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ABSTRACT

This work demonstrates improving light extraction from a silicon carbide (SiC)
PiN diode via package optimization. Previous research has shown that SiC power devices
have low on-state voltage drop while maintaining a large breakdown voltage, making
them desirable for high-power systems. SiC produces insufficient amounts of
electroluminescence due to being an indirect bandgap semiconductor. Device packaging
utilizing ray optics can maximize electroluminescent output. A packaging model is
developed using computer aided design (CAD) software that supports light production
and high-power operation with associated heat and electric potential constraints. The
packaged SiC PiN diode is shown to have a light extraction improvement of 1740%.

Methods of device production and follow-on testing are also discussed.
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CHAPTER 1

Introduction

As U.S. naval technology progresses year after year, there is a growing need to improve
power production aboard ships. One way to improve power production is by converting
shipboard power distribution from AC to DC main buses, moving away from the larger
AC-DC converters currently used to smaller and more efficient DC-DC converters. To
implement high efficiency, high power density DC-DC converters, high-frequency switching
power electronics are required. In addition, wide band gap (WBG) materials such as silicon
carbide (SiC) and gallium nitride (GaN) enable semiconductor devices with low losses,
high-temperature operation, and high critical electric field compared with similarly rated
Si devices. Therefore, such materials are attractive for next-generation shipboard power

electronic systems.

To optimize the control of a DC-DC controller, there must be a way to measure inductor
currents and output voltage. One way to accomplish this is by mapping the inherent light
production produced by power semiconductor devices during operation to the instantaneous
current and temperature of the device. Past work at Naval Postgraduate School (NPS) has
shown that bipolar devices fabricated from WBG materials such as GaN and SiC can
be used since they produce sufficient amounts of electroluminescence to accomplish this
task. However, the electroluminescence made from typically packaged WBG power devices
is relatively low due to suboptimal light extraction. The use of WBG power devices for
sensing purposes could be viable if packaging could be specifically designed to maximize
the extraction of electroluminescence produced by the device alongside typical power device

packagings metrics such as heat extraction efficiency and electric field management.

1.1 Research Objectives

This thesis presents the design and fabrication of a novel packaging method for a commercial
10 kV, 50 A SiC PiN diode that maximizes the extraction efficiency of electroluminescence
produced by the device. In direct WBG semiconductors, the recombination of holes and

electrons conserves energy by releasing a photon. Unfortunately, with indirect semiconduc-
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tors, such as silicon (Si) and SiC, the energy is released as a phonon into the lattice structure
of the material. This will be discussed in depth in Chapter 2. For the SiC PiN diodes used
in this thesis, direct bandgap impurities have been introduced to the diodes, allowing some
of the energy to be released as a photon enabling electroluminescent measurements, albeit
somewhat poorly. Therefore, a preliminary investigation into the SiC devices is performed

to establish a baseline for device characteristics.

Using the preliminary characteristics of the SiC PiN diodes tested in this thesis, device pack-
aging is designed to maximize light extraction while maintaining good thermal conduction
and minimizing high electric fringing fields for high-power and high-voltage operation, re-
spectively. This is accomplished by developing an aluminum cradle with an electro-polished
interior for a mirror-like finish that is appropriately angled to direct the extracted light. The
aluminum cradle is bonded to a direct bond copper (DBC) substrate, and a plano-convex
lens is placed above the cradle to direct the light towards a fiber optic cable. The model
is developed for design verification in COMSOL computer aided design (CAD) software.
Using the built-in physics interfaces, the device is simulated at the maximum power rating.
The percentage of light rays converging on the fiber optic cable is estimated along with
the thermal conductivity and electric field. Based on these results, the device material is
modified to accommodate these constraints for production, and total device improvement is

documented.

1.2 Related Work

As power system ratings have continuously increased over the years, higher-rated devices
have become highly desired. In the late 1980s, North Carolina State University developed the
growth process for SiC, leading to commercial availability of SiC through CREE Research
Laboratory [1]. The Power Semiconductor Research Center (PSRC) developed the SiC
Schottky barrier rectifiers with early results demonstrating 400 V breakdown voltage (BV)
with an on-state voltage drop of 1 V. J. Winkler, J. Homoth, and I. Kallfass investigated elec-
troluminescence production from indirect bandgap materials and current sensing through

electroluminescent measurements [2].

Past work at NPS has explored using electroluminescence from power devices to sense

device temperature and current for use in power electronic applications. Broeg examined

2
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this using GaN PN power diodes under steady-state conditions [3]. Williams expounded
upon Broeg’s research to use the electroluminescence of GaN for current estimation and
control [4]. Johnston devised a way to use GaN light emission to determine the current and
voltage through a buck converter [5]. Robinson examined the light emission from a SiC
MOSFET and compared it to a GaN power diode [6].

1.3 Thesis Organization

The basics of semiconductors, WBG materials, diode packaging, and physics of light
emission from semiconductors and ray optics are explored in Chapter 2. Chapter 3 presents
preliminary device characterization data, packaging design, and device modeling using
COMSOL CAD software. Chapter 4 compares the electroluminescence produced before
and after device packaging. Finally, Chapter 5 provides an overview of the topics covered

by this thesis and discusses future work associated with this research.
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CHAPTER 2:
Background

Semiconductor devices have long been employed in power electronics in everyday life.
Semiconductors can be found in computers, communication systems, household appliances,
motors, and many more applications providing a means to control power production. Power
semiconductor devices have relied primarily upon the use of Si. This is fine for low-power
systems in which the losses associated with Si are negligible. For large power systems, such
as motors, Si cannot appropriately provide the required power without unacceptable power
losses. These losses can be associated with the narrow bandgap of the Si device, which
will be covered in further detail in subsequent sections. With Wide Band Gap (WBG)
semiconductors, power losses are reduced for equivalent power systems, or similar power
losses are achieved with higher power production. The following section further explores

how WBG devices improve power systems.

2.1 Wide Bandgap Properties

When comparing different semiconductor materials, it is helpful to compare the different
bandgap energies of the devices. For example, Si, which has dominated electronics for over
six decades, has a narrow bandgap of 1.12 eV [7]. For narrow bandgap semiconductors
to achieve greater voltage ratings, they will have a greater on-state voltage drop [1]. This
on-state voltage drop leads to conduction power losses that increase proportionally to the
voltage. Therefore, different materials must be used to improve the overall efficiency of a
power device that allows for small on-state voltage drops while maintaining high-voltage

ratings. One way to accomplish this is by reducing the on-resistance of the semiconductor.

