, while only 5
µfrom the top part of contributed to the growth. (f) Zoomed-in picture of the dashed area in
(e), showing the contribution of both the microseeds and nanoseeds for the diamond growth.
Reprinted with permission from ACS Applied materials and interfaces [155].

Figure 2.2 (e) shows that only the seeds at the top 5 µm of the initial substrate contributed

to the diamond growth. No diamond growth was observed from more than the 5 µm depth,

which could be due to the low diffusion of carbon atoms inside holes during the growth and a

fast coalescence at the top that could block the nucleation from the deeper seeds. A closer look

near the diamond/GaN interface (Fig. 2.2 (f)) reveals that the nanoseeds formed more uniform
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nucleation points for a conformal growth of diamond layer attached to the substrates, while

microseeds formed nucleation points for larger diamond crystals that contributed to increase

the average grain size of the polycrystalline film and result in higher diamond quality. The

growth of diamond on all other hole dimensions was mainly due to the presence of nanoseeds,

and there were almost no microseeds to contribute to the growth of larger grains.

Figure 2.3 – (a) Cross-sectional (false-colored) SEM image of the diamond films grown on
an AlGaN/GaN-on-Si substrate using optimized seed dibbling method. The inset shows a
dibbled region filled with diamond, where the initial microseeds are distinguishable. (b)
High-resolution XRT image of the substrate. The materials are labeled in gray scale based on
the X-ray transmittance and some regions are hidden to form a cut-view image, revealing an
effective seed dibbling and diamond growth without any voids. Reprinted with permission
from ACS Applied materials and interfaces [155].

The size of the holes did not have any effect on the thickness of diamond; however, it highly

affected the roughness of the final diamond film. The unsuccessful coalescence of the diamond

over the 50 µm holes resulted in the formation of dimples on top of the holes with more than

10 µm depth (Fig. 2.2 (d)). The coalescence was significantly improved on the smaller holes,

resulting in much smaller dimples as well. On the samples with 10 µm and 20 µm holes, the

coalescence resulted in embedded cavities inside the holes (Fig. 2.2 (b) and (c)), and the

interfaces of the coalescence fronts can also be seen along the entire thickness of the diamond

films. However, on the 4 µm holes barely any coalescence interface can be seen, only the

diamond grains are visible, indicating a much-improved coalescence.

Therefore, the optimized size of the holes to have both microseeds and nanoseeds incorpo-

rated and contributing to the growth was found to be a width of 4 µm and depth of 5 µm.

Based on these results, AlGaN/GaN-on-Si substrates were structured with these dimensions

for the following experiments. The seed dibbling method enabled the reliable and repro-

ducible growth of thick diamond layers on AlGaN/GaN-on-Si, even thicker than 100 µm (20 h

of growth), with no signs of film delamination or cracks (Fig. 2.3 (a)).The diamond grown from

the nanoseeds filled up the spaces between the microseeds and the side walls (inset of Fig. 2.3
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(a)), thus significantly improved their adhesion to the substrate.

X-ray tomography (XRT) images of the substrate show a complete growth and coalescence of

diamond inside and over the dibbled regions, resulting in a uniform layer with the contribution

of all the seeds, as no voids or cavities were observed in the substrate (Fig. 2.3 (b)). Moreover,

diamond pillars were formed embedded in the substrate that significantly improved the

adhesion to the substrate and the shear strength at the interface.

The presence of holes in the substrate in the seed dibbling method had a strong impact on the

adhesion and the residual stress in the grown diamond film. We observed that in substrates

without the seed dibbling, even with the use of SiN or AlN interlayers, the diamond film could

either delaminate during the cool down in the CVD reactor or develop large cracks during

later fabrication processes. However, micro structuring the substrate together with the seed

dibbling method, even on small a portion of the substrate, significantly enhanced the adhesion

of the diamond film, and no more delamination or cracks were observed.

To evaluate the effect of the seed types used in the seed dibbling method on the quality of the

diamond film, different substrates were seeded using nanoseeds, microseeds and a mixture of

both, followed by a 10 h diamond growth (16 µm thick). Micro-Raman spectroscopy (532 nm

laser) was used to measure the stress, phase purity and the crystalline quality of the diamond,

and the profile of Raman shift along the diamond thickness was obtained by changing the

focus of the incident beam within the film Liscia2013StressMapping.

While the Raman peak of a diamond film without stress is at 1332 cm-1 [157], it was slightly

higher in all of the abovementioned samples, which corresponds to a compressive stress in

the diamond. The stress profile was calculated based on the positive shift of the peak (Fig.

2.4 (a)) [158]. The highest stress was measured only in the samples with nanoseeds at the

interface with GaN (1.1 GPa), which is significantly lower than the typical values measured

for diamond films grown at above 700 °C on GaN-on-Si membrane structures (5.6 GPa and

23.6 GPa depending on the dimensions) [147], which could be due to the dibbling of the

substrate. Moving towards the top diamond surface, the stress gradually reduced to 0.6 GPa.

The diamond films with microseeds and mixed seeding showed much lower stress at the

interface of 0.35 and 0.2 GPa, respectively. Small variations were observed near the top surface

(> 12 µm thick), which can be attributed to the small changes in reactor parameters during the

growth. Such results highlight the significant benefit of seed dibbling methods combined with

mixed seeding to obtain low residual stresses in the diamond, which is crucial to avoid the

film delamination and cracks.

All diamond films presented a high phase purity (sp3/sp2 ratios), ranging between 80% to 95%

at thicknesses above 8 µm, which indicates the low graphitic phases of the carbon atoms and

high crystalline quality of diamond (Fig. 2.4 (b)). Similar sp2/sp3 ratio was observed in the
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Figure 2.4 – (a) The stress profile along the diamond film thickness by seed dibbling using
different seeds. (b) phase purity (sp3/sp2 ratio) of carbon bonds and (c) Full width at half
maximum (FWHM) of the peak corresponding to diamond in the Raman spectrum. (d) X-ray
photoelectron spectroscopy (XPS) data of the diamond surface. The inset shows the spectra
of the oxygen atoms. (e) SEM image of a diamond film grown on a chip with a region seeded
with mixed seed dibbling and a region with only nanoseeds without seed dibbling. Reprinted
with permission from ACS Applied materials and interfaces [155].

entire thickness of the substrates with nanoseeds. However, at the diamond/GaN interface

with the microseeds and mixed seeds, lower ratios of 45% and 70% were observed, respectively.

Nevertheless, the phase purity in these films rapidly increased by increasing the thickness of

the film, saturating at their highest values at thicknesses above 8 µm.

The high crystalline quality of the diamond films was verified by the full width at half maximum

(FWHM) of the Raman peak. The Raman spectrum of natural diamond has a FWHM of about

2 cm-1, however polycrystalline CVD films generally demonstrate higher widths (between 5 to

15 cm-1) depending on the amount of crystalline disorders caused by defects or strains [159].

As shown in Fig. 2.4 (c), the reduction of FWHM from the interface towards the top surface

correspon to higher film qualities. Mixed seeds generally showed the lowest FWHM, and thus

the best crystalline quality.

X-ray photoelectron spectroscopy (XPS) spectrum in Fig. 2.4 (d) shows a strong peak of the

C1s and a very small peak related to the O1s. The analysis of the XPS spectrum revealed a very

high purity of the diamond films with 98.27% carbon, 0.27% nitrogen and 1.46% oxygen that
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has been naturally adsorbed at the surface.

In the seed dibbling method with mixed seeds, the enlargement of the microseeds during

the growth results in much larger grains than those grown with nanoseeds (Fig. 2.4 (e)). The

higher average grain size is an important aspect to significantly enhance the film thermal

conductivity for the same diamond thickness, due to the reduction of intra-grain thermal

resistances [71], [82], [84].

Figure 2.5 – Top view and cross-sectional SEM images of the (a) as-grown diamond and (b)
after diamond polishing. (c) Atomic force microscope image of the polished diamond surface
(Rq=0.6 nm). (d) AlGaN/GaN-on-Si chips with diamond film reliably grown on top of them
using seed dibbling method and polished to obtain smooth and shiny diamond surfaces. (e)
Raman spectrum of the diamond surface before and after polishing showing no significant
changes. Reprinted with permission from ACS Applied materials and interfaces [155].

Due to the random orientation of the diamond grains and variations of their size, the as-grown

diamond films presented rough surfaces with tens-of-micron roughness (Fig. 2.5 (a)). Such

high roughness is a major issue for the wafer processing. Therefore, the diamond films require
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a polishing step that was conventionally challenging because of the high residual stress and

low adhesion of the diamond films deposited using conventional methods. However, here the

polishing of diamond films was accomplished owing to the major improvements achieved

by the seed dibbling method. The diamond-filled holes in the substrate can act as an anchor

increasing the shear strength of the diamond film, and the low residual stresses provided

excellent stability for the diamond films to sustain the mechanical polishing steps (Fig. 2.5

(b)).

The polished diamond surfaces presented sub-nanometer roughness with arithmetic rough-

ness average (Ra) and root mean square roughness (Rq) of 0.5 nm and 0.6 nm, respectively,

measured by the atomic force microscope (AFM) scans of the areas larger than 30 µm by 30

µm (Fig. 2.5 (c)). The seed dibbling method enabled a reliable growth and polishing of the

diamond on AlGaN/GaN substrates with reproducible high quality (Fig. 2.5 (d)). The diamond

films, which initially had rough surfaces, revealed their high quality as transparent layers

with shiny surfaces after polishing. Neither the Raman spectrum nor the FWHM showed any

changes after polishing, indicating that the high quality of diamond was preserved after the

polishing (Fig. 2.5 (d)).

2.3 Conclusions

In this study, the seed dibbling method was presented for seeding and growth of diamond on

other substrates such as AlGaN/GaN-on-Si by intentional micro-structuration of the substrates

and diamond seeding with both microseeds and nanoseeds. The optimum dimensions of the

holes required for the seed dibbling using 5 nm nanoseeds and 3 µm microseeds were found

to be 4 µm to efficiently entrap the microseeds and to have the contribution of both seed types

for the diamond growth, obtaining a full coalescence and low surface roughness, without the

formation of any cavities. The material characterizations of the diamond films grown using

seed dibbling showed better crystallinity and larger grain size compared to the conventional

nanoseeding methods.

The proposed growth method resulted in high purity of the diamond film with more than

98% carbon atoms and sp3/sp2 ratio as high as 95%. The low residual stress of the diamond

film (0.2 GPa), excellent adhesion to the substrate and the high mechanical stability gained

by seed dibbling enabled reliable and reproducible diamond growth on GaN and subsequent

polishing steps to obtain smooth diamond surfaces with less than 1 nm roughness. The

polished diamond-on-GaN substrates developed here can be a cost-effective approach that

opens a door to many new opportunities for the development of integrated heat spreaders,

power integrated ICs using complementary switches, and novel heterostructure devices,

combining the best properties of diamond and GaN.
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spreaders

The thermal management of hotspots using high thermal conductivity materials positioned

near the hot spots or the device junctions, also known as near-junction heat spreaders (NJHSs),

is an efficient approach to reduce the thermal gradients and temperature rise in the device.

The NJHSs can reduce the peak temperatures and thermal resistances by spreading the heat

laterally to a larger surface area hence reducing the thermal gradients.

The total thermal resistance of a device consists of the thermal resistance of the chip, the

device packaging and the interfacial thermal resistances, as explained in details in the first

chapter. The thermal resistance in the chip also depends on the thermal conductivity of the

substrate, the size of the chip and the heating profile of the device. In the high power density

devices, the heating of the device could be very localized and result in hot spots with high peak

temperature and high gradients due to the insufficient thermal conductivity of the substrate.

To analyse the performance of such heat spreaders in reducing the device temperature and

thermal resistances and to optimize their design, the modelling of heat spreading is essential.

Finite element simulations can provide useful informations, however the analytical models

can provide a bigger picture, much more details and significantly reduce the computation

loads.

This chapter presents an analytical model of heat spreading in the chips with NJHSs to provide

a complete understanding of the parameters affecting the thermal performances, followed by

design guidelines to maximize the performance of the heat spreaders. In addition, the analysis

of spreading resistances for high power density devices such as GaN, SiC and Ga2O3 with and

without heat spreaders of different materials such as diamond and copper are provided [142].
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3.1 Thermal spreading resistances

Thermal constriction or spreading resistances exist when there is a change in the cross-

sectional area of the heat conduction. The term thermal constriction resistance explains the

situation when the heat flows towards a smaller cross sectional area, and thermal spreading

is used when the heat is flowing into a larger area. The magnitude of the constriction and

spreading resistances are the same and the term used only explains the direction of flow.

However, for the analysis of cooling in a power device or the packaging, heat spreaders or the

conduction of heat from small hotspots to the chip edges, often thermal spreading resistance is

used. In high power density devices such as GaN, usually the heat does not generate uniformly

in the device footprint and there could be hot spots with high heat fluxes (e.g. the drain side of

the gate in GaN HEMTs), which can result in high thermal spreading resistance and hot spot

temperature rises[138], [160].

The analytical models of spreading resistances have been previously proposed at different

boundary conditions such as isothermal heat sink and sources, isoflux sink and sources,

convective cooling at the sink in 2D axisymmetric as well as 3D rectangular geometries have

been developed [161]–[165]. Moreover, the analytical model of multiple heat sources on

multilayer substrates with TBRs has been developed to simulate the heat spreading in multi

GaN HEMTs [166]. However, there has been no reports of any analytical models for the NJHSs

or the evaluation of their performance in a general form. Therefore, the available relevant

studies are limited to the deposition of high thermal conductivity materials on the heat sources

and measurement of temperature or improvements of the electrical characteristics.

In the coming sections, first the analytical model presented for the heat spreading in the

substrate without the heat spreaders. Then the derived equations are used to expand the

model with the NJHSs. Since the thermal resistance of some rectangular heat sources can

be approximated using cylindrical geometries to reduce the complexity of the models [167],

therefore cylindrical geometries are used to obtain a general closed-form solution.

3.2 Heat spreading in the substrate without heat spreaders

The first law of thermodynamics implies that

ρcp
∂T

∂t
= ∇· (k∇T )+Q̇v , (3.1)

where ρ is the density, cp is the heat capacity, T is the temperature, k is the thermal conductivity,

and Q̇v is the volumetric internal heat generation. Considering a steady-state situation(∂T
∂t

= 0),

no internal heat generation(Q̇v = 0), and uniform isotropic thermal conductivity(kx = ky = kz =
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k), it boils down to the Laplace equation ∇2T = 0 which in cylindrical coordination can be

written in the form of

∇2T =
∂2T

∂r 2 + 1

r

∂T

∂r
+ 1

r 2

∂2T

∂θ2 + ∂
2T

∂z2 . (3.2)

The rotational symmetry of the temperature (∂
2
T

∂θ2
= 0) in this formulation results in

∇2T =
∂2T

∂r 2 + 1

r
· ∂T

∂r
+ ∂

2T

∂z2 = 0. (3.3)

A solution to the Laplace equation above can be provided by the method of separation of

variables as follows

T (r, z) = R(r )Z (z) (3.4)

z
∂2R

∂r 2 + Z

r

∂R

∂r
+R

∂2Z

∂z2 = 0, (3.5)

1

R
(
∂2R

∂r 2 + 1

r

∂R

∂r
) = −1

z

∂2Z

∂z2 . (3.6)

If we consider the right hand side of the equation 1
z
∂2

Z
∂z2

=λ2 then the solutions would be in

the form of Z (z) = B sinh(λz)+V sinh(λz).

The left hand side of the equation ∂2
R

∂r 2
+ 1

r
∂R
∂r

+λ2R = 0 with a change of variables as x = rλ can

be rewritten as

(rλ)2∂
2R

∂x2 + (rλ)
∂R

∂x
+ (rλ)2R = 0, (3.7)

which is in the general form of differential Bessel equation

x2∂
2R

∂x2 +x
∂R

∂x
+ (x2 −ν2)R = 0 (3.8)

and would have a solution of the form R(x) = A1 Jν(x)+ A2 J−ν(x),where Jν is Bessel function of

the first kind and νth order and in our case (ν=0) results in R(x) = AJ0(x).Therefore, the general

solution to our heat problem will be

T (r, z) = R(r )Z (z) = AJ0(λr )[B cosh(λz)+C sinh(λz)]. (3.9)

43



Chapter 3 Modelling of near-junction heat spreaders

Applying the boundary conditions to the general solution determines A, B and C. In this model

a circular heat source q was considered as an iso-flux boundary condition with a radius of

a on top of a chip with radius of b, which is cooled with a heat transfer coefficient of h to a

reference temperature TRe f at the backside of the substrate:



k ∂T
∂z

= 0 for r = b

k ∂T
∂z

= −hT for z = t (Tr e f = 0)

k ∂T
∂z

= −q for z = 0, 0 < r < a

k ∂T
∂z

= 0 for z = 0, a < r < b

(3.10)

The adiabatic edge conditions (first boundary condition in 3.10) gives

−(λA)J1(λb)[B cosh(λz)+C sinh(λz)] = 0. (3.11)

All the zeros of Bessel function (J1(δn)) with δn = λnb, where δn are the eigenvalues of J1

satisfy the equation. Therefore the general solution can be rewritten as

T (r, z) =
∞∑

n=1
J0(λnr )[Bn cosh(λn z)+Cn sinh(λn z)]. (3.12)

The second boundary condition in 3.10, which is the cooling from the bottom of the chip

results in

−k
∞∑

n=1
λn J0(λnr )[Bn sinh(λn t )+Cn cosh(λn t )] =

h
∞∑

n=1
J0(λnr )[Bn cosh(λn z)+Cn sinh(λn z)].

(3.13)

By defining the Biot number as Bi = hb
k and rearranging it will results in

Bn[tanh(λn t )δn +Bi ] = Cn[δn + tanh(λn t )Bi ]. (3.14)

Defining relative thickness as τ = t
b and φn as

φn = −Cn

Bn
=
δn tanh(δn t )+Bi

δn + tanh(δn t )Bi
, (3.15)
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the temperature equation will become

T (r, z) =
∞∑

n=1
J0(λnr )Bn[cosh(λn z)+φn sinh(λn z)]. (3.16)

Now, applying the boundary conditions of the heat source (the last two boundary conditions

in 3.10) gives

∞∑
n=1

kλnBnφn J0(λnr ) = q(r ) (3.17)

Using the orthogonality of Bessel functions
f (x) =

∑∞
n=1 Cn Jν(αν

x
b )

Cn = 2
b2 J

′2
ν (αν)

∫ b
0 x Jν(αν

x
b ) f (x)d x,

(3.18)

defining En = kλnBnφn would result in

En =
2

b2 J 2
0 (δn)

∫ b

0
r J0(δn

r

b
)q(r )dr. (3.19)

Therefore, Bn can be determined as

Bn =
En

kλnΦn
(3.20)

Therefore the final solution to the heat spreading in cylindrical geometry would become as

T (r, z) =
∑∞

n=1 J0(λnr )Bn[cosh(λn z)+φn sinh(λn z)]

Bn = 2aq
φn kδ2

n

J1(δn
a
b )

J 2
0 (δn )

φn = δn tanh(δn t )+Bi
δn+tanh(δn t )Bi

J1(δn) = 0, λn = δn
b , Bi = hb

k , τ = t
b

3.10 (3.21)

3.3 Heat spreading with near-junction heat spreaders

The device structure consisted of a heat spreader with a thickness tHS and thermal conductivity

kHS on top of a substrate with a thickness tSub , and thermal conductivity kSub . The heat source

(qi n) was considered as an iso-flux boundary condition at the interface with a radius of a, and

the structure is cooled with a heat transfer coefficient of hSub to a reference temperature TRe f
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at the backside of the substrate (Fig. 3.1(a)).

To simplify the model and to obtain closed-form expressions, no TBR was considered and all

other boundary conditions were adiabatic (more about this point in the section 3.3.2). This

model could be expanded to represent the case of the scaled up devices with multiple unit

cells in parallel and each cell having a thermal circuit shown in Fig. 3.1(b). Although we have

studied the unit cells with a cylindrical geometry, the results can be used for unit cells with

some rectangular geometries without a large discrepancy [167].

Figure 3.1 – (a) Geometry and boundary conditions of the model. (b) Thermal circuit model
and the unit-cell concept in scaled up devices. (c) The heat spreader’s actual boundary
condition and (d) approximate boundary condition. Reprinted with permission from AIP
journal of applied physics [142].

All of the thermal resistances are determined based on the peak temperature, which is located

at the center of the heat source and marked as TJ in Fig. 3.1(b). The total thermal transport in

a device is represented by a network of thermal resistances considering 3D and 1D thermal

conductions as well as the thermal resistance due to cooling. The conductive thermal resis-

tance can be separated into two thermal resistances: the spreading thermal resistance, which

considers the 3D thermal transport from the heat source to the chip edge, and the 1D thermal

resistance, which considers the 1D conduction of heat through the thickness of the chip to

the cooling side [167]. Therefore, the total thermal resistance (Rθ) consists of three thermal

resistances in series:

Rθ = RSp +R1D +RConv , (3.22)

where RSp is the spreading resistance, R1D is the one-dimensional thermal resistance in the
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thickness of the substrate and RConv is the convective thermal resistance at the backside of

the chip. The one-dimensional thermal resistance of the device can be calculated as

R1D =
tSub

kSub ·π ·b2 , (3.23)

where b is the radius of the substrate, resulting in the following convective thermal resistance

RConv =
1

hSub ·π ·b2 . (3.24)

The spreading resistance of the device according to the model shown in Fig. 3.1(b) is calculated

as

RSp =
RHS ·RSp,sub

RHS +RSp,sub
, (3.25)

where RHS is the spreading resistance of the heat spreader and RSp,sub is the spreading re-

sistance of the substrate, which was calculated using analytical solutions to Fourier’s heat

equation in steady-state derived earlier in the section 3.2 and adapted to these boundary

conditions:

RSp,sub =Σn
2a · J1(λn ·a)

φn ·kSub ·σ2
n · J 2

0 (λn ·b)
−R1D −RConv (3.26)

where Jν are Bessel functions of the first kind and νth order, σn the eigenvalues of J1, φn and

λn are

φn =
BiSub +σn · t anh(σn ·τSub)

σn +BiSub · t anh(σn ·τsub)
, (3.27)

λn =
σn

b
, (3.28)

where the Biot number of the substrate (BiSub) and the relative substrate thickness (τSub) are

BiSub =
hSub ·b

kSub
, (3.29)

τSub =
tSub

b
. (3.30)

The heat spreader’s boundary conditions can be approximated as shown in Fig. 3.1(c), where
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the hHS is

hHS =
1

(R1D +RConv ) ·π ·b2 =
hSub ·kSub

kSub +hSub · tSub
. (3.31)

The Biot number for the heat spreader (BiHS) is defined as"

BiHS =
hHS ·b

kHS
. (3.32)

Assuming that the thermal conductivity of the heat spreader is higher than the substrate and

hHS is generally smaller than hSub , thus the Biot number of the heat spreader would be small,

in which case, all of the heat spreader volume contributes to the heat spreading. Therefore, the

spreading term of the heat spreader thermal resistance can be determined using an alternative

boundary condition shown in Fig. 3.1(d). This enables the use of a similar formulation as for

the spreading resistance of the substrate. By doing so and adapting it for the heat spreader,

RHS can be obtained:

RHS =
∑
n

2a · J1(λn ·a)

φn,HS ·kHS ·λ2
n · J 2

0 (λn ·b)
−R1D,HS −RConv,HS , (3.33)

where φ(n,HS) and the relative thickness of the heat spreader (τHS) are

φn,HS =
BiHS +σn · t anh(σn ·τHS)

σn +BiHS · t anh(σn ·τHS)
, (3.34)

τHS =
tHS

b
. (3.35)

The one-dimensional heat spreader thermal resistance (R1D,HS) and its convective thermal

resistance (RConv,HS) are

R1D,HS =
tHS

kHS ·π ·b2 , (3.36)

RConv,HS =
1

hHS ·π ·b2 . (3.37)

The other parameters used in this study are the relative heat source size (ε) and relative thermal

conductivity (κ), which are defined as

ε =
a

b
(3.38)
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κ =
kHS

kSub
(3.39)

3.3.1 Model evaluation

The validity of the model was verified with finite element simulations using COMSOL, as

shown in Fig. 3.2(a), in which the thermal resistances of GaN devices with and without Cu

heat spreader are plotted for ε = 0.1 and cooling hSub of 105W /m2 ·K , showing an excellent

agreement between the model (dashed lines) and the COMSOL simulations (symbols). In Fig.

3.2(b), the different components contributing to the total thermal resistance are plotted, with

a large impact of heat spreader only on the thermal spreading resistance (RSp ), whereas the

convective term (RConv ) and vertical conduction (R1D ) are constant thermal resistances that

only depend on the cooling of the heat sink and substrate thickness, respectively. A thinner

substrate can reduces R1D , however limits heat spreading in the substrate, causing a large RSp

(Fig. 3.2(b)). Increasing the substrate thickness improves the heat spreading in the substrate,

which reduces the spreading resistance levelling at a minimum at the thicknesses above 0.3.

Figure 3.2 – (a) Total thermal resistance (Rθ) as a function of the relative GaN substrate thick-
ness, with and withoutCu heat spreader compared at two relative heat spreader thicknesses.
The excellent agreement between the analytical model (dashed lines) and COMSOL simula-
tions (symbols) shows the accuracy of the proposed analytical model. (b) (left y-axis) Spreading
resistance (RSp ) and (right y-axis) sum of one-dimensional conduction (R1D ) and convective
(RConv ) thermal resistances versus relative substrate thickness, showing the contribution of
each thermal resistance to the total thermal resistance of the device and the fact that heat
spreaders strongly reduce the spreading resistances. The dashed lines are from the analytical
model and the symbols from COMSOL simulations. Reprinted with permission from AIP
journal of applied physics [142].

At a relative substrate thickness τSub of 0.03, the use of a thin heat spreader with thickness

τHS of 0.001 the thermal resistance can be reduced by 40%, however increasing the thickness
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to τHS = 0.1 significantly reduces the spreading resistance by 83%, leading to a 2.4x lower

total thermal resistance. This implies that a limited heat spreading in thin substrates can be

significantly alleviated by the heat spreading of the NJHSs. However, in the practical situations

usually the substrate is thick enough to provide the its maximum spreading with respect

to their limited thermal conductivity. Therefore, in the next simulations thick substrates

are considered to ensure that the heat spreading is not limited by the substrate thickness

to demonstrate the real added value and benefits of heat spreaders. To investigate the heat

spreading in a more generalized way and to be independent of the absolute values of the sizes

and thermal conductivities dimensionless spreading resistances (Ψs) are used, defined as:

Ψs = RSp ·a ·kSub . (3.40)

The dimensionless spreading resistance of heat sources on SiC, GaN and Ga2O3 substrates is

calculated as a function of the relative heat spreader thickness, at a relative heat source size of

ε = 0.1 (Fig. 3.3(a)). The absolute and relative thermal conductivities used for diamond and Cu

heat spreaders are listed in Table 3.1.

Material kRoom Temp. (W /m ·K ) κCu Spr eader κDi amond Spr eader

Ga2O3 15 26 66.7
Si 130 3 7.7

GaN 160 2.4 6.3
SiC 490 0.8 2
Cu 390 - -

Diamond(Polycrystal) 1000 - -

Table 3.1 – The absolute and relative thermal conductivity of selected materials

Fig. 3.3(a) shows that NJHSs with higher relative thermal conductivity result in significantly

lower Ψs even at small τHS . By increasing the relative heat spreader thickness Ψs reduces

significantly and levels off at τHS > 0.3, indicating the maximum extent to which the NJHSs

can lower the spreading resistances. The Cu spreaders can result in 1.8x reduction of spreading

resistance for SiC, 3.4x for GaN and 26x for Ga2O3 devices. Using diamond heat spreaders the

spreading resistance can be further reduced by 3x for SiC, 7x for GaN and 60x for Ga2O3 devices.

These results show that by using relative heat spreader thicknesses above 0.3, the effect of heat

spreaders can be maximized, and the extent of their impact are determined by their relative

thermal conductivity. Diamond heat spreaders have a relative thermal conductivity of 2 (κ = 2)

for SiC that result in a 3x-lower spreading resistance, however the relative thermal conductivity

of the same diamond heat spreaders for Ga2O3 substrates is 66.7, which leads to a significant

60x-reduction of spreading resistance, highlighting the impact of heat spreaders for lower
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thermal conductivity substrates.