The on-resistance of a semiconductor is a function of the ideal drift region and is given by

the equation
Wp

Rop = ———,

2.1)

where Wp is the width of the ideal drift region shown in Figure 2.1, ¢ is the charge of an

electron, and Np is the doping concentration of the drift region [1].
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Figure 2.1. The ideal drift region of a PN-junction semiconductor and the
relationship between the drift region and the electric field. Adapted from [1]

From Figure 2.1, it can be seen there is also a relationship between the drift region and the

electric field given by the equation

) (2.2)

where BV is the breakdown voltage and E. is the critical electric field [1]. Using (2.2) along

with the relationship Np = 26515{2’,, (2.1) can be modified to
4BV?
Ron = - 3 (2.3)
esunE?

where €; is the dielectric constant and y,, is the electron mobility [1]. The denominator of
(2.3) is referred to as Baliga’s figure of merit (BFOM) (e ,u,,Eg). The BFOM is often used
to determine the material properties of a semiconductor effect upon the resistance of the

drift region. When comparing a narrow bandgap semiconductor to a WBG semiconductor,

6
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a narrow bandgap will generally have a worse BFOM, resulting in a higher on-resistance
and worse power losses overall. The following section will further show this by comparing
Si to SiC.

2.1.1 Physical Properties of SiC

As a WBG material, SiC has a bandgap energy nearly three times that of Si, which corre-
sponds with a critical electric field almost ten times larger and improved thermal conduc-
tivity [7]. Electron mobility and the dielectric constant for SiC are 950 ¢cm?/V - s and 10,
respectively, comparable to 1350 c¢m?/V - s and 11.9 for Si. A comparison of Si of SiC is

shown in Table 2.1 for these and other physical properties.

Table 2.1. Physical properties of SiC versus Si at 27°C. Adapted from [7].

Property Si 4H-SiC
Bandgap, E, (eV at 27°C) 1.12 3.2
Critical electric field, E.(V/cm) 2.5-10° | 2.2-10°
Thermal conductivity, (W /cmK at 27°C) 1.5 34
Saturated electron drift velocity, vsat (cm/s) | 1107 2107
Electron Mobility, i, (cm?/V - s) 1350 950
Hole Mobility, s, (cm? [V - s) 480 120
Dielectric constant, € 11.9 10
BFOM (normalized to Si) 1 403.2

It should be immediately evident from Table 2.1 that since the BFOM from SiC is over
400 times better than Si there will be a vast improvement in the on-resistance. For example,
using an equivalent value for BV in (2.3) and assuming an on-resistance of 1 Q for a Si
device, the on-resistance for a comparable SiC device would be 2.48 m€2. Therefore, using

SiC instead of Si will produce lower power losses and improve overall system performance.
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2.1.2 Electroluminescence of SiC

When an external stimulus is supplied to a semiconductor, there is a disturbance of equi-
librium through the generation and recombination of electron and hole pairs. Once this
stimulus is removed, the device returns to the equilibrium concentration with a recovery
time dictated by the recombination of excess carriers [1]. The band structure of the device
determines the method via which the recombination of excess carriers occurs. There are
two types of electronic structure in semiconductor materials: indirect and direct bandgap.
Direct bandgap semiconductors such as GaN have the lowest energy point of the conduction
band where the effective momentum is equal to zero. Semiconductors that do not have this

property are called indirect bandgap semiconductors, such as Si. A comparison is shown in

Figure 2.2.
Conduction Band
Direct Bandgap Conduction
Impurity | \ Bandedge
2o,
\I/ N\ [\ » Photon oy
J A
“\J\/* Photon
Valence Band Valence Band
k=0 k=0

Figure 2.2. Direct bandgap semiconductors have the lowest energy point for
the conduction band at k=0 where 7ik is the effective momentum. Indirect
bandgap semiconductors have the lowest energy point for the conduction
band where k # 0. Adapted from [8].

During the recovery time for the device to return to equilibrium, electrons from the con-
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duction band recombine with holes from the valence band. To conserve energy during
recombination, a photon is emitted from the recombination in a process called radiative
recombination if the semiconductor has a direct bandgap structure. If the band structure is
indirect, energy is released as a phonon into the lattice of the material in a process called
multi-phonon recombination. The energy may also be transmitted into a new electron or
hole in Auger recombination. When an indirect material such as SiC has direct bandgap
impurities introduced to it, all three processes are present in the material. A photon is re-
leased as a direct bandgap material, and a phonon is released into the lattice of the material.
This makes material such as SiC a poorer electroluminescent device than a direct bandgap

semiconductor but better than material such as Si.

2.1.3 SiC PiN Diode Characteristics

As discussed at the beginning of the chapter, electronic circuits require power devices to
control voltage output and current direction. Si Schottky rectifiers, for example, are useful
unipolar devices for power systems due to the low on-state voltage drop and fast switching
behavior. However, the on-state voltage drop increases substantially as the BV increases
over 200 V [1]. As power systems such as motor systems require voltages higher than 200
V, PiN rectifiers can be a preferred choice. SiC PiN diodes can be operated at voltages
ranging from 3 to 5 kV with equivalent on-state voltage drops as the Si Schottky rectifier

counterpart.

For PiN diodes, the drift region of a PN-junction has a low N-type doping concentration
referred to as an i-type region [1]. Unlike Schottky diodes with a metal-semiconductor
junction, PiN diodes have the semiconductor-semiconductor junction required for radiative
recombination [9] discussed in the previous subsection. For high voltage operations, PIN
diodes utilize high-level injection of minority carriers as the current transport. This type
of current transport injects a higher concentration of minority carriers than the background
drift region doping concentration. With charge neutrality, the number of electrons and holes
must become equal. Therefore, the leftover free carriers reduce the resistance of the drift
region, allowing a high-current density through the drift region while maintaining a low

on-state voltage drop.
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2.2 Ray Optics

To design a package to optimize the light extraction from the semiconductor device, first
light propagation must be understood. Light propagation follows Fermat’s Principle, which
describes how light travels the path that takes the least amount of time [10]. Ray opti-
cal physics uses Fermat’s Principle to establish the governing equations of light motion

presented in this section.