Figure 3.3 – (a) Dimensionless spreading resistance (Ψs) as a function of the relative thickness
of Cu or diamond heat spreaders (τHS) for Ga2O3, GaN and SiC substrates with relative heat
source size (ε) of 0.1. (b) Dimensionless spreading resistance of GaN devices with Cu heat
spreaders as a function of heat source size (ε) at different heat spreader thickness. Reprinted
with permission from AIP journal of applied physics [142].

Fig. 3.3(b) shows the dimensionless spreading resistance of GaN devices with and without

Cu heat spreaders (κ = 2.4) as a function of relative heat source size. The relative size of the

heat source (ε) determines the size of the hot spot and has an strong influence on the thermal

resistances. Larger ε correspond to a more uniform heat generation in the device which result

in lower spreading resistance. Thus, when the heat source becomes as large as the chip (ε = 1),

a uniform heat generation exists everywhere on the chip, and there would be only a pure

1D conduction of heat in the cylindrical conductor and spreading resistance becomes zero.

However, as mentioned earlier in the high power density devices the heat generation is never

uniform and several hot spots are usually present in the device.

The Cu heat spreaders with even relatively low thickness of τHS = 0.01 can result in 1.7x

reduction of the spreading resistances. A (maybe) counter-intuitive aspect of Fig. 3.3(b) is the

positive slope until ε = 0.1 for the heat spreader thickness of 0.01. Although the presence of

the heat spreader has resulted in an overall reduction of the spreading resistance, its effect

is undermined by increasing the size of heat source. Increasing the thickness of the heat

spreader to τHS of 0.1 leads to smaller spreading resistances, which means that the heat

spreader becomes more effective for a wider range of heat source sizes. This also implies that

to reduce the thermal resistances, a using a heat spreader with properly designed size can

have much more pronounced effect than over-engineering the size of the device in reducing

the thermal spreading resistance.

Further increasing the τHS to 0.3, results in about a 3.4-time lower Ψs for the entire range of
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source sizes, which is the minimum spreading resistance for such heat spreader/substrate

combination (as shown in Fig. 3.3(a) by the flat spreading resistance for τHS > 0.3). Therefore,

to maximize the effect of heat spreaders a relative thickness of 0.3 can be used as a rule of

thumb for their design.

These results could have implications for the use of 1D or 2D materials such as graphene

and carbon nanotubes (CNTs) as NJHS. Despite their high thermal conductivity [88], [168],

an effective heat spreading require thicknesses much larger than just a monolayer of carbon

(τHS10−6), as shown in Fig. 3.3(a). Moreover, stacking graphene layers to increase the thickness

can result in a dramatic reduction of the effective thermal conductivity to as low as that of

regular bulk graphite (about 700 W /m ·K ) with only 4 monolayers of graphene [92].

Similarly, the use of nanocrystalline CVD diamond films as NJHSs [66], [67], [140], having

a thin nano crystalline layer not only does not provide enough heat spreading, but also its

thermal conductivity can be much lower than that of bilk or even micro crystalline diamond

films [83]. Therefore, the diamond heat spreaders can be significantly effective by optimizing

the thickness of the film and the diamond grain size, which affects the thermal conductivity

and the heat spreading capability of the diamond heat spreaders.

3.3.2 The effects of TBRs

The analytical model presented here has the purpose to give a general view of heat spreaders

and to show its theoretical limits, we simplified the analytical model by assuming no TBRs, to

obtain closed-form expressions. The TBRs can degrade the heat transport at the interfaces and

can have a negative effect on the heat spreaders [137], however this analytical model provides

a big picture on the other aspects of the heat spreaders that have very significant effect such as

the relative dimensions and relative thermal conductivities, which cannot be explicitly shown

using other finite element models such as COMSOL.

To justify that neglecting the TBRs for simplification would not lead to major errors, we

performed COMSOL simulations of GaN diodes on Si substrates (anode radius = 20 µm), with

diamond heat spreaders of 3 µm-thick and radius of 25 µm, 40 µm and 60 µm, on top of the

device. The TBR between diamond and GaN was varied between zero (no TBR) up to 20

m2·K/GW to study the effect of TBRs. Fig. 3.4(a) and (b) show the peak device temperature

and the temperature increase in terms of percentage by considering the TBRs, respectively.

As it can be seen in Fig. 3.4, at TBRs below 10 m2·K/GW, which has been experimentally

shown for SiN interlayers between diamond and GaN [86], the temperature increase due to

the presence of TBR with respect to no TBR is very low, below 4%. At the theoretical limit of 3

m2·K/GW for GaN-Diamond interface [85], the effect of TBRs becomes even smaller, reaching
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Figure 3.4 – (a) The device temperature rise for a range of different TBRs. (b) Percentage of
temperature rise attribute to the TBR. Reprinted with permission from AIP journal of applied
physics [142].

to 1.3%.

3.4 Conclusions

The analytical thermal model and analysis presented in this chapter provide a comprehensive

method to assess the effect of any heat spreaders/substrates combinations based on dimen-

sionless spreading resistances and relative geometrical and material parameters. Among the

parameters affecting the performance of the heat spreaders, the thermal conductivity and

thickness of the heat spreaders play more important roles. With a relative thickness of 0.3 or

thicker, it can be assured that the heat spreader would have its maximum heat spreading effect.

On the other hand, the use of heat spreaders with high thermal conductivity can significantly

enhance the reduction of heat spreading resistances.

The design guidelines provided in this chapter can be used to maximize the thermal per-

formance of the NJHSs. This work shows that the NJHSs are effective and low-cost thermal

management solutions for high power density devices, especially those on low thermal con-

ductivity substrates, such as Ga2O3, GaN-on-Si, GaN-on-Sapphire or even bulk GaN substrates.

This thermal management technology could be leveraged to achieve higher power densities

that is currently limited by the device temperature rise. This analytical model provides a big

picture of the behaviour of heat spreaders and could serve as an inspiration for future studies,

presenting more complex models considering the effect of TBRs into the NJHSs.
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ers

To meet the demands for the higher power density and system efficiency, wide bandgap

semiconductors such as GaN offer higher device performances with significantly lower losses

and smaller device size compared to Si. However, the high power density and small device

footprint can result in a drastic increase of heat fluxes and generation of hot spots with high

peak temperature and large gradients can on the device footprint. Studies have demonstrated

GaN HEMTs with power densities as high as 50 W/mm [49], [50] and high heat fluxes of 300

kW/cm2 [52], which cannot be addressed by the conventional thermal management methods,

resulting in high temperature rises [169]. Such thermal limitations can raise reliability concerns

and put severe limit on the device’s capability.

In the previous chapter, near junction heat spreaders (NJHS) were presented as an efficient

thermal management approach for the hot spots. The presented model for the NJHS and the

analysis highlighted the potential of NJHS for heat spreading and the reduction of the thermal

spreading resistances.

This chapter presents the experimental demonstrations of CVD diamond NJHS for the vertical

GaN power diodes. Thermal measurement of the fabricated devices combined with finite

element simulations were performed to confirm the benefits of the diamond NJHS in the

reduction of peak device temperature, as well as temperature gradients [142].

4.1 Thermal management of GaN power diodes

In this project, the vertical PiN diodes that were developed earlier in our group were modified

to integrate the NJHS with. The diodes served as the active devices to study the thermal

performances of NJHS. The details on the electrical characteristics of the diodes can be found

in an article published by my former colleagues [170]. The diodes demonstrated a breakdown

voltage of 820 V and a specific on-resistance (Ron,sp) of 0.25 mΩ.cm2, and had a maximum
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current density of 15 kA/cm2.

The choice of such diodes for this study were based on multiple reasons:

• In other devices such as MOSFETs or HEMTs the power dissipation in the device highly

depend on both gate and drain biasing conditions and the profile of heating can largely

change at different biases [160], [171], [172], whereas in the diodes it depends mainly on

the diode forward bias and the generated heat is relatively uniformly generated under

the electrode. Therefore, studying diodes could reduce the complexities of the mixed

thermal-electrical characterizations.

• The circular design of the diodes developed resemble well the cylindrical geometry of

the NJHS model developed in the previous chapter, hence the design optimization and

analysis of the heat spreaders could correspond better with the model.

• Due to the high turn-on voltage of the diodes and low thermal conductivity of the

GaN-on-Si substrates, they are highly prone to the high hot spot generations and ther-

mal limitations. Hence, thermal management of such high power density diodes can

demonstrate well the impact of the NJHS.

The diamond growths for this part of the thesis were done in collaboration with LakeDiamond

SA, a Swiss startup company that unfortunately declared bankruptcy in early 2020. The

diamond reactors used for this experiments were made by another Swiss company, NeoCoat.

4.2 Fabrication and measurement details

Two sets of heat spreaders, based on diamond and Cu, were experimentally demonstrated on

vertical PiN diodes on GaN-on-silicon substrates. Cu NJHS were fabricated as a benchmark to

study the performance of the diamond NJHS, since Cu is a standard material that can be used

for device metallization and has a relatively high thermal conductivity.

The fabrication process of the vertical GaN PiN diodes started with the activation of p-GaN

by thermal annealing in N2 ambient at 750 °C for 15 min. The ohmic contact to the p-type

layer (Anode) was formed using Ni (20 nm)/Au (50 nm) metal stack annealed at 480 °C in

N2/O2 ambient for 10 min. Then a device isolation was performed by a deep etching of GaN

using inductively coupled plasma-reactive ion etching (ICP-RIE), stopping at the the bottom

n-GaN layer. The sample was then treated with 25% Tetra Methyl Ammonium Hydroxide

(TMAH) at 85 °C for 1 hour to smoothen the sidewalls and heal the damages occurred during

the deep-etching step. The ohmic contact to n-GaN was created using Cr (50 nm)/Au (250

nm) bi-layer [170]. GaN PiN diodes were fabricated with anode radii (rA) of 5, 10, 20, and 30
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µm. The diodes with smaller rA can resemble a worst case scenario with very high heat fluxes

(limited to the micro-fabrication capabilities and thermal measurement resolutions).

To avoid short circuits because of the Cu NJHS and to provide enough electrical isolation for

the 800 V reveres blocking voltage of the diode, a 2 µm-thick SiO2 layer was deposited using

plasma-enhanced chemical vapor deposition (PECVD) at 300 °C, and then patterned by dry

etching to access the anode and cathode electrodes. Afterwards, a layer of Cr (10 nm)/ Cu (100

nm) was deposited by DC sputtering as a seed layer for electroplating, and a 13 µm photoresist

mold was used to perform selective Cu electroplating as device metallization (6.5 µm). Finally

the think Cr/Cu seed was removed by wet etching.

To fabricate diamond heat spreaders, the p-activation, mesa isolation and TMAH treatment

were performed on the PIN substrates (Fig. 4.1 (a),(b)). Then, a 30 nm-thick SiN interlayer

was deposited by PECVD to protect the GaN surface from decomposition during the diamond

deposition, and to improve the adhesion of diamond and to minimize the TBR [85], [86]. The

substrates were seeded using a suspension of 5 nm diamond nano seeds in methanol and

agitated for 10 minutes in a ultrasonic bath, followed by rinsing in isopropanol and drying

with a nitrogen flow.

A 3 µm-thick layer of diamond was deposited in the CVD reactor at 820 °C using hydrogen and

methane gas mixtures (gas ratio was set at below 5 %) with the highest level of gas purity (N6.0)

to avoid any impurity incorporation during the process (Fig. 4.1 (c)). Few ppm of Nitrogen

and Argon were added to obtain growth rates above 1 µm/h. The plasma power was adjusted

at about 4 kW, the operating pressure was set at 100 mbar to obtain high quality diamond and

large grains to achieve high thermal conductivity. The diamond layer was patterned using a

2000 W oxygen plasma with a SiO2 mask to access the GaN surface to deposit metal electrodes

(Fig. 4.1 (d)-(f)). The ohmic contacts to the p and n type GaN and the Cu metallization steps

were performed as explained earlier (Fig. 4.1 (g),(h)).

The thermal measurements were performed using a Quantum Focus Instrument (QFI) Infra-

red (IR) microscope with a 512-by-512 pixels array of InSb detectors with medium-wave IR

(MWIR) filters cooled at about 85 K using liquid nitrogen. The IR microscope was equipped

a special 20x magnification lens providing high spatial resolution (about 2.5 µm) and high

accuracy (0.1 °C). The thermal stage of the IR microscope provide a precise substrate tem-

perature control to perform pixel-by-pixel emissivity corrections using the factory-provided

calibration data and the two-temperature calibration method. In addition, to increase the

surface emissivity and to avoid errors due to the IR transparency of the layers, we used a black

paint on top of the chips. In all of the measurement using the IR microscope, pixel-by-pixel

emissivity calibrations were performed to ensure that the temperature measurements were

accurate.
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Figure 4.1 – Fabrication process of GaN PiN diodes with diamond heat spreaders: (a) SiO2

deposition and pattering using photoresist and dry etching of SiO2. (b) Deep etching of GaN
for mesa isolation, deposition of SiN as interlayer and nano diamond seeding (c) CVD growth
of micro crystalline diamond film. (d) SiO2 deposition as a masking layer for diamond etching.
(e) SiO2 mask patterning. (f) Diamond etching with oxygen plasma. (g) SiO2 and SiN interlayer
removal. (g) Ohmic contacts to the n and p type semiconductors. (h) Cu electroplating.
Reprinted with permission from AIP journal of applied physics [142].

4.2.1 Cu heat spreaders

The scanning electron microscope (SEM) images of a PiN diode with Cu heat spreader are

shown in Fig. 4.2(a) and (b). The temperature at the top surface of the devices was measured

at different biases. However, since the heat source in the PiN diode is located below the heat

spreader, the maximum temperature measured at the top surface of the heat spreader is not

representative of the maximum device temperature because of a temperature drop in the

thickness of the heat spreader.
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Figure 4.2 – SEM picture of a GaN vertical PiN diode with a Cu heat spreader. (b) Cross sectional
image of the device across AB indicated in (a). Reprinted with permission from AIP journal of
applied physics [142].

To estimate the peak device temperature, we simulated the device temperature profile using

COMSOL and matched the surface temperature of the model with the experimental measure-

ments of the devices. A schematic of the device thermal model is depicted in Fig. 4.3, in which

a volumetric heat source is located at the i-GaN layer in the structure to represent the joule

heating in the device, and the device is cooled at the bottom by convective cooling. A TBR of

70 m2K/GW was set between GaN and Si,[173] and the natural convection of air at the surface

was neglected due to small surface area of the device, therefore all other boundary conditions

were considered as adiabatic.

Figure 4.3 – Schematic of the device structure simulated in COMSOL. Reprinted with permis-
sion from AIP journal of applied physics [142].

Different diodes with rCu of 7.5 to 65 µm were fabricated and measured. Fig. 4.4(a) and

(b) show the SEM and thermal microscope images of diodes with rA of 10 µm and Cu NJHS

radii (rCu) of 15 and 60 µm, respectively. The diodes were biased at 0.9 W power dissipation,

corresponding to a heat flux as large as 102 kW/cm2 (normalized by the surface area of the

i-GaN layer under the anode). Such large heat flux caused a high hot spot temperature rise of

about 180 °C and high temperature gradients near the edge of the heat source for the device
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with a small heat spreader(Fig. 4.4(a)). The use of a 60 µm heat spreader resulted in a reduction

of 73 °C in the maximum temperature, and much smaller thermal gradients in the device

footprint (Fig. 4.4(b)).

Figure 4.4 – SEM and IR microscope image of the diodes both operated at 0.9 W with rA of 10
µm and rCu of (a) 15 µm and (b) 60 µm. Reprinted with permission from AIP journal of applied
physics [142].

The COMSOL simulations show an excellent agreement with the thermal resistances (rθ)

measured from the IR microscope measurements and the COMSOL simulations (Fig. 4.5). As

mentioned earlier the IR microscope can only measure the temperature at the top surface of

the heat spreaders and cannot measure the peak temperature below the top surface of the

diodes. However, the peak device temperature (at the center of heat source) is slightly higher

than that of the top surface. Therefore, the actual device thermal resistance, calculated from

the peak device temperature within the i-GaN layer were slightly higher due to a temperature

drop in the heat spreader along its thickness. Increasing the rCu resulted in a reduction of

thermal resistance. Using the largest Cu NJHS (60 µm), a reduction of the thermal resistance

as high as 2.3x, 1.7x, 1.4x and 1.37x was observed for the devices with anode radius of 5, 10, 20

and 30 µm, respectively (Fig. 4.5).

4.2.2 Diamond heat spreaders

The effective lateral thermal conductivity of the CVD diamond films deposited on GaN-on-Si

were measured using hot-wire technique [84], using micro-fabricated hot wires on suspended

diamond/GaN membranes as shown in the inset of Fig. 4.6(b), for which the Si substrate was

removed for precise measurements. The average temperature gradient on the membrane

was measured with the IR microscope to accurately determine the thermal conductivity.The

effective in-plane thermal conductivity of the diamond film with 3µm thickness and an av-

erage grain size of 1 µm were as high as 900 W/m.K (Fig. 4.6(a), (b)). The excellent thermal

conductivity of such diamond films can provide significant heat spreading and conduction.
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Figure 4.5 – Total thermal resistance (rrθ) as function of Cu NJHS radius (rCu) at different anode
radius (r). Dashed lines are from COMSOL simulations of the hot spot temperature at the top
surface, matching well with the measurement data (symbols), and solid lines are the device
thermal resistance calculated from the peak device temperature from COMSOL simulations.
Reprinted with permission from AIP journal of applied physics [142].

The SEM and cross sectional images of a fabricated device with a 3 µm diamond heat spreader

are shown in Fig. 4.6(c) and (d). The undoped diamond layer served as a high thermal conduc-

tivity heat spreader, and also provided enough electrical isolation to the Cu metallizations,

which provide extra heat spreading. Therefore, the use of diamond spreaders eliminate the

need for SiO2, which has a very poor thermal conductivity (about 1 W/m.K [174]).

Fig. 4.7(a) and (b) show the IR microscope images of two devices with rA=10 µm at a power

dissipation of 0.9 W and diamond NJHS radii (rDiamond) of 15 µm and 60 µm, respectively.

A 64% lower temperature is observed in the device with larger heat spreader in Fig. 4.7(b)

compared without heat spreaders, which shows the excellent heat spreading of diamond

heat spreaders. In Fig. 4.7(c), the spreading resistance of the GaN-on-Si devices with Cu and

Diamond heat spreaders (symbols), are compared with simulated spreading resistance of

devices without heat spreaders on GaN-on-Si, GaN-on-SiC and GaN-on-Diamond substrates

(dashed lines), with TBRs of 70, 60 and 10 m2.K/GW as typical values for such substrate,

respectively [173], [175].

By using Cu heat spreaders on GaN-on-Si devices, the thermal spreading resistance of the

diodes with rA of 10 µm can be similar to that of GaN-on-SiC devices, and for a radius of

5 µm, it can be as low as that of GaN-on-Diamond devices. On the other hand, by using

3µm-thick diamond spreaders with a radius of 60 µm for the devices with rA of 10 µm, leads to

a 2.8x reduction of the spreading resistance, showing excellent spreading resistances similar
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Figure 4.6 – (a) Average grain size as a function of the diamond layer thickness. The sym-
bols are from the experiments and the dashed lines show the theoretical spread of grain
sizes.19 (b) Effective in-plane thermal conductivity of the diamond layers. The symbols are the
measured values and the dashed line is the theoretical effective thermal conductivity of the
poly-crystalline diamond.18 The inset shows the cross-sectional schematic of the suspended
membranes with heaters at the center, which were fabricated to measure the effective lateral
thermal conductivity of diamond. (c) SEM picture of a vertical GaN PiN diode with diamond
heat spreaders. (d) The cross sectional image of the device across the AB line shown in (b).
Reprinted with permission from AIP journal of applied physics [142].

to the devices on GaN-on-Diamond substrates. These results show that the near junction

thermal managements achieved with relatively thin layers of heat spreaders can provide heat

spreading properties as good as those of high-cost high thermal conductivity substrates, such

as SiC and diamond, offering a cost-effective thermal management technology for low thermal

conductivity substrates.

4.3 Conclusions

In this chapter, near-junction heat spreaders were demonstrated for thermal management

of high heat flux hot spots generated in high power density devices. The analytical thermal

62



Diamond near-junction heat spreaders Chapter 4

Figure 4.7 – (a) IR microscope image of the device with anode of 10 µm and diamond heat
spreader of 15 µm and (b) 60 µm both operated at 0.9 W, showing maximum temperatures of
137 °C and 86 °C, respectively. (c) Experimental spreading resistance of diodes with Cu (blue
symbols) and Diamond (red symbols) heat spreaders compared with the spreading resistance
in GaN-on-Si, GaN-on-SiC and GaN-on-Diamond substrates (dashed lines). Symbols with the
lightest colors correspond to heat spreaders with a radius 60 µm. Reprinted with permission
from AIP journal of applied physics [142].

model and analysis presented in this study, based on dimensionless spreading resistances and

relative geometrical and material parameters, provide a comprehensive method to assess the

effect of any heat spreader/substrate combinations. The model also provides design guidelines

for efficient near-junction heat spreaders and shows the broad view of their impact on the

thermal performance of devices.

Diamond and Cu heat spreaders were fabricated on vertical GaN PIN diodes and characterized

together with accurate simulations. The experimental results showed a large reduction of

device temperature and a more uniform temperature profile in the device footprint due to the

significant enhancement of heat spreading. Using near-junction diamond heat spreaders on

GaN-on-Si substrates, with a thickness of only 3 µm, demonstrated heat spreading resistances

similar to those of GaN-on-diamond substrates. This work shows that the near-junction

heat spreaders can offer effective low-cost thermal management solutions for power devices,

especially those on low thermal conductivity substrates, such as Ga2O3, GaN-on-silicon, GaN-

on-sapphire, or even bulk GaN substrates. This thermal management technology could be
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leveraged to achieve high power densities in power electronic devices, such as transistors and

diodes, as well as in power optoelectronic devices, such as laser diodes.
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on GaN substrates

5.1 H-terminated diamond transistors

The 2DHG formed on the diamond surface has been utilized as a p-channel for the fabrication

of MOSFETs on diamond. The hydrogen-terminated diamond transistors (HTDTs) have

attracted a lot of attention due to their excellent characteristics, while having a simple structure

and fabrication process [176]. Recent studies have demonstrated high voltage applications of

HTDTs fabricated on mono-crystalline as well as poly-crystalline diamond substrates[121],

[177], [178]. However, due to the high cost of diamond substrates as well as the lack of large

area substrates, the deposition of diamond on other substrates is considered as a viable

alternative.

Polycrystalline diamond layers deposited on the foreign substrates by microwave plasma

chemical vapor deposition (MPCVD) can provide an excellent platform for the integration

of diamond electronics with other semiconductor devices [131], [145]. This would allow

us to develop novel device heterostructures as well as integrated circuits (ICs) with many

other semiconductor technologies including GaN, that have shown excellent n-type device

characteristics, whereas still lacking any comparable p-type device operation [179]–[182].

The p-channel HTDTs are very promising counterparts to n-channel GaN high-electron-

mobility-transistors (HEMT) that can provide many possibilities for lateral integration of such

devices for complementary power and logic applications, which can be leveraged to increase

the efficiency in of power converters and reduce the driver circuit complexity. Furthermore,

the high thermal conductivity of the diamond films can be utilized as near-junction heat

spreaders for efficient thermal management of high power density devices, and increase the

power density of the power ICs [137], [142].

In this chapter, we have demonstrated HTDTs on poly-crystalline diamond films deposited

65



Chapter 5 High performance Diamond devices on GaN substrates

on GaN-on-Si substrates. The electrical and thermal characterizations of the devices showed

excellent properties with high on-off ratio, low specific-on-resistance (Ron,sp), high breakdown

voltage, low thermal resistances and high thermal conductivity of the polycrystalline diamond

film. The outstanding characteristics of the HTDTs demonstrated on an unpolished poly-

crystalline diamond layer, with grains as small as the device size, highlights the significant

potential of this technology.

5.2 Device structure and fabrication

AlGaN/GaN-on-Si substrates were used as templates for the diamond depositions to demon-

strate the possibility of diamond integration with GaN HEMTs using AlGaN/GaN heterostruc-

tures GaN-on-Si substrates. An extensive optimization procedure was performed for parame-

ters such as interlayers, seeding method, microwave power, substrate temperature, operating

pressure as well as the gas mixture including methane, nitrogen and argon.

Prior to the deposition, a layer of Si/SiN (5 nm / 30 nm) was deposited on the substrate

using plasma-enhanced chemical vapor deposition (PECVD) method at 300 °C, to protect the

GaN surface during the harsh diamond deposition environment, to enhance the adhesion

of diamond to GaN, and reduce the thermal boundary resistance (TBR) between GaN and

diamond [85].

The substrates were seeded using a mixture of 3% wt diamond particles of 2 µm to 4 µm in

isopropanol and were placed in an ultrasonic (34kHz) bath for about one hour. This seeding

method intrinsically relies on the physical damage of the diamond particles to the substrate

surface. Therefore, during the seeding step the chips were visually inspected several times

under an optical microscope to ensure enough diamond seeds incorporation and to avoid too

much damage to the substrate surface. After the seeding process, the substrates were cleaned

using isopropanol and dried with nitrogen. The Si/SiN interlayer and the seeding process

were essential to obtain uniform and well-adhered seed layers, which allowed a rapid initial

diamond deposition, maintaining strong adhesion during the deposition and after cooling

down to room temperature.

The diamond deposition was performed in a microwave plasma chemical-vapor-deposition

(MPCVD) reactor at 800 °C, plasma power of 3.5 kW, working pressure of 140 mbar, and with

5% methane. A small amount of nitrogen and argon (few ppm) were intentionally added

during the growth to keep the growth rate as high as possible (> 1 µm/h), and the highest gas

purity (9N) was used to obtain high quality diamond layers. Afterwards, the diamond surfaces

were hydrogenated by a 2.8 kW hydrogen plasma at 100 mbar at a substrate temperature of

640 °C for 45 min.
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The device fabrication process is shown in Fig. 5.1 (a) to (f). The hydrogenated diamond

surface was covered with 200 nm gold using e-beam evaporation to form ohmic contacts. Then,

a photoresist mask was used to define the device edges and to remove the gold around the

devices using KI+I2 solution. To form the device isolation, an 800 W oxygen plasma was used

to change the hydrogen termination to oxygen termination around the device. Afterwards,

another photoresist mask was used to define the source/drain electrodes and to remove the

gold covering the transistor channel. An 80 nm-thick Al2O3 layer was deposited using atomic

layer deposition (ALD) method at 200 °C as the gate insulator and surface termination. A 300

nm-thick layer of Al was deposited using DC sputtering method as the gate metal and then

patterned using a Cl2/BCl3 plasma and a photoresist mask. The schematic of a finished HDTD

is shown in Fig. 5.1 (f). Due to high roughness of the diamond film, the photoresist masks

used here were relatively thick (> 8 µm).

Figure 5.1 – (a) Deposition of diamond layers on AlGaN/GaN-on-Si substrates and the hydro-
genation of the surface. (b) Deposition of a gold layer for the ohmic contact formation. (c)
Patterning of the gold layer and device isolation by oxygen plasma. (d) Patterning of the ohmic
contacts. (e) Deposition of an Al2O3 layer as gate insulator and surface termination. Al was
deposited and patterned as the gate metal. (f) Cross sectional structure of the finished device.
Reprinted with permission from IEEE electron device letters [145].
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5.3 Electrical Characterization

The 3D optical microscope image of the device shown in Fig. 5.2 (a) has been constructed by

focus stacking method. As it can be seen, despite having a high surface roughness (24 µm),

the device structure is relatively precise. The top surface scanning electron microscope (SEM)

image of the diamond surface in Fig. 5.2 (c), shows the crystalline diamond grains on the top

surface of the diamond films with an average grain size of 34 µm, which is much smaller than

that of commonly used in the literature (>100 µm) for device fabrication. The cross-sectional

image of the diamond layer in Fig. 5.2 (d) shows the very small grains at the bottom, where the

growth initiated, and gradually enlarged across the 130 µm-thick layer towards the top side,

where the devices are fabricated.

Figure 5.2 – (a) 3D optical microscope image of the fabricated HTDT,constructed using focus
stacking method. (b) Schematic of the structure of HTDTs. (c) Top- view SEM image of the
diamond surface. (d) Cross sectional optical microscope image of the diamond layer showing
larger grain sizes at the top. Reprinted with permission from IEEE electron device letters [145].