2.2.1 Refraction and Reflection
As light travels through a medium, the speed with which it travels changes inversely pro-

portional to the index of refraction, shown as (2.4),
n=<, 2.4)
1)

where 7 is the index of refraction, c is the speed of light in a vacuum, and v is the speed that
light travels in the medium [10]. Air has an index of refraction of 1.0003, which is usually
approximated to 1, the refractive index of a vacuum. As light travels from one medium to

another, the light is refracted by an angle referred to as the angle of refraction shown by
nisinfy = ny sin 0, (2.5)

which is referred to as Snell’s Law of Refraction [10]. 6; represents the angle of incident

on the material and 6, is the angle of refraction shown in Figure 2.3.

10
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81291'
_Incident Ray Reflected Ray

~ o i

Refracted Ray

0

Figure 2.3. A ray passing from one medium to a different medium. Adapted
from [10].

If the medium is transparent, the refractive index becomes a function of wavelength and is

represented as Sellmeier formula [11].

A2
n(ﬂ):JHZAz’_B (2.6)
j J

Equation 2.6 has been fitted as a function of wavelength for many materials and compiled

in several databases [12]. One aspect that changes the equation for a given material is which
type of ray is solved. When light strikes a surface of the material, it can split into separate
beams referred to as ordinary rays and extraordinary rays [10]. The two rays travel at different
speeds since they have mutually perpendicular polarization and travel in different directions
resulting in small changes in the refractive index of a material. This falls back to (2.4) since

the refractive index is a function of the speed of light in the material.

Some light rays will be reflected and not transmitted due to the angle of incident and the

11
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refractive index of the medium. This is a byproduct of Snell’s Law of Refraction represented
by (2.7) and is referred to as the critical angle [10].

6. = arcsin 12 2.7)
n

The light is not transmitted and only reflected if the incident angle is greater than the critical
angle, as seen in Figure 2.4. For example, if a light emitting device, such as a light emitting
diode (LED), has a small critical angle, then only a small percentage of light will transmit,

causing it to appear dim.

No light transmittance

Figure 2.4. When the incident angle equals or is greater than the critical
angle, the incident ray is completely reflected. Adapted from [13].

Another property demonstrated in Figure 2.3 is that the angle of incident equals the angle
of reflection. This is referred to as the Law of Reflection shown by (2.8) [10].

0, =6, (2.8)

From (2.8), the angle of incident equals the angle of reflection. This property is beneficial

when using light against mirrors or mirror-like surfaces. By angling and combining mirrors,
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the light a source produces can be directed in most directions as required.

2.2.2 Fresnel Equations
From the equations in Section 2.2.1, the angle of reflection and refraction can be determined,
but the equations do not show how much light is transmitted. To calculate the amount of

transmittance, the Fresnel Equation for transmittance is utilized

np cos 6
T = =—"242x100%, (2.9)

nycos
where T is the percent of light transmitted and 7 is the transmission coefficient [13]. The
transmission coefficient is inversely proportional to the incident angle and is at a maximum

when 61 = 6, = 0°. This gives the modified equation

4n1n2

T =
(n1 +n2)?

x100%, (2.10)
which has a maximum value of 100% when the two materials have the same refractive
index. If one refractive index is much greater than the other, n; >> nj,, then transmittance

becomes approximately equal to %.

2.2.3 Optical Lens

With the Law of Refraction, as light passes from the air through the lens and back to the air,
the light rays bend. Lenses utilize this property to direct the light rays. Depending on design
constraints, the lens shape can be designed to have a set focal point for light convergence.

To calculate the focal point, the Lens-Maker’s Equation is used [10].

1 n 1 1
?: (nair _1) (Z_E) &1

In (2.11), f is the focal length, r| is the radius of one side of the lens closest to the focal

point, and r is the radius of the other side of the lens, as shown in Figure 2.5.
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Glass Air

AN

Figure 2.5. Light rays interacting with a convex lens of different radii.
Adapted from [10].

If the light rays interacting with the lens are parallel, the lens can be shaped as a plano-
convex lens to make the rays converge at the same point [14]. This is done by the lens
asymmetry where one side is near flat, and the other has a large radius. The plano-convex
shape is handy when maximizing light gathering and limiting attenuation. This type of lens
will be exploited in Chapter 3 when converting from a traditional power device packaging

design to one optimized for light production.

2.3 Power Device Packaging Design

The usual priorities for traditional power device packaging design are to maximize power
output and heat extraction, sustain high electric field strengths, and minimize losses. How-
ever, as Si power devices have reached the theoretical performance capabilities, WBG
materials such as SiC have been extensively researched for use in power devices due to the

advanced capabilities outlined in Section 2.1 and are packaged as shown in Figure 2.6.
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SiC Devices Case

/ Terminal Leads

Wirebonds

Substrate )

Heat Sink==—3

Figure 2.6. Traditional power device packaging consists of a power device
attached to a DBC substrate and wire bonded to terminals. The device
usually has some way to extract heat and is represented with a fin-type heat
sink in this generic representation. Adapted from [15].

Unfortunately, with greater capabilities associated with WBG materials, such as high switch-
ing speeds, considerations have to be given regarding parasitic inductances [15]. These
parasitic inductances result in more significant voltage transients and ringing, leading to
greater device losses. The parasitic inductances in commercial use typically range between
15-30 nH. Methods proposed to improve the parasitic inductances include using wireless

and different layered structures and changing the die-attaching materials and bonding types.

As mentioned at the beginning of this section, it is often desired for a power device to sustain
high electric field strengths for high-power operation. There is a limit, though, to how high
an electric field can be. Surrounding a typical device is air, with a dielectric strength of
3 MV/m [10]. A dielectric breakdown can occur if the electric field strength outside the
substrate exceeds that of air. With dielectric breakdown, the air molecules become ionized
and turn into conductors. When the molecules conduct, there is a discharge of electricity
known as an arc discharge. An arc discharge can lead to damage to equipment or device
failure. Therefore, considerations need to be made to prevent dielectric breakdown when

developing a power device that needs to operate in a high-power environment.

Another issue with the generic device design shown in Figure 2.6 is the lack of optimization
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for electroluminescent extraction. This is primarily due to light extraction not being a
priority in most power devices. However, this inherent light production can be exploited
for current and temperature measurements. This thesis, therefore, seeks to improve upon
the generic design shown in Figure 2.6 by adding a mirrored cavity for a SiC PiN diode,
encapsulating the die with optically-optimized epoxy, and adding a lens for light direction.
In addition, various device structures and materials will be explored to minimize power
losses and parasitic inductances and maximize heat extraction while maintaining a high

electric field for high-power operations.