The hydrogenated diamond surface was characterized by Hall measurements, showing a hole

density of 1014 cm-2 and a mobility of 1.3 cm2/V·s, leading to a sheet resistance of about 50

kΩ/ä. The existence of many pits and edges in the unpolished diamond surface serves as

activation sites, resulting in a higher carrier density compared to the commonly reported

values in the literature [183].
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The carrier mobility is strongly affected by the ionized impurity scattering in diamond 2DHGs

due to the small distance between the hole-channel and negative charges in the oxide [34],

[184]. For similar hole density of 1014 cm-2, single-crystalline diamond presented mobilities

as low as 3 cm2/V·s [185], which in the present case were even lower due to the small diamond

grains in the polycrystalline layer and the rougher surface.

The transfer characteristics of a fabricated transistor with source-to-gate length LSG of 2 µm,

gate length LG of 4 µm and gate-to-drain length LGD of 8 µm revealed depletion-mode p-

channel transistor behavior and an excellent gate control on the channel with a on-off ratio as

high as 109. The output characteristic of the device at the gate biases between 20 V to -10 V

with voltage steps of -5 V is plotted in Fig. 5.3 (b). The device demonstrated current densities

as high as -60 mA/mm, as well as a low Ron,sp of 84 mΩ·cm2.

Figure 5.3 – (a) Transfer characteristic of a transistor with a LG of 4 µm at a drain bias of -5
V. The inset shows the optical microscope image of the device. (b) Output characteristic
of the same device at gate biases from 20 V to -10 V with voltage steps of -5 V. (c) Off-state
characteristic of the device at VG of 35 V, showing a breakdown voltage of -400 V and very
low leakage current. (d) Lateral breakdown characteristic of the diamond layer at different
electrode spacing, showing a critical breakdown electric field of 0.4 MV/cm. Reprinted with
permission from IEEE electron device letters [145].

The device exhibited excellent off-state characteristics (Fig. 5.3 (c)) with low leakage currents

below 1 µA/mm near its rather high breakdown voltage (VBr) at -400 V are quite intriguing,
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considering the quality of the diamond film that is used. The lateral breakdown was further

studied using isolated pads with different spacing (Fig. 5.3 (d)). Assuming a uniform electric

field distribution between the pads, a critical electric field as large as 0.4 MV/cm was deter-

mined for the layers, which is comparable to the values reported in the literature for the lateral

breakdown in polycrystalline as well as monocrystalline diamond devices [114], [130].

In Fig. 5.4, the electrical characteristics are benchmarked against other HTDTs in the litera-

ture based on HTDTs on monocrystalline diamond [114], [120], [121], [186], polycrystalline

diamond substrates [130], [178], [187], and polycrystalline diamond grown on SiC [131]. The

theoretical limit of H-terminated diamond is determined using the maximum values of the

mobility, carrier density and critical electric field reported for diamond 2DHG, [114], [125],

[130], [188] using a similar formulation in [134], and the theoretical limit of p-GaN devices is

taken from [189].

This work, indicated as a red symbol in Fig. 5.4 represents the first diamond transistor on GaN

substrates, demonstrating similar high power device figure of merit (BFOM = 2.5 MW/cm2)

compared to other HTDTs on polycrystalline and even some on monocrystalline diamond.

However, there is still a gap between the performance of current HTDTs and their theoretical

limits, which highlights the significant potential for improvement of this technology.

Figure 5.4 – Benchmarking of the specific on-resistance and breakdown voltage of HTDTs. The
bottom-right corner corresponds to better performances. Reprinted with permission from
IEEE electron device letters [145].

Moreover, the HTDTs in this work present a much superior performance compared to state-

of-the-art p-channel GaN transistors, achieving 6-times higher current density, 4-orders of

magnitude higher on-off ratio and more than 6-times higher thermal conductivity [169], [179],

[181]. The much larger theoretical BFOM of HTDTs compared to that of p-channel GaN (Fig.
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5.4) and the ease of integration with n-channel GaN transistors open a pathway for future

complementary power switch and logic applications.

5.4 Thermal characterization

Besides good electrical performance, the high thermal conductivity of diamond layers is very

important and beneficial to achieve low thermal resistances as well. In addition, the heat

spreading capability of diamond can be utilized for the near junction thermal management of

other high power density devices.

The thermal conductivity of polycrystalline diamond strongly depend on the grain size and the

crystalline quality of the grains, affecting the intra-grain and inter-grain phonon conductions,

respectively. The larger and higher quality the grains are, the higher their thermal conductivity

is. The diamond films grown on the other substrates usually start with small grains that

gradually become bigger as the growth continues. Therefore, the grain sizes vary along the

thickness, however the grain sizes reported here are only the grain size at the top surface of

the diamond films, where the devices are located.

Figure 5.5 – (a) Grain size at the top side of diamond layers at different thicknesses. The
symbols are from measurements and the dashed lines theoretical values from [82]. (b) The
lateral thermal conductivity of diamond layers with different grains size. The symbols are
experimental results and the dashed line is the theoretical thermal conductivity from [83]. The
inset shows a cross-sectional structure of the membranes fabricated to measure the effective
in-plane thermal conductivity of diamond. Reprinted with permission from IEEE electron
device letters [145].

To calculate the grain sizes we took SEM images from the top surface of the diamond films at

different thicknesses, and each picture included tens or hundreds of grains. To facilitate the

grain size calculation and make it more precise, a MATLAB code was developed to process

the images. The detection of the grain edges using computer algorithms from such images

was very complicated yet alone difficult for the human eyes to determine the correct edges
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sometimes. We developed image processing algorithms to calculate the average grain size,

however the edge detections were done partially manually (see appendix).

As shown in Fig. 5.5 (a), the grain size of the polycrystalline diamond layer increases with its

thickness. In the case of this chapter, the HTDTs were fabricated on a 130 µm-thick diamond,

with a grain size of 34 µm. The effective in-plane thermal conductivity of the diamond layers

was measured using fabricated membrane structures as shown in Fig. 5.5 (b), by a similar

technique presented in [174]. Parts of the Si substrate were removed and a metallic line was

deposited as a resistive heater at the center of the rectangular membrane to heat up the

membrane and the temperature drop across the membrane was used to calculate the effective

lateral thermal conductivity.

In this study we have chosen a thickness of about 130 µm for several reasons: Firstly, the layer

is thick enough to obtain relatively large grains and good polycrystalline quality to fabricate

the transistors, yet it is not too thick, making it still possible to etch or polish.

Secondly, by increasing the thickness of the diamond layer the grain size increases, resulting

in higher thermal conductivities. We calculated the thermal conductivity of the diamond as a

function of average grain size using a model presented in [83]. Figures 5.6 (a) shows the thermal

conductivity as a function of grain size and its slope in terms of percentage normalized by

the maximum value. By increasing the grain size until 3 µm, the thermal conductivity sharply

increases and then it gradually saturates.

Figure 5.6 – (a) Modelled thermal conductivity of diamond film as a function of its grain size.
(b) Normalized gradient of thermal conductivity as a function of grain size, showing that the
thermal conductivity would not increase significantly at the grain sizes larger than 30 µm.

As it can be seen the incremental gain in thermal conductivity becomes very small for grain

sizes above 30 µm, meaning that further increasing the grain size does not improve the thermal

conductivity significantly. By choosing a diamond thickness of 130 µm, resulting in a grain

size of 34 µm, we obtained a very high thermal conductivity. An effective lateral thermal

conductivity of about 900 W/mK was measured for layers with grain sizes of 3 µm.
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For the integration with the n-channel GaN, one can make a trade-off between the grain

size, thermal conductivity, crystalline quality, deposition time, and fabrication limitations,

which depends on the application and its requirements. For the high power density or high

voltage applications, thermal conductivity and breakdown voltages are important and might

require thicker layers with larger grain size, better crystallinity and higher thermal conductivity.

Whereas, for logic applications, which may not require high breakdown voltages and there is

less power dissipations, thinner layers can be sufficient.

Due to the limitation of the chip size and membrane sizes we were not able to measure the

effective lateral thermal conductivity of the diamond films with 34 µm grains, however the

extrapolation of the measurement data using models presented in the literature shows very

high values around 1600 W/m·K (Fig. 5.5 (b)). Such excellent thermal conductivities can lead

to very low thermal resistance and robust electrical performances in the high power density

applications.

To identify this, thermal measurements were performed using a Quantum Focus Instruments

(QFI) IR microscope with a 512 × 512 pixels array of cooled InSb detectors, a 20x-magnification

lens and filters, providing high resolution (about 2.5 µm) and accuracy (0.1 °C). The IR mi-

croscope was equipped with a precise thermal stage, which enabled an accurate emissivity

correction using two-temperature emissivity calculation as well as the factory-provided cali-

bration data. The surface of the chips was coated with black paint to avoid the errors due to

the IR transparency of the layers and to increase the emissivity of the surface.

The thermal characterization of the HTDTs were performed using pieces of the diamond film

detached from the substrate, which allowed us to mounted them directly on the thermal stage

using a thermal paste. This was done to eliminate the unknown TBRs between diamond and

the substrate, separate the heat spreading effect of the substrate, and to study the thermal

performance of the diamond part only. Two sets of HTDTs with channel sizes of 14 µm × 80

µm (device A) and 28 µm × 200 µm (device B) were characterized. The device A (Fig. 5.7 (a))

demonstrated a temperature profile as shown in Fig. 5.7 (b) at 0.4 W power dissipation, with

at hot spot the center of the gate and a maximum temperature rise of only 5.3 °C. A similar

pattern was observed for the device B.

The peak temperature rise of the devices A and B was measured at different power dissipa-

tions as shown in Fig. 5.7 (c). The thermal resistances were determined using the slopes of

temperature rise versus the dissipation power, demonstrating total thermal resistances of 13.1

K/W and 8.4 K/W for the device A and B, respectively. However, as depicted in the inset of Fig.

5.7 (c) the total thermal resistance consists of the thermal resistance of the device (Rθ-device)

in series with a thermal resistance due to the interface of the chip with the thermal stage as

well as the cooling to the reference temperature, denoted as Rθ-stage To determine Rθ-device
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Figure 5.7 – (a) Optical and (b) thermal microscope image of device A at 0.4 W power dissipation
showing only 5.3 °C peak temperature rise. (c) The temperature rise as a function of dissipated
power measured in two devices with channel size of 14 µm × 80 µm (device A) and 28 µm ×
200 µm (device B), where the symbols are from experimental results and the dashed lines are
from COMSOL simulations. The inset shows the thermal circuit model of HTDTs.

thermal modelling using COMSOL was performed to estimate the Rθ-stage and subtract from

the total thermal resistance. Thermal models showed a very well match with the measure-

ments (dashed lines in Fig. 5.7 (c)), considering a thermal conductivity of 1600 W/m·K for the

diamond, iso-flux heating at the device channel, and convective cooling of 0.2 W/cm2·K at the

bottom of the chip, while all other boundary conditions were adiabatic (inset of Fig. 5.7 (c)).

By doing so, Rθ-device were determined as low as 8.1 K/W and 3.4 K/W for the devices A and B,

respectively. This shows the excellent thermal performance of the diamond devices due to

the high lateral heat spreading, which can lead to robust performances in high power density

applications due to very low temperature rises. This also highlights the potential of such

diamond layers as near junction heat spreaders for future high power density devices such as

GaN and Ga2O3 [142].
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5.5 Conclusions

In this chapter, polycrystalline diamond layers were deposited on GaN-on-Si substrates to

demonstrate H-terminated diamond p-channel transistors. The fabricated devices showed a

high on-off ratio of 109, high current density of 60 mA/mm, low on-resistance of 84 mΩ·cm2 as

well as high breakdown voltage of 400 V, resulting in a BFOM similar to those on polycrystalline

and monocrystalline diamond reported in the literature. The thermal characterization of

the devices showed low thermal conductivities owing to the high thermal conductivity of

the diamond that can be utilized in high power density applications. The devices in this

work significantly outperform the state-of-the-art p-channel GaN devices, electrically and

thermally, providing new opportunities for complementary logic operation, gate drivers and

complementary power switches by the integration of p-channel diamond devices with n-

channel GaN devices
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6.1 Summary and conclusions

This thesis addressed several challenges towards the integration of diamond and GaN for

efficient thermal management of the hot spots and development of power integrated devices

to combine the properties of these two excellent materials. The cost-effective GaN-on-Si

substrates were used to develop the diamond-on-GaN integrations.

The first challenge was the the delamination or cracking of diamond films grown on the

GaN substrates due to the large lattice and CTE mismatches between diamond and GaN. To

overcome this issue, the new seed-dibbling method was developed for the substrate seeding

that relies on the microstructuration of some portions of the substrate, followed by combined

seeding with nanoseeds (5 nm) and microseeds (3-4 µm). This method enabled the growth

of thick layers of diamond the GaN-on-Si substrates, which demonstrated high quality, high

thermal conductivity, high adhesion to the substrate, and low residual stress ( 0.2 GPa).

The high roughness of as-grown diamond films can limit the planar fabrication processing,

therefore it requires polishing. The high adhesion and low residual stress of the diamond on

GaN-on-Si substrates achieved by the seed dibbling method enabled successful polishing of

diamond without cracking the substrate. Smooth surfaces with sub-nanometer roughness

(0.6 nm rms roughness of) was obtained using mechanical polishing wheels and diamond

lapping machines.

The GaN devices fabricated on GaN-on-Si substrates can handle high power densities at small

device size. However, due to the low thermal conductivity of the substrate and limited heat

spreading, these devices can have high thermal resistances with presence of hot spots, which

cannot be addressed using conventional methods. To overcome these issues, near-junction

heat spreaders using diamond were developed and an analytical model was also presented
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to study their performance and optimize their design. The dimensionless thermal spreading

resistance was used as a general parameter to compare the performance of heat spreaders

with different thermal conductivity and dimensions. Relative geometrical dimensions further

generalized the model to compare the heat spreading in devices with different sizes. The

analysis of the effect of each parameters showed the excellent potential of the high thermal

conductivity diamond as the near-junction heat spreaders, especially for low thermal conduc-

tivity devices such as GaN and Ga2O3. The theoretical reduction of the thermal resistances at

different sizes was studied and guidelines were presented to optimize the design of different

heat spreaders.