This will be accomplished in Chapter 3 along with exploring the electroluminescent con-
straints of a SiC PiN diode developed by CREE Research Laboratory. Following the device
limitation exploration, methods to improve the light extraction will be discussed using the
ray physics shown in Section 2.2. Chapter 3 describes the production of a simulated device

packaging that will improve light extraction efficiency.
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CHAPTER 3:
Preliminary Testing, Experimental Design, and
Modeling

3.1 Bare SiC Diode Testing
One out of 12 unpackaged SiC PiN diodes developed by CREE Research Laboratory was

used for the tests conducted in this chapter. Each chip is 8.7 mm x 8.7 mm x 0.5mm and is

rated at 50 A and 10 kV [16]. The forward conduction of the diodes is represented in Figure

3.1.

Forward Conduction of a Representative Diode
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Figure 3.1. Forward voltage versus diode current for SiC PiN diodes. Source:
[16]. The on-state voltage drop is approximately 3.58 V. Using the slope of

the IV line, the on-resistance is 0.0219Q.

The diode was placed in a Signatone S-1160 Probe Station on top of a temperature-controlled
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gold-plated chuck to get a preliminary idea of the effects of current and temperature.

Figure 3.2. The setup of the Signatone S-1160 Probe Station for the lab
experiments in Chapter 3.

The diode was connected to two PSS-2005 Programmable Power Supplies in parallel to
achieve currents over 5 A. An H1000 Thermal Chuck System and a C1000 Heat Exchanger
were connected to the probe station to hold the diode at varying temperatures. This was used
to determine the connection between temperature, light emission intensity, and wavelength.
A fiber optic cable was fabricated to sit flush with the diode and connected to an Ocean

Insight HR4000 spectrometer to measure the electroluminescence intensity spectrum.
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Figure 3.3. SiC PiN diode with approximately 3 A of supplied current.

With one of the diodes properly connected, multiple test runs were carried out over several
days. Each test run consisted of measurements at four temperatures with different current
settings. The runs were averaged to help reduce daily variance from weather, humidity,

temperature, and other miscellaneous effects.

3.1.1 25°C Electroluminescence Measurements

For the first round of tests conducted, the thermal chuck was set to 25°C. This is slightly
higher than ambient temperature, but due to a lack of temperature stability in the laboratory,
there was no reliable method for a baseline test without using the temperature controls.
Once the required controls were in place, the SiC PiN diode was biased with 1 A of current
through the anode. After the temperature stabilized, the electroluminescent spectrum was
measured. The current was then increased to 3 A, 5 A, 7.5 A, and finally 10 A, with
measurements conducted at each phase once the temperature of the device stabilized. The

measured electroluminescence spectra as a function of current are shown in Figure 3.4.
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Figure 3.4. 25°C test runat 1 A, 3 A, 5 A, 7.5 A, and 10 A.

From Figure 3.4, the primary peak is around 395 nm with a secondary peak at approximately
424 nm. As the current increases, the 395 nm peak experiences redshifting which will
become more pronounced at higher temperatures. Due to the low-level production of light
in SiC materials, as discussed in Section 2.1, the 395 nm peak cannot be fully distinguished
from background noise until 3 A of current. The 424 nm peak is due to intrinsic stacking
faults that occur in SiC [17]. These defects are referred to as recombination-induced stacking
fault (RISF). Unlike the 395 nm peak, the RISF peak does not redshift as temperature
increases, nor does it continuously increase in intensity, as shown by the peak reaching a

maximum intensity with 5 A of current.

3.1.2 75°C Electroluminescence Measurements
For the second round of tests, the temperature of the thermal chuck was set to 75°C,
and current values of 3 A, 5 A, and 10 A were supplied to the diode. The measured

electroluminescence spectra are shown in Figure 3.5.
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As mentioned in Section 3.1.1, the higher temperature leads to a redshift of the primary
peak that further shifts in position with the magnitude of the applied current, particularly at
10 A. It should be noted that the peak caused by RISF is far less pronounced than it was at
25°C. A positive byproduct of this reduction is that the primary peak is now more discrete,

especially at the lower currents where the RISF peak was a more significant issue.

3.1.3 100°C Electroluminescence Measurements
For the third round of tests, the temperature of the thermal chuck was increased to 100°C,

and the same currents as the second round of tests were applied to the diode. The measured

400 450
Wavelength(nm)

Figure 3.5. 75°C test run at 3 A, 5 A, and 10 A.

electroluminescence spectra are shown in Figure 3.6.
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Figure 3.6. 100°C test run at 3 A, 5 A, and 10 A.

Once again, the primary peak redshifts in proportion to the applied current while the RISF
peak decreases proportionally with the increased temperature. Unlike the previous test run,
there is a noticeable drop in the intensity of the primary peak, especially at 10 A. The 3 A
and 5 A peaks are about 2% lower, and the 10 A peak is 17% lower than the previous test

run. This decrease will be further examined in the final test run.

3.1.4 125°C Electroluminescence Measurements
For the final round of testing, the temperature of the thermal chuck was increased to 125°C,
and the same currents as the previous two test runs were applied. The results of these

measurements are shown in Figure 3.7.
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Figure 3.7. 125°C test run at 3 A, 5 A, and 10 A.

As expected, the primary peaks are further redshifted, and the RISF peaks are further
decreased. The intensity of the primary peaks decreased, once again, proportionally with
the increased temperature, with the most significant decrease occurring with the highest
current. This is seen with the 10 A peak falling by another 9% while the 3 A and 5 A peaks
reduced by about 1 to 2%. All the above test runs will be further analyzed in Chapter 4 to
develop device packaging that will increase the light output at all current levels, reduce the
heat output, and lower any background noise detected. A linear equation from the bare model
will also be approximated that relates the current and temperature to the light intensity. This
equation will act as a baseline to compare to a post-produced device packaging for future

work.

3.2 Determining a Baseline in Light Production
Using the data collected from Section 3.1, it was determined that the 395 nm peak was
the ideal peak to focus on. Due to the limited light intensity from the bare device, an

encapsulation had to be designed that would improve the light produced, direct the light to a
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spectrometer through a fiber optic cable, and had to be able to handle high levels of current

and voltage.

3.2.1 Computing the Refraction Index of SiC

As the refraction index of a material is dependent on the wavelength, the first step was to
compute a theoretical value for the refraction index from 395 nm to 405 nm to account for
redshifting. To approximate the refractive index, Sellmeier Equation 2.6 can be used. Two
equations can be compared, with one being for an extraordinary ray (E-Ray) (3.1) [18] and

the other for an ordinary ray (O-Ray) (3.2) [19], respectively.

0.15558
Ne = \/6.79485 + —————— —0.0229642 (3.1
A2 -0.03535
0.2007542 5.5486142 35.6506612
n,=4/1+ + + 3.2)
A2412.07224 A2 -0.02641 2?2 —1268.24708

Silvaco Inc. has experimental values for SiC that were used to compare with the theoretical
values computed using (3.1) and (3.2). A plot was formed to show how they vary in Figure
3.8.

24

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



42 Refraction Index SiC versus Wavelength

| Theoretical
4 ‘II'. Experimental | |

Refraction Index

28} T~

2.6 1 1 1 1 1 1 1 1
0.2 0.25 0.3 0.35 0.4 045 0.5 0.55 0.6

Wavelength (micrometers)

Figure 3.8. The Refraction Index of SiC as function of wavelength. A red
star highlights 395 nm, and a green star highlights 405 nm.

Figure 3.8 shows a significant deviation below 300 nm for the theoretical and experimental
values. However, there is little distinction between the two graphs at the interval between

395 nm to 405 nm. Considering this range, the refractive index can vary from 2.76 to 2.77.

3.2.2 Losses Associated with Light Production From the Unpackaged
Device
Now that there is an interval for the refractive index of SiC, the number of light rays detected

by the spectrometer could be determined. First, the amount of light released from the device
had to be determined using (3.3),

1 l’l22
Nextraction = ZF’ (33)
1
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where n; is the refractive index of the first medium, and n; is the medium the ray of light
passes into [9]. Equation 3.3 is an approximation used to determine LED efficiency. Using
ny = 2.77 and ny = 1, the amount of light produced that was released by the SiC diode was
determined to be about 3.25%. Using (2.7), 6. was determined to equal 22.2°. Next, the
transmittance had to be determined using (2.9). Using an angle of incident equal to zero and
the modified (2.10), with the same n; and n5, the transmittance was computed to be 75%.
By noting that the diameter of the fiber optic cable is 440um, the cable could only pick up
1.26% of the light released in a perfect setting. Therefore, the total amount of light detected
at best is only 0.31%.

3.3 Designing the Device
To improve the constraints in Section 3.2.2, an encapsulation material would need to be
used to help taper the refractive indices between the device and air, and more light would

need to be directed towards the fiber optic cable.

3.3.1 Tapering the Refractive Index

To taper the refractive indices between the SiC and the fiber optic cable, a material has to
be inserted between the diode and the fiber optic cable. The best case scenario would be to
layer materials that would taper down linearly from the refractive index of SiC to that of air

in a short distance, as seen in Figure 3.9.
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Figure 3.9. Linear tapering of the refractive index from that of SiC to air.

Were this feasible, the transmission losses would be negligible. Unfortunately, this is not
possible. The closest set-up for linear tapering would be by taking glasses of incrementally
decreasing refractive indices with minuscule widths and then layering the glass around the
device. While possible, the glass approach would be expensive since each glass would have
to be custom-made, and the fabrication of the device would be much more complex due
to the layering of the glass, rendering this approach impractical. In light of this, the best
approach would be to find a material for encapsulation with a refractive index in-between
that of the SiC and air. Using Figure 3.9 as a reference, the optimal refractive index would be
Nmaterial = 1.89. However, since finding an exact refractive index equal to 1.89 is unlikely,

a range was used as a search parameter n,,4s0riq = 1.4 : 2.0.
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3.3.2 Encapsulation Material

Besides the refractive index consideration, the encapsulation material has to allow light to
pass through and not become opaque at higher temperatures. As most epoxy resins are either
opaque or become discolored at higher temperatures, choices were limited. The best option
i1s 20-3401 Medical, Optical, and Semiconductor Grade Epoxy Resin. With 20-3401, the
epoxy allows greater than 94% transmission from 300 nm to 400 nm and 99% transmission
greater than 400 nm [20]. Its operating temperature range is from -45°C to 150°C with an
intermittent allowance of up to 300°C. It also has a refractive index of 1.532. This is on the
lower end of the search range, but the limitations were considered tolerable as it is designed
for optical use. Using the new refractive index in (2.9), the transmittance increased from
75.1% to 87.7%. While a layered approach would have gotten the transmittance in the high

90% range, using 20-3401 will be the more economical approach.

3.3.3 Choosing the Material and Shape of the Diode Cavity
When designing the cavity, the diode would be encapsulated within; there were several

constraints to keep in mind:

1. Since the SiC PiN diode is already large, the cavity size had to be minimized to ease
fabrication.

2. The walls had to be angled such that the light could be directed to a fiber optic cable.

3. The device needed to allow a lens to be placed on top to focus the light.

4. The device needed to conduct heat well enough to keep the epoxy from overheating.

With the above considerations, the initial design choice was to use an etched Si wafer with
walls of the well angled at 45°. The choice for the wall angles came from using the Law of
Reflection, (2.8). As light would be traveling perpendicular to the sides of the SiC diode,
the light needed to interact with the walls of the cavity at 45° to reflect at 45°. This would

produce light rays that are 90° from the initial projection, as shown in Figure 3.10.
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Figure 3.10. With light produced in line from the light emitting source has
an incident angle of 45° on a reflective surface, it produces a light perpen-
dicularly to the original direction.

To determine the size of the Si wafer, the top of the cavity was treated as the base of a
pyramid, and the diode pad was treated at an intersection plane on the pyramid shown in
Figure 3.11.
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Figure 3.11. H is the height of the entire pyramid, z is the height of the
cavity for the diode, and D is the length of the top of the cavity.

Since the cavity width and the diode pad size is known — 12 mm and 10.44 mm — an
appropriate depth could be calculated that would give 45° walls. First, the height had to be

solved by using (3.4).
D
H = 34
2tana S

Using D = 12 mm and a = 45°, H becomes 6 mm. With H known, the cavity depth could

be found using (3.5).
xtan

2
With H = 6 mm, x = 10.44 mm, and 8 = 45° the cavity depth becomes 0.78 mm. Since

zZ= (3.5)

the wafer has to be larger than the cavity depth, a wafer thickness of 1.5 mm was deemed
appropriate. The final design choice is a rectangle with a length of 17 mm and a height of

1.5 mm.
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After much consideration, it was determined that using a Si wafer would not work. This
is because the etching chemicals required to etch the cavity anisotropically would take
several minutes due to the depth of the cavity, causing degradation of the design mask
before completion, rendering the desired shape impossible. A fabricated metal cavity was
determined to be the best solution to this problem as no etching would be required [21].
The most viable candidate for the metal would be aluminum due to its economic benefits
and thermal properties. After fabrication, the metal cavity would be electro-polished and
then coated with silver on the inside of the cavity. This would give the cavity a mirror-like
finish required to direct the light shown in Figure 3.10.