Vertical GaN PIN diodes on GaN-on-Si substrates were fabricated with integrated diamond

and Cu heat spreaders, and their thermal performance was evaluated. The devices showed a

significant reduction of thermal resistances and temperature gradients in the device footprint

due to the enhancement of heat spreading thanks to the high thermal conductivity of diamond

(900 W/m.K). Using 3 µm-thick diamond heat spreaders on GaN-on-Si, thermal spreading

resistances as low as those of GaN-on-diamond substrates was achieved, which highlight the

impact of near-junction heat spreaders using diamond as an effective and low-cost thermal

management approach. In the other words, the use of CVD diamond films as near-junction

heat spreaders on GaN-on-Si upgraded the thermal performances to that of GaN-on-Diamond

substrates.

Lastly, diamond transistors were demonstrated on the diamond-on-GaN substrates, offering

excellent p-channel device as an alternative to the low performance p-channel GaN devices

for the applications such as complementary circuits. H-terminated diamond transistors

were fabricated on AlGaN/GaN-on-Si structures to demonstrate the integration of diamond

transistors with GaN HEMTs. The diamond transistors outperformed the state-of-the-art

p-channel GaN devices, electrically and thermally and demonstrated excellent characteristics

such as 109 on-off ratio, current density of 60 mA/mm, on-resistance of 84 mΩ·cm2, as well

as breakdown voltage of 400 V (LGD=8 µm), and a BFOM similar to the other reports on the

diamond devices using polycrystalline and some monocrystalline substrates.

6.2 Future perspectives

6.2.1 Diamond transistors on polished diamond-on-GaN substrates

In this thesis, diamond-on-GaN substrates were developed with high quality and sub-nanometer

roughness that could make an excellent platform for the development of diamond devices

integrated with GaN. The next step for this technology would be to develop diamond transis-

tors on such polished substrates. However there are challenges that need to be addressed: the
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polished diamond surfaces after the hydrogenation generally form much lower carrier density

than those of unpolished diamond.

The low carrier density can result in higher barrier height at the metal contacts, forming

Schottky contacts instead of ohmic contacts, which can increase the contact resistances and

limit the performances. To tackle this issue it is suggested to use metal with high work function

such as Pd. Another alternative could be to have boron doping under the contacts to reduce

the contact resistances. To do so, the diamond can be grown on the entire surface and then be

patterned using oxygen plasma and a SiO2 mask, or it can be selectively grown using SiO2 or

Ti masks.

The third alternative could be to develop unipolar MOSFETs by growing lightly doped diamond

films on the undoped diamond (to provide carriers for the MOSFET channel), and include

higher doping regions at the source/drain contacts to obtain low contact resistances. To do so,

a stack of lightly doped diamond and a layer of heavily doped diamond can be grown. A deep

etching of the doped layers around the device by oxygen plasma could form device isolation.

Then, the active region of the device can be patterned by etching of the heavily doped layer

between the source/drain contacts followed by gate oxide and gate metal depositions.

6.2.2 TBR of diamond grown by seed dibbling

The TBR at the diamond-substrate interface can have a strong impact on the overall heat

conduction and thermal management. Therefore, it is important to characterise the TBR at

the interface of diamond grown using the seed dibbling method especially at the regions with

the structured interface. Due to the presence of large diamond grains at the interface, increase

of the effective surface area due to the formation of diamond pillars, and the increase of the

average grain size that can result in higher thermal conductivity, it can be predicted that the

effective TBRs in the seed dibbling method to be significantly smaller than those grown using

the conventional methods. However, this requires confirmations and careful measurement of

the TBRs, possibly using time-domain thermo-reflectance (TDTR) methods combined with

precise modelling of the structure.

6.2.3 Complementary power ICs using diamond and GaN

A unique feature of the lateral GaN HEMTs compared to other vertical power semiconductor

technologies is the possibility of lateral device integrations. The GaN power ICs integrate

gate drivers and logic circuits with the power device to reduce the parasitics and increase the

switching speed. However, the current GaN power ICs rely on the NMOS logics, which can

dissipate considerable amount of energy due to the quiescent currents. CMOS circuits can
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significantly reduce the losses in the logics and driver circuits, however CMOS technology is

not available for GaN due to the poor performance of p-channel GaN transistors.

The diamond transistors developed using the diamond-on-GaN substrates in this thesis can

be further developed to design complementary circuits such as CMOS, logics, gate drivers,

complementary power switches, and power ICs. However, to fabricate integrated circuits using

the diamond HTDTs and GaN HEMTs there are several challenges: to form ohmic contacts to

GaN HEMTs, the metal contacts have to be annealed at high temperatures ( 850 °C), while the

H-termination on the diamond surface degrades at temperature above 300 °C.

To tackle this issue, it is suggested to form n-GaN regrown contacts to eliminate the need for

thermal annealing of the contacts. An alternative approach could be to use diamond MOSFETs

or thin film transistors instead of HTDTs, which requires a growth of boron-doped diamond

on top of the insulating diamond film.

Another challenging aspect is to adjust the threshold voltage of the GaN and diamond tran-

sistors as well as their resistances to balance the complementary operation of the logic gates.

Therefore, extensive optimizations of the processes and the device design are required to

obtain the required performances.

6.2.4 Diamond heat spreaders for Ga2O3 devices

Ga2O3 has a much larger Baliga figure of merit than that of GaN and has an excellent potential

for the development of novel power electronic devices with high power density. However, due

to its extremely low thermal conductivity of Ga2O3 (12 times lower than that of GaN)[57], these

devices can suffer from serious thermal issues and high thermal resistances that limit their

performance. Therefore, the development of efficient thermal management solutions for the

G2O3 power devices is imperative to ensure a reliable device operation.

In chapter 3, the analytical modelling of the heat spreaders showed significant reduction of

thermal resistances in the Ga2O3 devices using diamond near-junction heat spreaders even

with relatively thin diamond layers, which highlights the potential of this approach for the

cooling of Ga2O3 devices. To develop such heat spreaders, the seed dibbling method can be

adopted and optimized for the growth of diamond on Ga2O3, in order to obtain high quality

diamond films with high thermal conductivity. The guidelines and the methodology provided

in this thesis can be used to characterize the thermal performance of diamond heat spreaders

on Ga2O3 devices and optimized their geometry to maximize the heat spreading, eliminate the

hot spots and ensure a uniform temperature in the device footprint. It is therefore necessary to

carefully study the hot spots and characterize the heat sources in the Ga2O3 devices to address

them using the such heat spreaders.
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6.2.5 Heterostructure devices using diamond grown on other materials

In this thesis, the seed dibbling method was used to grow diamond on the GaN-on-Si sub-

strates, however it can be extended to other substrates such as Ga2O3, Si, SiC, AlN to grow

diamond films with strong adhesion, low residual stress and higher quality than the conven-

tional methods. The high thermal conductivity of diamond can evidently improve the thermal

performance of the devices. On the other hand, the excellent p-type semiconductor properties

of diamond as well as the high breakdown field of diamond can be utilized to develop novel

heterostructure devices with high performances. An example of such devices could be vertical

PiN diode structures, in which the p-type and intrinsic layers are made of diamond and the

n-type semiconductor is made of another semiconductor with good n-type properties, e.g.

GaN.

To realize such devices it is important to study the semiconductors’ band alignments and

considering the transports at the interfaces with polycrystalline diamond. TCAD simulations

can be very beneficial for such analysis and to optimize the doping of the materials and to

adjust the band offsets at the junction to obtain the required device operation.

81





Bibliography

[1] M. Aengenheyster, Q. Y. Feng, F. van der Ploeg, and H. A. Dijkstra, “The point of no

return for climate action: effects of climate uncertainty and risk tolerance,” Earth

System Dynamics, vol. 9, no. 3, pp. 1085–1095, Aug. 2018, ISSN: 2190-4987. DOI: 10.5194/

esd-9-1085-2018. [Online]. Available: https://esd.copernicus.org/articles/9/1085/

2018/.

[2] Global and ECCP, “Paris Agreement,” https://ec.europa.eu/clima/policies/eccp_en, 2015.

[3] N. Jones, “How to stop data centres from gobbling up the world’s electricity,” Nature,

vol. 561, no. 7722, pp. 163–166, Sep. 2018, ISSN: 0028-0836. DOI: 10.1038/d41586-018-

06610-y. [Online]. Available: http://www.nature.com/articles/d41586-018-06610-y.

[4] Internation energy agency (IEA), “Energy consumption in Iran,” 2020. [Online]. Avail-

able: https://www.iea.org/countries/Iran.

[5] International energy agency (IEA), “Energy consumption in Switzerland,” 2018. [On-

line]. Available: https://www.iea.org/countries/Switzerland.

[6] G. Fagas, J. P. Gallagher, L. Gammaitoni, and D. J. Paul, “Energy Challenges for ICT,” in

ICT - Energy Concepts for Energy Efficiency and Sustainability, InTech, Mar. 2017. DOI:

10.5772/66678. [Online]. Available: http://dx.doi.org/10.5772/66678.

[7] A. Andrae and T. Edler, “On Global Electricity Usage of Communication Technology:

Trends to 2030,” Challenges, vol. 6, no. 1, pp. 117–157, Apr. 2015, ISSN: 2078-1547.

DOI: 10 . 3390 / challe6010117. [Online]. Available: http : / / www. mdpi . com / 2078 -

1547/6/1/117.

[8] L. Schwartz, M. Wei, W. Morrow, J. Deason, S. R. Schiller, G. Leventis, S. Smith, W. L.

Leow, L. Berkeley, N. Laboratory, T. Levin, S. Plotkin, Y. Zhou, A. N. Laboratory, and

J. Teng, “Electricity end uses, energy efficiency, and distributed energy resources base-

line,” Tech. Rep., 2017.

[9] L. Hilty and B. Aebischer, “ICT Innovations for Sustainability,” Advances in intelligent

systems and computing, vol. 310, 2015. DOI: 10.1007/978-3-319-09228-7.

83

https://doi.org/10.5194/esd-9-1085-2018
https://doi.org/10.5194/esd-9-1085-2018
https://esd.copernicus.org/articles/9/1085/2018/
https://esd.copernicus.org/articles/9/1085/2018/
https://doi.org/10.1038/d41586-018-06610-y
https://doi.org/10.1038/d41586-018-06610-y
http://www.nature.com/articles/d41586-018-06610-y
https://www.iea.org/countries/Iran
https://www.iea.org/countries/Switzerland
https://doi.org/10.5772/66678
http://dx.doi.org/10.5772/66678
https://doi.org/10.3390/challe6010117
http://www.mdpi.com/2078-1547/6/1/117
http://www.mdpi.com/2078-1547/6/1/117
https://doi.org/10.1007/978-3-319-09228-7


Chapter 6 BIBLIOGRAPHY

[10] R. Hintemann, “Ergebnisse einer neuen Studie im Auftrag des Umweltbundesamtes,”

Tech. Rep., 2010. [Online]. Available: www.borderstep.de.

[11] Legrand, “Reducing power losses in your data centers,” 2020. [Online]. Available: https:

//datacenter.legrand.com/en/our-offer/efficiency/reduce-power-losses.

[12] D. Disney and Z. J. Shen, “Review of silicon power semiconductor technologies for

power supply on chip and power supply in package applications,” IEEE Transactions

on Power Electronics, vol. 28, no. 9, pp. 4168–4181, 2013, ISSN: 08858993. DOI: 10.1109/

TPEL.2013.2242095.

[13] N. Machida, “Si wafer technology for power devices: A review and future directions,”

in Proceedings of the International Symposium on Power Semiconductor Devices and

ICs, vol. 2018-May, Institute of Electrical and Electronics Engineers Inc., Jun. 2018,

pp. 12–14, ISBN: 9781538629260. DOI: 10.1109/ISPSD.2018.8393591.

[14] Gerald Deboy, Oliver Haeberlen, and Michael Treu, “Perspective of loss mechanisms

for silicon and wide band-gap power devices,” CPSS TRANSACTIONS ON POWER

ELECTRONICS AND APPLICATIONS, vol. 2, no. 2, 2017. DOI: 10.24295/CPSSTPEA.2017.

00010.

[15] A. Tüysüz, R. Bosshard, J. W. Kolar, A. Tiiysiiz, R. Bosshard, and J. W. Kolar, “Performance

Comparison of a GaN GIT and a Si IGBT for High-Speed Drive Applications,” in The

2014 International Power Electronics Conference, 2014, ISBN: 9781479927050.

[16] C. Xiao and W. G. Odendaal, “Frequency scaling effects of integrated passive compo-

nents in high frequency power conversion,” in Conference Record - IAS Annual Meeting

(IEEE Industry Applications Society), vol. 4, 2006, pp. 1841–1848. DOI: 10.1109/IAS.2006.

256787.

[17] Power GaN 2018: Epitaxy, Devices, Applications and Technology Trends - System Plus

Consulting. [Online]. Available: https://www.systemplus.fr/reverse-costing-reports/

power-gan-2018-epitaxy-devices-applications-and-technology-trends/.

[18] Z. Liu, X. Huang, M. Mu, Y. Yang, F. C. Lee, and Q. Li, “Design and evaluation of gan-

based dual-phase interleaved MHz critical mode PFC converter,” in 2014 IEEE Energy

Conversion Congress and Exposition, ECCE 2014, Institute of Electrical and Electronics

Engineers Inc., Nov. 2014, pp. 611–616, ISBN: 9781479956982. DOI: 10.1109/ECCE.2014.

6953451.

[19] F. C. Lee and Q. Li, High-frequency integrated point-of-load converters: Overview, 2013.

DOI: 10.1109/TPEL.2013.2238954.

84

www.borderstep.de
https://datacenter.legrand.com/en/our-offer/efficiency/reduce-power-losses
https://datacenter.legrand.com/en/our-offer/efficiency/reduce-power-losses
https://doi.org/10.1109/TPEL.2013.2242095
https://doi.org/10.1109/TPEL.2013.2242095
https://doi.org/10.1109/ISPSD.2018.8393591
https://doi.org/10.24295/CPSSTPEA.2017.00010
https://doi.org/10.24295/CPSSTPEA.2017.00010
https://doi.org/10.1109/IAS.2006.256787
https://doi.org/10.1109/IAS.2006.256787
https://www.systemplus.fr/reverse-costing-reports/power-gan-2018-epitaxy-devices-applications-and-technology-trends/
https://www.systemplus.fr/reverse-costing-reports/power-gan-2018-epitaxy-devices-applications-and-technology-trends/
https://doi.org/10.1109/ECCE.2014.6953451
https://doi.org/10.1109/ECCE.2014.6953451
https://doi.org/10.1109/TPEL.2013.2238954


BIBLIOGRAPHY Chapter 6

[20] G. Kampitsis, R. V. Erp, and E. Matioli, “Ultra-high power density magnetic-less DC/DC

converter utilizing GaN transistors,” in Conference Proceedings - IEEE Applied Power

Electronics Conference and Exposition - APEC, vol. 2019-March, Institute of Electrical

and Electronics Engineers Inc., May 2019, pp. 1609–1615, ISBN: 9781538683309. DOI:

10.1109/APEC.2019.8721783.