3.3.4 Choice of Lens

To direct the vertical light to a single point, a plano-convex lens would have to be chosen
with a relatively short focal length to limit attenuation. Given that constraint, a 12.7 mm
diameter BK-7 lens with a focal length of 15 mm was the best option [22]. The refractive
index was determined similar to that of SiC by using (3.6) [23].

1.039612122 0.23179234422 1.0104694512
n=4/1+ 7 (3.6)

+ +
2 —0.00600069867 12 —0.0200179144 A2 - 103.560653

Given the distance between the lens and the fiber optic cable, the light attenuation will be
worse than in the unpackaged case, as the fiber optic cable could be placed flush with the
device. However, with the improvement in directing light rays into the fiber optic cable, the

effect of attenuation should be reduced.

3.3.5 Final Device Design

With the calculated information from the previous sections, a theoretical model of the device
can now be devised. Taking the encapsulated diode, the aluminum well would be sodered to
a DBC substrate, such as AI203 or AIN. Two smaller copper pads would also be soldered to
the board as a positive and negative port for the diode. Gold wires would then be attached
from the copper pads to the diode, with one set directly in contact with the top of the diode
as a positive side and the other set connected to the outside of the metal cavity. Finally, a

plastic lens holder would hold the lens above the device. This is modeled in Figure 3.12.
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Figure 3.12. The top image is a side profile of the proposed device modeled
using COMSOL. The bottom image is a slanted view to show the top of the
device.

With the device shown in Figure 3.12, the theoretical amount of light expected to be detected
is 5.85%. Compared to the 0.31% received from the unpackaged diode, the improved design
will allow 189 times more light to be detected. Of course, there will be some losses due to
attenuation and the angle at which the light leaves the diode, but the improvement is still
expected to be two orders of magnitude better than the unpackaged case. In Chapter 4, the
device will be simulated using COMSOL software, the thermal resistance can be verified,

and a better approximation of the amount of light reaching the device will be determined.
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CHAPTER 4

Results

4.1 Preliminary Results with Unpackaged Device

Using the setup and results discussed in Chapter 3.1, a baseline equation that relates current
and temperature to the light output could be determined. A single variable regression
analysis was performed using current as the input and light intensity as the output. The

results are shown in Table 4.1.

Table 4.1. Single variable regression statistics from preliminary data recorded
from unpackaged device experimental runs.

Regression Light Intensity vs. Current
Equation Intensity = —400.543 + 342.029 * Current(A)
R? 0.967368
Standard Error 195.075
Coefficient of Variation 11.2%

The p-value for current is approximately zero, but the coeflicient of variation (CV)is 11.2%.
This implies using the single variable equation, the results would differ on average more
than 10% of the time from the actual value. This error is expected, though, since it has

already been established that the temperature changes the characteristics of the model.

To determine how temperature affects the model, a multi-variable regression was performed
on the data points from each experimental run. The current and temperature are the inputs,

and the light intensity is the output producing Table 4.2.
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Table 4.2. Multi-variable regression statistics from preliminary data recorded
from unpackaged device experimental runs.

Regression Light Intensity vs. Current and Temperature
Equation Intensity = —188.1 + —2.63536 * Temp(°C) + 340.694 * Current(A)
Adjusted R? 0.973396
Standard Error 168.64
Coefficient of Variation 10%

The p-values for temperature and current are 0.055 and approximately 0, respectively. Based
on the CV, using the current regression equation will, on average, be off approximately 10%
of the time. This is still a reasonably high error and would not be useful for future current

and temperature mapping in actual power systems.

This error is most likely a function of the ratio between the background noise and the
light intensity measured, especially at lower currents and higher temperatures. Looking at
Figure 3.4 for the 3 A case, for example, the noise is as much as 25% of the main peak.
This noise-to-peak ratio increases as the temperature increases. By the 3 A 125°C run, the
ratio is approximately 40%. The packaging method proposed in the previous chapter should
improve this ratio and the CV.

Other potential causes of the error seen in Tables 4.1 and 4.2 could be other variables
affecting the systems due to the conditions under which the experiments were performed.
Environmental factors such as humidity, dust, air quality, air conditioning, and heat, to
name a few, can all hurt the overall performance of the device. How to limit these additional
environmental factors will not be further explored in this thesis and instead be held for

future work once the actual device is built and physically tested.
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4.2 Simulated Package Design Performance

After the model was built in COMSOL using the design shown in Section 3.3.5, the CAD
software provided was used to simulate the thermal and electrostatic performance of the
design. The results of interest from these simulations are ray tracing, electrostatics, and
thermal resistance data. Based on these results, the final materials and shapes can be

devised for real-world device production.

4.2.1 Optical Performance

The optical performance of the package design was the first physical aspect of the package
design simulated. Optical power intensity depends on how much energy photons can de-
liver per unit area per time [1]. In the device design of this thesis, it is assumed the various
mediums are non-absorbing, and dispersion losses are negligible. Therefore, the primary
objective is to place an appropriately sized fiber optic cable at the focal point where the
most light rays converge. Since it is assumed that each produced photon carries equivalent
energy, increasing the available photons detected will deliver greater optical power inten-
sity, ensuring improved light extraction performance. The light extraction performance is
estimated by (4.1),

P e  100% = Number of Light Rays Detected
Pios ° ~ Number of Light Rays Released

n% = x 100%, 4.1)

where 7 is the efficiency, Py, is the amount of power detected by the fiber optic cable, and

P, 1s the total power released by the device. Figure 4.1 shows the ray trace pattern from

the device.
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Figure 4.1. The rays primarily intersect at the five points circled. The center
intersection will be investigated to determine the total rays a fiber optic
cable receives.

The pattern appears to have approximately five foci in a star pattern after about 0.11 ns of
run time. With the limited space, however, using a 5-to-1 fiber optic splitter cable to capture
each point without special ordering a cable would be impossible. Furthermore, such a cable
would be too expensive for practical use. Instead, a single fiber optic cable with a large
diameter would be preferred as the middle focus point is the largest of the five foci and can

be bought off the shelf at a relatively inexpensive price.