[21] J. W. Kolar, D. Bortis, and D. Neumayr, “The Ideal Switch is Not Enough,” Tech. Rep.,

2016.

[22] L. Kou and J. Lu, “A GaN and Si Hybrid Solution for 48V-12V Automotive DC-DC Appli-

cation,” Institute of Electrical and Electronics Engineers (IEEE), Oct. 2020, pp. 2858–

2864, ISBN: 9781728158266. DOI: 10.1109/ecce44975.2020.9236097.

[23] X. Ke, D. Yan, J. Sankman, M. K. Song, and D. B. Ma, “A 3-to-40-V Automotive-Use GaN

Driver With Active Bootstrap Balancing and VSW Dual-Edge Dead-Time Modulation

Techniques,” IEEE Journal of Solid-State Circuits, 2020, ISSN: 1558173X. DOI: 10.1109/

JSSC.2020.3005794.

[24] T. Kachi, “Recent progress of GaN power devices for automotive applications,” Japanese

Journal of Applied Physics, vol. 53, no. 10, p. 100 210, Oct. 2014, ISSN: 13474065. DOI:

10.7567/JJAP.53.100210. [Online]. Available: http://dx.doi.org/10.7567/JJAP.53.100210.

[25] Y. Ma, M. Yang, Z. Lyu, D. Xu, and D. Xu, “Research of High Frequency Drive Circuit

for Motor Drive System Based on GaN Power Device,” in 2020 23rd International

Conference on Electrical Machines and Systems (ICEMS), IEEE, Nov. 2020, pp. 1035–

1039, ISBN: 978-4-8868-6419-2. DOI: 10.23919/ICEMS50442.2020.9291100. [Online].

Available: https://ieeexplore.ieee.org/document/9291100/.

[26] H. Dai, R. A. Torres, W. Lee, T. M. Jahns, and B. Sarlioglu, “Integrated Motor Drive

using Soft-Switching Current-Source Inverters with SiC- and GaN-based Bidirectional

Switches,” Institute of Electrical and Electronics Engineers (IEEE), Oct. 2020, pp. 2372–

2378, ISBN: 9781728158266. DOI: 10.1109/ecce44975.2020.9236394.

[27] GaN Devices Power the Next Generation of LiDAR Systems | Electronic Design. [Online].

Available: https://www.electronicdesign.com/power-management/article/21806644/

gan-devices-power-the-next-generation-of-lidar-systems.

[28] J. Strydom, A. Lidow, and T. Gati, “Radiation Tolerant Enhancement Mode Gallium

Nitride (eGaN®) FETs in DC-DC Converters,” Tech. Rep. [Online]. Available: www.irf.

com.

[29] S.-J. Chang, H.-W. Jung, K. J. Cho, S. C. Kang, Y. S. NOH, S.-H. Lee, S.-i. Kim, H. C.

Kim, H. Ahn, and J.-W. Lim, “Impact of Passivation System on Device Performance

and Proton Radiation Hardness in GaN-Based MIS-HEMTs,” ECS Transactions, vol. 98,

no. 5, pp. 519–526, Sep. 2020, ISSN: 1938-6737. DOI: 10.1149/09805.0519ecst. [Online].

85

https://doi.org/10.1109/APEC.2019.8721783
https://doi.org/10.1109/ecce44975.2020.9236097
https://doi.org/10.1109/JSSC.2020.3005794
https://doi.org/10.1109/JSSC.2020.3005794
https://doi.org/10.7567/JJAP.53.100210
http://dx.doi.org/10.7567/JJAP.53.100210
https://doi.org/10.23919/ICEMS50442.2020.9291100
https://ieeexplore.ieee.org/document/9291100/
https://doi.org/10.1109/ecce44975.2020.9236394
https://www.electronicdesign.com/power-management/article/21806644/gan-devices-power-the-next-generation-of-lidar-systems
https://www.electronicdesign.com/power-management/article/21806644/gan-devices-power-the-next-generation-of-lidar-systems
www.irf.com
www.irf.com
https://doi.org/10.1149/09805.0519ecst


Chapter 6 BIBLIOGRAPHY

Available: https://iopscience.iop.org/article/10.1149/09805.0519ecst%20https:

//iopscience.iop.org/article/10.1149/09805.0519ecst/meta.

[30] M. Ahmed, B. Kucukgok, A. Yanguas-Gil, J. Hryn, and S. A. Wender, “Neutron radiation

hardness testing of 650V / 7.5 A GaN power HEMT,” Radiation Physics and Chemistry,

vol. 166, p. 108 456, Jan. 2020, ISSN: 18790895. DOI: 10.1016/j.radphyschem.2019.

108456.

[31] B. J. Baliga, “Power Semiconductor Device Figure of Merit for High-Frequency Applica-

tions,” IEEE Electron Device Letters, vol. 10, no. 10, pp. 455–457, 1989. DOI: 10.1109/55.

43098.

[32] G. Deboy, M. Treu, O. Haeberlen, and D. Neumayr, Si, SiC and GaN Power Devices: An

Unbiased View on Key Performance Indicators, ISBN: 9781509039029.

[33] M. Ishida, T. Ueda, T. Tanaka, and D. Ueda, “GaN on Si technologies for power dwitch-

ing fevices,” IEEE Transactions on Electron Devices, vol. 60, no. 10, pp. 3053–3059, 2013,

ISSN: 00189383. DOI: 10.1109/TED.2013.2268577.

[34] S. Koizumi, H. Umezawa, J. Pernot, and M. Suzuki, Power Electronics Device Applica-

tions of Diamond Semiconductors, ser. Woodhead Publishing Series in Electronic and

Optical Materials. Elsevier Science, 2018, ISBN: 9780081021842. DOI: 10.1016/c2016-0-

03999-2. [Online]. Available: https://books.google.ch/books?id=_RxhDwAAQBAJ.

[35] H. Ishikawa, G. Y. Zhao, N. Nakada, T. Egawa, T. Jimbo, and M. Umeno, “GaN on Si

Substrate with AlGaN/AlN Intermediate Layer,” Japanese Journal of Applied Physics,

Part 1: Regular Papers and Short Notes and Review Papers, vol. 38, no. 5 PART 2, pp. 492–

494, May 1999, ISSN: 00214922. DOI: 10.1143/jjap.38.l492. [Online]. Available: https:

//iopscience.iop.org/article/10.1143/JJAP.38.L492%20https://iopscience.iop.org/

article/10.1143/JJAP.38.L492/meta.

[36] S. Lawrence, T. Suzue, and T. Egawa, “Breakdown enhancement of AlGaN/GaN HEMTs

on 4-in silicon by improving the GaN quality on thick buffer layers,” IEEE Electron

Device Letters, vol. 30, no. 6, pp. 587–589, 2009, ISSN: 07413106. DOI: 10.1109/LED.2009.

2018288.

[37] M. D. Vecchia, S. Ravyts, G. V. d. Broeck, and J. Driesen, “Gallium-nitride semiconductor

technology and its practical design challenges in power electronics applications: An

overview,” Energies, vol. 12, no. 14, 2019, ISSN: 19961073. DOI: 10.3390/en12142663.

[38] H. Amano, Y. Baines, E. Beam, M. Borga, T. Bouchet, P. R. Chalker, M. Charles, K. J.

Chen, N. Chowdhury, R. Chu, C. De Santi, M. M. De Souza, S. Decoutere, L. Di Cioccio,

B. Eckardt, T. Egawa, P. Fay, J. J. Freedsman, L. Guido, O. Häberlen, G. Haynes, T. Heckel,

D. Hemakumara, P. Houston, J. Hu, M. Hua, Q. Huang, A. Huang, S. Jiang, H. Kawai,

D. Kinzer, M. Kuball, A. Kumar, K. B. Lee, X. Li, D. Marcon, M. März, R. McCarthy,

86

https://iopscience.iop.org/article/10.1149/09805.0519ecst%20https://iopscience.iop.org/article/10.1149/09805.0519ecst/meta
https://iopscience.iop.org/article/10.1149/09805.0519ecst%20https://iopscience.iop.org/article/10.1149/09805.0519ecst/meta
https://doi.org/10.1016/j.radphyschem.2019.108456
https://doi.org/10.1016/j.radphyschem.2019.108456
https://doi.org/10.1109/55.43098
https://doi.org/10.1109/55.43098
https://doi.org/10.1109/TED.2013.2268577
https://doi.org/10.1016/c2016-0-03999-2
https://doi.org/10.1016/c2016-0-03999-2
https://books.google.ch/books?id=_RxhDwAAQBAJ
https://doi.org/10.1143/jjap.38.l492
https://iopscience.iop.org/article/10.1143/JJAP.38.L492%20https://iopscience.iop.org/article/10.1143/JJAP.38.L492/meta
https://iopscience.iop.org/article/10.1143/JJAP.38.L492%20https://iopscience.iop.org/article/10.1143/JJAP.38.L492/meta
https://iopscience.iop.org/article/10.1143/JJAP.38.L492%20https://iopscience.iop.org/article/10.1143/JJAP.38.L492/meta
https://doi.org/10.1109/LED.2009.2018288
https://doi.org/10.1109/LED.2009.2018288
https://doi.org/10.3390/en12142663


BIBLIOGRAPHY Chapter 6

G. Meneghesso, M. Meneghini, E. Morvan, A. Nakajima, E. M. Narayanan, S. Oliver,

T. Palacios, D. Piedra, M. Plissonnier, R. Reddy, M. Sun, I. Thayne, A. Torres, N. Trivellin,

V. Unni, M. J. Uren, M. Van Hove, D. J. Wallis, J. Wang, J. Xie, S. Yagi, S. Yang, C. Youtsey,

R. Yu, E. Zanoni, S. Zeltner, and Y. Zhang, “The 2018 GaN power electronics roadmap,”

Journal of Physics D: Applied Physics, vol. 51, no. 16, p. 163 001, 2018, ISSN: 13616463.

DOI: 10.1088/1361-6463/aaaf9d. [Online]. Available: https://doi.org/10.1088/1361-

6463/aaaf9d.

[39] P. J. Martínez, S. Letz, E. Maset, and D. Zhao, “Failure analysis of normally-off GaN

HEMTs under avalanche conditions,” Semiconductor Science and Technology, vol. 35,

no. 3, p. 35 007, Feb. 2020, ISSN: 13616641. DOI: 10.1088/1361-6641/ab6bad. [Online].

Available: https://doi.org/10.1088/1361-6641/ab6bad.

[40] S. Mandal, M. B. Kanathila, C. D. Pynn, W. Li, J. Gao, T. Margalith, M. A. Laurent, and

S. Chowdhury, “Observation and discussion of avalanche electroluminescence in GaN

p-n diodes offering a breakdown electric field of 3 MV cm-1,” Semiconductor Science

and Technology, vol. 33, no. 6, p. 065 013, May 2018, ISSN: 13616641. DOI: 10.1088/1361-

6641/aab73d. [Online]. Available: https://doi.org/10.1088/1361-6641/aab73d.

[41] Z. Li, V. Pala, and T. P. Chow, “Avalanche breakdown design parameters in GaN,”

Japanese Journal of Applied Physics, vol. 52, no. 8 PART 2, 08JN05, Aug. 2013, ISSN:

00214922. DOI: 10.7567/JJAP.52.08JN05. [Online]. Available: http://dx.doi.org/10.7567/

JJAP.52.08JN05.

[42] S. Roy and F. Khan, “Dynamic Safe Operating Area (SOA) of Power Semiconductor

Devices,” in Conference Proceedings - IEEE Applied Power Electronics Conference and

Exposition - APEC, vol. 2020-March, Institute of Electrical and Electronics Engineers

Inc., Mar. 2020, pp. 358–363, ISBN: 9781728148298. DOI: 10.1109/APEC39645.2020.

9124189.

[43] V. M. Dwyer, A. J. Franklin, and D. S. Campbell, “Thermal failure in semiconductor

devices,” Solid State Electronics, vol. 33, no. 5, pp. 553–560, May 1990, ISSN: 00381101.

DOI: 10.1016/0038-1101(90)90239-B.

[44] T. Oeder, A. Castellazzi, and M. Pfost, “Electrical and thermal failure modes of 600 V

p-gate GaN HEMTs,” Microelectronics Reliability, vol. 76-77, pp. 321–326, Sep. 2017,

ISSN: 00262714. DOI: 10.1016/j.microrel.2017.06.046.

[45] D. J. Cheney, E. A. Douglas, L. Liu, C. F. Lo, Y. Y. Xi, B. P. Gila, F. Ren, D. Horton, M. E.

Law, D. J. Smith, and S. J. Pearton, “Reliability studies of AlGaN/GaN high electron

mobility transistors,” Semiconductor Science and Technology, vol. 28, no. 7, p. 74 019,

Jul. 2013, ISSN: 02681242. DOI: 10.1088/0268-1242/28/7/074019. [Online]. Available:

https://iopscience.iop.org/article/10.1088/0268- 1242/28/7/074019%20https:

//iopscience.iop.org/article/10.1088/0268-1242/28/7/074019/meta.

87

https://doi.org/10.1088/1361-6463/aaaf9d
https://doi.org/10.1088/1361-6463/aaaf9d
https://doi.org/10.1088/1361-6463/aaaf9d
https://doi.org/10.1088/1361-6641/ab6bad
https://doi.org/10.1088/1361-6641/ab6bad
https://doi.org/10.1088/1361-6641/aab73d
https://doi.org/10.1088/1361-6641/aab73d
https://doi.org/10.1088/1361-6641/aab73d
https://doi.org/10.7567/JJAP.52.08JN05
http://dx.doi.org/10.7567/JJAP.52.08JN05
http://dx.doi.org/10.7567/JJAP.52.08JN05
https://doi.org/10.1109/APEC39645.2020.9124189
https://doi.org/10.1109/APEC39645.2020.9124189
https://doi.org/10.1016/0038-1101(90)90239-B
https://doi.org/10.1016/j.microrel.2017.06.046
https://doi.org/10.1088/0268-1242/28/7/074019
https://iopscience.iop.org/article/10.1088/0268-1242/28/7/074019%20https://iopscience.iop.org/article/10.1088/0268-1242/28/7/074019/meta
https://iopscience.iop.org/article/10.1088/0268-1242/28/7/074019%20https://iopscience.iop.org/article/10.1088/0268-1242/28/7/074019/meta


Chapter 6 BIBLIOGRAPHY

[46] D. Young and A. Christou, “Failure Mechanism Models for Electromigration,” IEEE

Transactions on Reliability, vol. 43, no. 2, pp. 186–192, 1994, ISSN: 15581721. DOI:

10.1109/24.294986.