A fiber optic cable with a diameter of 1500 um was added to the simulation at a distance of
27.7 mm to intersect the light rays at 0.11 ns shown in Figure 4.1. Using the simulated fiber
optic cable, the number of light rays received by the cable could be determined. Setting the
number of rays to be released from the SiC device to 3000 total light rays and using (4.1),
it was determined that the device design had a detection efficiency of approximately 5.4%
as 162 rays reached the simulated cable, which is about 7.5% less than the theoretical case

shown in Section 3.3.5. Compared to the results shown in Section 3.2.2 for the bare SiC
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die, the new device efficiency is improved by a factor of 17.4.

4.2.2 Electrostatic Performance

The electric potential physics interface was examined next. The input was 5000 V supplied
to the positive terminal copper pad connected to the top of the SiC die by bonded gold
wires. The simulation produced Figures 4.2 and 4.3.

3
vo [ O S 107 A 5.06x10°
0 037 062 088 113 138 164 189 214 24 265 20 316 341 366 392 417 442 468 4.93

Figure 4.2. The electric potential of the modeled device shows a maximum
value of 5000 V at both the positive terminal copper pad and the top of SiC
die. The minimum value is 0 V, as seen at the bottom of the DBC substrate.
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3
Yo x10% A 5.06x10°

0 0.37 0.62 0.88 113 138 164 1.89 2.14 2.4 2.65 2.9 316 3.41 3.66 3.92 4.17 442 4.68 4.93

Figure 4.3. The electric potential of the device decreases throughout the
cavity linearly.

Using Figure 4.3, the electric potential is at approximately 5000 V at the top of the device
and drops linearly for the most part throughout the cavity radially. The electric potential
reaches 0 V at the negative terminal copper pad and the copper pad the cavity is soldered
to. Similarly, the electric potential decreases linearly and radially from the positive terminal

copper pad.

Next, examining the electric field of the device, the electric field has a maximum electric
field strength of 27 MV/m around the positive terminal copper pad. In addition, the gold
bond wires and areas surrounding the positive terminal have a maximum electric field
strength in the range of 1—10 MV/m, significantly higher than the dielectric strength of air
at 3 MV/m [10] and can lead to electrical arcing. Figure 4.4 shows the electric field lines

and strengths.
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Figure 4.4. The electric field of the device with a supplied voltage of 5000 V.
The maximum electric field strength is 27 MV/m concentrated on the DBC
substrate, and portions above the substrate and the cavity are 1—10 MV /m.
The electric field strength inside the cavity is approximately 10 kV/m.

Since the maximum electric field strength should not exceed the dielectric strength of air,
the input voltage was reduced from 5000 V by 500 V increments until an input voltage of
500 V was supplied to determine a maximum for the input voltage. The resulting fields are
shown in Figures A.1 through A.8 and Figure 4.5. There was no change to the shape of
the electric field, and the only significant difference was the magnitude of the field across
the device. Based on the results of the electrostatic simulation, it was determined that the

maximum voltage input allowed is 1500 V.
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Figure 4.5. The electric field shape does not show any difference from Figure
4.4. However, outside the DBC substrate, the electric field does not exceed
1 MV/m.

From Figure 4.5, the maximum electric field strength is 8.58 MV/m inside the DBC substrate
and approximately 1 MV/m outside the substrate. Since the maximum field strength outside
the DBC substrate is below the dielectric strength of air, there should not be dielectric
breakdown. Now that the maximum allowed input voltage is 1500 V, the electric potential
of the device was once again examined. The electric potential dissipation remained the
same, with only the magnitude changing from 5000 V to 1500 V, as seen in figures 4.6 and
4.7.

40

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



3
S T 1 4 152010

0 011 0.19 0.26 0.34 041 0.49 0.57 0.64 0.72 0.8 0.87 0.95 1.02 11 118 1.25 133 14 1.48

Figure 4.6. The only change is a decreased electric input to the SiC PiN
diode.
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0 011 0.19 0.26 0.34 041 0.49 0.57 0.64 0.72 0.8 0.87 0.95 1.02 11 118 1.25 133 14 1.48

Figure 4.7. The cavity shows the same linear decrease of the electric potential
as it radiates outward of the diode.

Next, the temperature distribution of the device was examined.

4.2.3 Simulated Thermal Performance

The last physics interface examined was the heat flow of the model. A heat source had to be
added to the model to utilize this interface, and the bottom of the device was treated as an
ideal heat sink at 293.15 K. This heat source is based on the energy losses due to the SiC

diode and is computed using
Ploss/m2 = (Ifwd X Von + Ide X Ron)/mza (42)

where V,, is the voltage when the diode becomes forward biased, R,, is the resistance of
the diode, and I, is the current when the voltage across the diode is the forward voltage

found on the associated datasheet [1]. Using the data sheet provided by Naval Research
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Laboratory (NRL) and Figure 3.1, V,,, is 3.58 V, R, is 0.0219 Q, and /7,4 is 51.6 A when
Viwa is 4.64 V [16]. Using these values in (4.2) gives a Pioss/m? of 583 KW/m?. Py, /m>

is then used as a heat source in the model and produces Figure 4.8.

v 293 A 297

294 295 296

Figure 4.8. The temperature distribution of the device using an initial heat
flow of 583 kW/m?. The device has a maximum temperature of 297 K at the
top of the diode and a minimum temperature of 293.15 K on the backside.

From Figure 4.8, the maximum temperature is 297 K at the top of the diode. The bottom of
the device is 3.85 K less than the top of the diode with a total heat flow of 42.3 W. Using
the temperature drop and the heat flow of the device, the thermal resistance of the device

can be calculated using the equation

4.3)

where T, — T} is the temperature difference and Q.. 1s the heat flow [24]. Using the
temperature change of 3.85 for the temperature difference and 42.3 W for the heat flow, the
thermal resistance of the cavity is found to be 0.091 K/W. Using 42.3 W as the lower limit
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of heat power input, 12 more tests were run at 60—-300 W at 20 W increments for the heat
power input, and the associated R;; was calculated. These are Figures A.9 through A.20

and Figure 4.9. The results are also summarized in Table 4.3

A 319

295 300 305 310 315

Figure 4.9. The temperature distribution of the device with a supplied heat
power input of 300 W . The device has a maximum temperature of 319 K.
Rup is 0.086 K/W.
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Table 4.3. Thermal resistance calculations with multiple heat power inputs.