[47] E. Heller, S. Choi, D. Dorsey, R. Vetury, and S. Graham, “Electrical and structural

dependence of operating temperature of AlGaN/GaN HEMTs,” Microelectronics Re-

liability, vol. 53, no. 6, pp. 872–877, 2013, ISSN: 00262714. DOI: 10.1016/j.microrel.

2013.03.004. [Online]. Available: https://ac.els- cdn.com/S0026271413000681/1-

s2.0-S0026271413000681-main.pdf?_tid=920d4d94-13c1-4fc5-aee3-a74a2d16cbaf&

acdnat=1530607907_cf0516a77f68d5274832b685a479a40d.

[48] Y. Won, J. Cho, D. Agonafer, M. Asheghi, and K. E. Goodson, “Cooling limits for GaN

HEMT technology,” Technical Digest - IEEE Compound Semiconductor Integrated

Circuit Symposium, CSIC, pp. 1–5, 2013, ISSN: 15508781. DOI: 10.1109/CSICS.2013.

6659222.

[49] Y.-f. Wu, M. Moore, A. Saxler, T. Wisleder, and P. Parikh, “40-W/mm Double Field-plated

GaN HEMTs,” IEEE Device Research Conference, pp. 151–152, 2007. DOI: 10.1109/drc.

2006.305162.

[50] R. Leoni, N. Kolias, P. Jablonski, F. Altunkilic, E. Johnson, and W. Bourcy, “Raytheon high

power density GaN technology,” in 2017 IEEE Compound Semiconductor Integrated

Circuit Symposium (CSICS), vol. 2017-Janua, IEEE, Oct. 2017, pp. 1–4, ISBN: 978-1-5090-

6070-2. DOI: 10.1109/CSICS.2017.8240475. [Online]. Available: http://ieeexplore.ieee.

org/document/8240475/.

[51] Y. S. Muzychka, K. R. Bagnall, and E. N. Wang, “Thermal spreading resistance and heat

source temperature in compound orthotropic systems with interfacial resistance,”

IEEE Transactions on Components, Packaging and Manufacturing Technology, vol. 3,

no. 11, pp. 1826–1841, Nov. 2013, ISSN: 21563950. DOI: 10.1109/TCPMT.2013.2269273.

[Online]. Available: http://ieeexplore.ieee.org/document/6556980/.

[52] Y. Won, J. Cho, D. Agonafer, M. Asheghi, and K. E. Goodson, “Fundamental Cooling

Limits for High Power Density Gallium Nitride Electronics,” IEEE Transactions on

Components, Packaging and Manufacturing Technology, vol. 5, no. 6, pp. 737–744,

2015, ISSN: 21563950. DOI: 10.1109/TCPMT.2015.2433132.

[53] H. Lee, D. D. Agonafer, Y. Won, F. Houshmand, C. Gorle, M. Asheghi, and K. E. Goodson,

“Thermal Modeling of Extreme Heat Flux Microchannel Coolers for GaN-on-SiC Semi-

conductor Devices,” Journal of Electronic Packaging, vol. 138, no. 1, p. 010 907, 2016,

ISSN: 1043-7398. DOI: 10.1115/1.4032655. [Online]. Available: https://electronicpackaging.

asmedigitalcollection.asme.org.

[54] N. Semiconductors, “NXP Semiconductors Application Note Power quad flat no-lead

(PQFN) package Contents,” Tech. Rep., 2016. [Online]. Available: www.nxp.com.

88

https://doi.org/10.1109/24.294986
https://doi.org/10.1016/j.microrel.2013.03.004
https://doi.org/10.1016/j.microrel.2013.03.004
https://ac.els-cdn.com/S0026271413000681/1-s2.0-S0026271413000681-main.pdf?_tid=920d4d94-13c1-4fc5-aee3-a74a2d16cbaf&acdnat=1530607907_cf0516a77f68d5274832b685a479a40d
https://ac.els-cdn.com/S0026271413000681/1-s2.0-S0026271413000681-main.pdf?_tid=920d4d94-13c1-4fc5-aee3-a74a2d16cbaf&acdnat=1530607907_cf0516a77f68d5274832b685a479a40d
https://ac.els-cdn.com/S0026271413000681/1-s2.0-S0026271413000681-main.pdf?_tid=920d4d94-13c1-4fc5-aee3-a74a2d16cbaf&acdnat=1530607907_cf0516a77f68d5274832b685a479a40d
https://doi.org/10.1109/CSICS.2013.6659222
https://doi.org/10.1109/CSICS.2013.6659222
https://doi.org/10.1109/drc.2006.305162
https://doi.org/10.1109/drc.2006.305162
https://doi.org/10.1109/CSICS.2017.8240475
http://ieeexplore.ieee.org/document/8240475/
http://ieeexplore.ieee.org/document/8240475/
https://doi.org/10.1109/TCPMT.2013.2269273
http://ieeexplore.ieee.org/document/6556980/
https://doi.org/10.1109/TCPMT.2015.2433132
https://doi.org/10.1115/1.4032655
https://electronicpackaging.asmedigitalcollection.asme.org
https://electronicpackaging.asmedigitalcollection.asme.org
www.nxp.com


BIBLIOGRAPHY Chapter 6

[55] J. Worman and Y. Ma, “Thermal Performance of EPC eGaN® FETs,” Tech. Rep., 2019.

[56] H. W. Xue, Q. M. He, G. Z. Jian, S. B. Long, T. Pang, and M. Liu, “An Overview of the

Ultrawide Bandgap Ga2O3 Semiconductor-Based Schottky Barrier Diode for Power

Electronics Application,” Nanoscale Research Letters, vol. 13, 2018, ISSN: 1556276X. DOI:

10.1186/s11671-018-2712-1. [Online]. Available: https://doi.org/10.1186/s11671-018-

2712-1.

[57] Z. Guo, A. Verma, X. Wu, F. Sun, A. Hickman, T. Masui, A. Kuramata, M. Higashiwaki,

D. Jena, and T. Luo, “Anisotropic thermal conductivity in single crystal β-gallium

oxide,” Applied Physics Letters, vol. 106, no. 11, p. 111 909, 2015, ISSN: 00036951. DOI:

10.1063/1.4916078. [Online]. Available: http://dx.doi.org/10.1063/1.4916078].

[58] B. Chatterjee, A. Jayawardena, E. Heller, D. W. Snyder, S. Dhar, and S. Choi, “Ther-

mal characterization of gallium oxide Schottky barrier diodes,” Review of Scientific

Instruments, vol. 89, no. 11, p. 114 903, 2018, ISSN: 10897623. DOI: 10.1063/1.5053621.

[Online]. Available: https://doi.org/10.1063/1.5053621.

[59] M. H. Wong, Y. Morikawa, K. Sasaki, A. Kuramata, S. Yamakoshi, and M. Higashiwaki,

“Characterization of channel temperature in Ga2O3 metal-oxide-semiconductor field-

effect transistors by electrical measurements and thermal modeling,” Applied Physics

Letters, vol. 109, no. 19, p. 193 503, 2016, ISSN: 00036951. DOI: 10.1063/1.4966999.

[Online]. Available: http://dx.doi.org/10.1063/1.4966999].

[60] T. Ohki, A. Yamada, Y. Minoura, K. Makiyama, J. Kotani, S. Ozaki, M. Sato, N. Okamoto,

K. Joshin, and N. Nakamura, “An over 20-W/mm S-Band InAlGaN/GaN HEMT with

SiC/Diamond-Bonded Heat Spreader,” IEEE Electron Device Letters, vol. 40, no. 2,

pp. 287–290, 2019, ISSN: 07413106. DOI: 10.1109/LED.2018.2884918. [Online]. Available:

https://ieeexplore.ieee.org/document/8561232/.

[61] J. G. Felbinger, M. V. S. Chandra, Y. Sun, L. F. Eastman, J. Wasserbauer, F. Faili, D.

Babic, D. Francis, and F. Ejeckam, “Comparison of GaN HEMTs on Diamond and SiC

Substrates,” IEEE Electron Device Letters, vol. 28, no. 11, pp. 948–950, Nov. 2007, ISSN:

0741-3106. DOI: 10.1109/LED.2007.908490. [Online]. Available: http://ieeexplore.ieee.

org/document/4367547/.

[62] G. D. Via, J. G. Felbinger, J. Blevins, K. Chabak, G. Jessen, J. Gillespie, R. Fitch, A. Crespo,

K. Sutherlin, B. Poling, S. Tetlak, R. Gilbert, T. Cooper, R. Baranyai, J. W. Pomeroy,

M. Kuball, J. J. Maurer, and A. Bar-Cohen, “Wafer-scale GaN HEMT performance

enhancement by diamond substrate integration,” Tech. Rep. 3-4, 2014, pp. 871–874.

DOI: 10.1002/pssc.201300504. [Online]. Available: https://akashsystems.com/wp-

content/uploads/2017/03/AFRL-DARPA-ICNS-10-Presentation-final.pdf.

89

https://doi.org/10.1186/s11671-018-2712-1
https://doi.org/10.1186/s11671-018-2712-1
https://doi.org/10.1186/s11671-018-2712-1
https://doi.org/10.1063/1.4916078
http://dx.doi.org/10.1063/1.4916078]
https://doi.org/10.1063/1.5053621
https://doi.org/10.1063/1.5053621
https://doi.org/10.1063/1.4966999
http://dx.doi.org/10.1063/1.4966999]
https://doi.org/10.1109/LED.2018.2884918
https://ieeexplore.ieee.org/document/8561232/
https://doi.org/10.1109/LED.2007.908490
http://ieeexplore.ieee.org/document/4367547/
http://ieeexplore.ieee.org/document/4367547/
https://doi.org/10.1002/pssc.201300504
https://akashsystems.com/wp-content/uploads/2017/03/AFRL-DARPA-ICNS-10-Presentation-final.pdf
https://akashsystems.com/wp-content/uploads/2017/03/AFRL-DARPA-ICNS-10-Presentation-final.pdf


Chapter 6 BIBLIOGRAPHY

[63] T. Liu, Y. Kong, L. Wu, H. Guo, J. Zhou, C. Kong, and T. Chen, “3-inch GaN-on-Diamond

HEMTs with Device-First Transfer Technology,” IEEE Electron Device Letters, vol. 38,

no. 10, pp. 1417–1420, Oct. 2017, ISSN: 07413106. DOI: 10.1109/LED.2017.2737526.
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A MATLAB code for grain size detection

%This is a Matlab code for finding the grain
% sizes especially for diamond using SEM pictures.
%You must draw a contour around each grain.
% for example: in Paint use pencil size2 and red color.
% by Reza Soleiman Zadeh Ardebili - Powerlab - EPFL 2018.08.15

close all; clear all;

Im1=imread(’SEM_image.png’);% the original image
Im2=imread(’SEM_image_with_edges.png’);
% the image with the edges painted
resolution=(20/51)^2;
% defines the size of the pixels based on the scale bar of the image um2/pixel2
min_dia=5; % specifies the minimum diameter range in microns
max_dia=100;% specifies the maximum diameter range in microns

[ll,ww,zz]=size(Im1);

edges=findedges(Im1);

L=watershed(edges);
Lrgb=label2rgb(L);

figure, imshow(Im1)
% figure,imshow(edges,[]);
figure,imshow(Lrgb,[]);

figure
imshow(Im2)
hold on
himage = imshow(Lrgb);
himage.AlphaData = 0.7;

stats = regionprops(L);
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Chapter A MATLAB code for grain size detection

A = [stats.Area];
A=A*resolution; % unit is in um2

dia=sqrt(A/pi)*2;

dia=dia(dia>=min_dia & dia<=max_dia);

figure; subplot(2,1,2);
hist(dia,30);
xlabel(’Grain Size (um)’);
ylabel Popularity
title(’Size Distribution’)

aver_dia=mean(dia);
std_dia=std(dia);
med_dia=median(dia);
mod_dia=mode(dia);

annotation(’textbox’,[.2 .80 .1 .1], ’String’, [ ’Average = ’ num2str(aver_dia) ’ um’])
annotation(’textbox’,[.2 .70 .1 .1], ’String’, [ ’Std deviation= ’ num2str(std_dia) ’ um’])
annotation(’textbox’,[.2 .60 .1 .1], ’String’, [ ’Median= ’ num2str(med_dia) ’ um’])
annotation(’textbox’,[.2 .50 .1 .1], ’String’, [ ’Mode= ’ num2str(mod_dia) ’ um’])

% here you will need to make a seperate file as a function
function [BW,maskedRGBImage] = findedges(RGB)
% by Reza Soleiman Zadeh Ardebili - Powerlab - EPFL 2018.08.15
%------------------------------------------------------

% Convert RGB image to chosen color space
RGB = im2double(RGB);
cform = makecform(’srgb2lab’, ’AdaptedWhitePoint’, whitepoint(’D65’));
I = applycform(RGB,cform);

% Define thresholds for channel 1 based on histogram settings
channel1Min = 0.000;
channel1Max = 100.000;

% Define thresholds for channel 2 based on histogram settings
channel2Min = 69.178;
channel2Max = 73.627;

% Define thresholds for channel 3 based on histogram settings
channel3Min = -0.012;
channel3Max = 51.868;

% Create mask based on chosen histogram thresholds
BW = (I(:,:,1) >= channel1Min ) & (I(:,:,1) <= channel1Max) & ...

(I(:,:,2) >= channel2Min ) & (I(:,:,2) <= channel2Max) & ...
(I(:,:,3) >= channel3Min ) & (I(:,:,3) <= channel3Max);

% Initialize output masked image based on input image.

108



MATLAB code for grain size detection Chapter A

maskedRGBImage = RGB;

% Set background pixels where BW is false to zero.
maskedRGBImage(repmat(~BW,[1 1 3])) = 0;
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