Heat Power Input (W) | Device Temperature (K) | Thermal Resistance (K/W)

42.3 297 0.091

60 298 0.081

80 300 0.086
100 301 0.079
120 303 0.082
140 305 0.085
160 307 0.087
180 308 0.083
200 310 0.084
220 312 0.086
240 313 0.083
260 315 0.084
280 317 0.085
300 319 0.086

Based on the Ry, values from Table 4.3, the device design will have sufficient ability for
heat extraction, enabling higher power operations. This will be particularly useful because
the epoxy has a maximum operating temperature of 150°C. Extended periods of operation
above this temperature could result in discoloration and breakdown of the epoxy rendering

the device useless for light extraction. With low thermal resistance, a decent heat sink should

keep the device within the allowable temperature.
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CHAPTER 5:

Conclusion and Future Work

5.1 Conclusion

The research presented in this thesis primarily investigated how to improve light production
of a SiC PiN diode in high-power system operations. A preliminary investigation was
conducted on a bare SiC diode at various temperatures and currents. A linear regression
analysis was utilized from this initial data to map the light intensity a fiber optic cable
received to the applied current and temperature. With the baseline study conducted, the
method and material needed for encapsulation of the diode were decided upon based on
several factors, such as handling high heat and voltage, keeping the cost reasonable, and
improving light production. The material, the properties of the material, and the geometries
of the device were then modeled using COMSOL to test the capability and improvement of
the device and to determine future considerations for the device. Once modeled, the CAD
software was used to simulate the device. The simulations showed the light received by the
fiber optic cable could be improved from 0.31% of the total light produced to 5.4%, the
maximum input voltage is 1500 V due to electric field strengths, and the thermal resistance
of the device is around 0.083 K/W.

5.2 Future Work

With all the research before the build is completed, the next step is to build the fully
encapsulated device. This will require aluminum (Al) sheet fabrication to develop the wells
for the SiC diode, encapsulation epoxy resin, a plano-convex lens, large caliber fiber optic
cables, gold bond wires, copper pads for both the Al wells and positive/negative terminals,
a DBC substrate, and a heat sink to keep the material from reaching over 150°C. Once
appropriately configured, a new test needs to be conducted using the same steps from
Chapter 3 with the results compared to the baseline. The further regression analysis can act
as the new baseline with a theoretically less CV. Next, the device will need to be connected
to a power system. Once connected to a power system, a control system with a feedback

loop will need to be determined that will control the voltage output of the power system.
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APPENDIX: Additional Figures

\ T A 25%00°
10 10 10 10 10 10

Figure A.1. The electric field of the device with a supplied voltage of 4500
V. The maximum electric field strength is 25.8 MV/m concentrated on the
DBC substrate. Areas outside the substrate and above the cavity are still in

the 1—10 MV/m range.
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Figure A.2. The electric field of the device with a supplied voltage of 4000
V. The maximum electric field strength is 22.9 MV /m still inside the DBC
substrate. Areas outside the substrate and above the cavity are in the 1—8

MV/m range.
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Figure A.3. The electric field of the device with a supplied voltage of 3500
V. The maximum electric field strength is 20 MV/m concentrated on the
DBC substrate. Areas outside the substrate and above the cavity are in the
1—5 MV/m range.
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Figure A.4. The electric field of the device with a supplied voltage of 3000
V. The maximum electric field strength is 17.2 MV/m concentrated on the
DBC substrate. Areas outside the substrate and above the cavity are in the
1—3 MV/m range.
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Figure A.5. The electric field of the device with a supplied voltage of 2500
V. The maximum electric field strength is 14.3 MV/m concentrated on the
DBC substrate. Areas outside the substrate and above the cavity are still in

the 1—3 MV/m range.
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Figure A.6. The electric field of the device with a supplied voltage of 2000
V. The maximum electric field strength is 11.4 MV/m concentrated on the
DBC substrate. Areas outside the substrate and above the cavity are in the
1—2 MV/m range.
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Figure A.7. The electric field of the device with a supplied voltage of 1000
V. The maximum electric field strength is 5.72 MV/m concentrated on the
DBC substrate. The maximum field outside the substrate does not exceed 1

MV/m.
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Figure A.8. The electric field of the device with a supplied voltage of 500
V. The maximum electric field strength is 2.86 MV/m concentrated on the
DBC substrate. The maximum field outside the substrate does not exceed 1
MV/m.
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Figure A.9. The temperature distribution of the device with a supplied heat
power input of 60 W . The device has a maximum temperature of 298 K.
Rup is 0.081 K/W.

57

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



S e ca— 4300

294 295 296 297 298 299

Figure A.10. The temperature distribution of the device with a supplied heat
power input of 80 W . The device has a maximum temperature of 300 K.
Rup is 0.086 K/W.
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Figure A.11. The temperature distribution of the device with a supplied heat
power input of 100 W . The device has a maximum temperature of 301 K.
Rup is 0.079 K/W.
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Figure A.12. The temperature distribution of the device with a supplied heat
power input of 120 W . The device has a maximum temperature of 303 K.
Rup is 0.082 K/W.
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Figure A.13. The temperature distribution of the device with a supplied heat
power input of 140 W . The device has a maximum temperature of 305 K.
Rup is 0.085 K/W.
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Figure A.14. The temperature distribution of the device with a supplied heat
power input of 160 W . The device has a maximum temperature of 307 K.
Rup is 0.087 K/W.
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Figure A.15. The temperature distribution of the device with a supplied heat
power input of 180 W . The device has a maximum temperature of 308 K.
Rup is 0.083 K/W.
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Figure A.16. The temperature distribution of the device with a supplied heat
power input of 200 W . The device has a maximum temperature of 310 K.
Rup is 0.084 K/W.
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Figure A.17. The temperature distribution of the device with a supplied heat
power input of 220 W . The device has a maximum temperature of 312 K.
Rup is 0.086 K/W.
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Figure A.18. The temperature distribution of the device with a supplied heat
power input of 240 W . The device has a maximum temperature of 313 K.
Rup is 0.083 K/W.
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Figure A.19. The temperature distribution of the device with a supplied heat
power input of 260 W . The device has a maximum temperature of 315 K.
Rup is 0.084 K/W.
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Figure A.20. The temperature distribution of the device with a supplied heat
power input of 280 W . The device has a maximum temperature of 317 K.
Rup is 0.085 K/W.
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